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Abstract

Advances in aeropropulsive design optimization provide new capabilities for the study of tightly integrated
propulsion systems. New techniques that couple CFD solvers to thermodynamic cycle analyses showed in-
creased robustness and proved the viability of a fully coupled approach using gradient-based optimization.
However, existing work in this area has been limited to simple benchmark cases and does not contain com-
plete engine models. In this study, we extend these methodologies beyond an electrically driven propulsor
to consider a complete high-bypass turbofan engine. The high-bypass turbofan model incorporates CFD and
thermodynamic cycle sub-systems into a unified model for aeropropulsive design optimization by utilizing mul-
tiple coupling techniques from prior benchmark aeropropulsive cases. We present a high-bypass turbofan
design optimized for thrust specific fuel consumption with respect to coupling, geometric, and practical design
constraints using this coupled approach. The integration of high-fidelity aerodynamic shape optimization with
one-dimensional cycle modeling on a large scale is a major milestone for coupled propulsion system design.
These developments advance the use of coupled aeropropulsive optimization earlier in the design cycle for
propulsion systems.
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1. Introduction
Models used for propulsion system design often fail to capture the complex interactions between
aerodynamics, thermodynamics, and the nacelle geometry. These include zero and one-dimensional
cycle models, which are common techniques for engine analysis that use first principles approaches
and simplifying assumptions. The strength of these methods comes from turbomachinery maps and
detailed thermodynamic calculations that accurately approximate physical processes that are other-
wise computationally challenging to model in high fidelity. These methods extract enough information
about the underlying thermodynamics to make moderately informed design decisions, but higher
dimensionality effects from the flow field and most geometric degrees of freedom are neglected.
Coupled aeropropulsive models can be used for including higher-order effects in the design of propul-
sion systems, in which one-dimensional cycle analyses are coupled to higher-fidelity aerodynamic
solvers and geometry kernels. Lytle [1] proposed using the Numerical Propulsion System Simulation
(NPSS) library [2] to couple zero-dimensional cycle analyses with one-dimensional meanline tools
and three-dimensional computational fluid dynamics (CFD). This multi-fidelity capability, referred to
as “zooming”, provides a method for modeling propulsion components in varying levels of fidelity
and loosely coupling them at joint interfaces. Although introducing necessary multi-fidelity concepts,
zooming lacks three-dimensional geometric coupling and does not consider the aerodynamics of the
nacelle or bypass. Additionally, the NPSS library does not compute the derivatives necessary for
gradient based design optimization.
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In fact, research on coupled aeropropulsive design optimization is scarce. Gray et al. [3] and Yildirim
et al. [4] summarize the limited literature on engine nacelle optimization and the challenges of inte-
grating the required disciplines in a design framework. Several studies used gradient-free algorithms
to optimize the nacelle design or the nacelle-wing integration [5–14], but they lacked multidisciplinary
models and were limited by the possible number of design variables that could be used [15].
Briones et al. [16] presented one of the first examples of fully coupled aeropropulsive analysis, but
until recently, no framework enabled gradient-based design optimization using coupled aeropropul-
sive models. Gray et al. [3] and Yildirim et al. [4] proposed a new benchmark aeropropulsive model
of a simple podded electric propulsor that uses a podded fan model built with pyCycle [17], a one-
dimensional cycle modeling library with analytical gradients; and an aerodynamic model with AD-
flow [18], a Reynolds-averaged Navier–Stokes (RANS) CFD solver that uses structured multi-block
and overset meshes. The aerodynamic and propulsion models are coupled with MPhys1, a multi-
physics library built using OpenMDAO [19] for gradient-based design optimization. Yildirim et al.
used this coupled model to develop two different coupling techniques, namely the actuator zone (AZ)
and boundary condition (BC) versions, to transfer information between pyCycle and ADflow. The
AZ coupling strategy introduces momentum and energy source terms to represent the impact of the
propulsion system on the flow field [20, 21]. The BC approach, on the other hand, passes the mass,
momentum, and energy outputs to the optimizer as constraints and allows the optimizer to balance
the residuals between the propulsion cycle and flow field. They demonstrated the capabilities of
these coupled models by performing a range of design optimizations [4]. However, these studies
were limited to a simple podded electric fan and did not include a complete engine model.
In this work, we extend the capability of this existing aeropropulsive design framework to a high-
bypass turbofan (HBTF) model by incorporating a turbojet core within the nacelle of a podded propul-
sor. The HBTF model takes advantage of OpenMDAO’s modularity by separating the fan and core
into separate pyCycle models, coupled together by a mechanical low pressure shaft. The AZ cou-
pling method is then applied to the fan, and the BC method is applied to the core. Unlike previous
studies, we include a turbojet core and use one-dimensional meanline analysis to vary the flow paths,
turbomachinery, and thermodynamics. We model the fan in pyCycle and feed back heat information
to ADflow to complete the AZ coupling loop. All other flow paths are modeled using RANS CFD,
including the inlet, bypass duct, and nozzles.
This study demonstrates the utility of mixed-fidelity methods in the design of large-scale propulsion
systems. We present a new optimization problem that combines the AZ and BC coupling strategies
with conventional design knowledge derived from zero and one-dimensional propulsion cycle simu-
lations. Furthermore, our approach captures the high-order interactions between the nacelle aero-
dynamics and the propulsion system. This is a significant step forward toward large-scale and high-
fidelity gradient-based optimization of aircraft propulsion systems in the preliminary design stage.
The remainder of this paper is structured as follows. Sec. 2.describes the coupled aeropropulsive
modeling approach and the design framework structure. In Sec. 3., we lay out the optimization problem
and in Sec. 4.we present the results from the analysis and optimizations. Finally, we present the
conclusions in Sec. 5..

2. Methodology
In this section, we detail the coupled aeropropulsive design framework we developed based on
the two aeropropulsive coupling approaches introduced by Yildirim et al. [4]. Combining these ap-
proaches to model complete turbofan configurations necessitates the use of multiple coupling and
mixed-fidelity strategies. Unlike the podded fan, the turbofan MDA model we introduce in this work
includes two separate pyCycle subsystems for the fan and the core. We use the AZ coupling strategy
for the fan and the BC method for the core, which results in both pyCycle subsystems being fully
coupled to the CFD model.
For clarity, we use standardized flow station numbering and component naming scheme shown in
Fig. 1 to refer to locations and elements along the turbofan flow path. Furthermore, we extend these
conventions to the core thermodynamic cycle, as shown in Fig. 7. The core cycle begins at station

1https://github.com/OpenMDAO/mphys
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Figure 1 – Top level flow station numbering and component labels for the high-bypass turbofan
model. Aerodynamic model elements are shown in blue and one-dimensional cycle models are

shown in red. Green lines and elements represent mechanical connections and elements. The black
arrows show the direction of the flow through the engine.

22 with the low pressure compressor (LPC) and ends at station 42 with the low pressure turbine
(LPT). An extended design structure matrix (XDSM) [22] of the complete MDA model is shown in
Fig. 2. In the following sections, we detail each computational component in the aeropropulsive
design framework.
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Figure 2 – XDSM of the fully coupled MDA model. Vertical lines represent inputs to the components,
whereas horizontal lines are outputs. The black arrows detail the NLBGS solver loop for the AZ

coupling. Red octagons are implicit groups that contain nested nonlinear solvers, and green
rectangles are explicit functions. The outputs on the right hand side are passed to the optimization

problem as the objective function or constraints.

2.1 Geometry Parametrization and Mesh Deformation
We use OpenVSP [23] for the geometry parameterization, which is a parametric geometry tool that
uses Bézier curves and surfaces to represent geometric components. The baseline geometry is
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derived from a cross sectional drawing of a Pratt and Whitney 1500G series turbofan found in the
book “Jet Propulsion” by Cumpsty and Heyes [24]. We created four components in OpenVSP that
represent the nacelle, spinner, core nacelle, and core plug. Figure 3 provides an isometric view of
each OpenVSP engine component and the full configuration with all components shown.

Figure 3 – An isometric view of the four geometric components modeled in OpenVSP. The nacelle is
in the upper left, core in the upper right, spinner and core plug in the lower left, and the full geometry

configuration is in the lower right corner.

Each component is defined by the cross sections and tangent angles required to generate the un-
derlying Bézier surfaces. The nacelle has 14 cross sections with 4 on the outer nacelle, 8 on the
inner nacelle, 1 on the leading edge, and 2 on the trailing edge. All cross sections that make up the
inner and outer portions of the inlet are elliptical, with both height and width degrees of freedom to
account for potential off-design cases that consider cross-flow. The remaining nacelle cross sections,
including three that comprise the fan disk, are circular. Cross-flow is less prominent aft of the fan,
hence we designed the spinner, core, and core plug with solely circular cross sections.
For this study, we consider the cross section diameters, widths, and heights as design variables,
but omit the tangent angles for simplicity. Some groups of cross sectional diameters are linked to
preserve geometric features such as the fan disk diameter, duct shape, or constant trailing edge
thickness. In particular, the cross section diameters that comprise duct 21 are linked with a constant
offset to preserve the s-duct profile. Furthermore, we do not add any spinner cross sections to
simplify the inlet, fan, bypass, and duct 21 integration.
Multiple arrays of “toothpick” constraints are added to the nacelle and the core wall between duct 5
and the bypass stream. These constraints ensure that the thickness of certain sections cannot be
less than the baseline or more than three times the baseline thickness. Toothpick constraints take the
place of structural considerations that we do not include in this work. Figure 4 shows the toothpick
constraint locations along the nacelle and core geometries.
We leverage the methods developed by Yildirim et al. [25, 26] for using OpenVSP with CFD-based
design optimization. At each design iteration, OpenVSP is used to generate an updated surface that
we use to update the CFD volume mesh using the mesh deformation algorithm by Luke et al. [27]. We
use the the open-source mesh deformation library IDWarp developed by Secco et al. [28] to perform
the mesh deformation step shown in Fig. 8. The optimizer passes updated shape design variables to
the geometry element, which then calculates the surface mesh node positions and transfers them to
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Figure 4 – Geometric thickness constraints for the nacelle and duct5 walls. The left figure shows the
axisymmetric thickness constraints and the right figure shows the thickness constraints for the

elliptical cross sections forward of the fan disk.

IDWarp. After mesh deformation, the new volume mesh is used by the aerodynamic model to perform
CFD analysis.

2.2 Aerodynamic Model
We use the open-source CFD solver ADflow [18] for aerodynamic analyses, which solves the RANS
equations on structured multi-block and overset meshes using a finite volume scheme. To compute
the flow field in and around the turbofan geometry, we employ the Spalart–Allmaras (SA) turbulence
model [29] in conjunction with RANS simulations. ADflow offers advantages for aeropropulsive de-
sign optimization, including an efficient adjoint solver to compute analytic derivatives [30], a Python
interface to couple it to a larger aeropropulsive design framework [18], and an approximate Newton-
Krylov solver to handle the challenging flow simulations that arise from the use of body force terms
and powered boundary conditions [31].
The mixed AZ and BC coupling strategy in this work introduces unique challenges related to mesh
generation, solver robustness, and problem formulation. We created the three-dimensional half-
body mesh, shown in Fig. 5, using distinct overset regions that each satisfied requirements of the
aerodynamic model. First and most important, the fan disk is an axi-symmetrical overset block that
encapsulates the actuator region without overlap from neighboring overset meshes. This is critical
because the AZ coupling method distributes energy and momentum source terms to all cells within
the AZ [32].
Next, the bypass duct, duct21, and duct5 are internal volume blocks with sufficient resolution de-
pendent on the size of the accompanying geometric feature. Third, we generated structured surface
meshes for the spinner and core plug, which are then extruded to obtain volume meshes using the
pyHyp library [28], an open-source hyperbolic volume mesh marching tool. The nacelle, splitter, and
bypass nozzle surface meshes add necessary resolution at trailing and leading edges of the nacelle
and core geometry. We extrude these surface meshes to volume meshes using pyHyp [28], which
completes the full set of overset meshes for the aerodynamic model. Finally, we include a background
cartesian mesh that is extruded to far-field boundary conditions. The current mesh contains 1.3 mil-
lion cells, which is adequate to capture the main flow features around the different flow streams of
the fan for aeropropulsive design optimization.
Yildirim et al. [4] used a three-dimensional control volume drawn around the cells inside the AZ to
calculate the total energy added to the flow due to the momentum source terms as

Pflow =
∫∫∫
AZ

(
~V ·~f

)
dv. (1)

The terms ~V and ~f are the local velocity and total force inside each CFD volume cell. Additionally,
the total flow power includes the heat added to flow by non-adiabatic losses in the fan [32]. The total
AZ power is

Ptotal = Pflow +Pheat. (2)
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Figure 5 – Overset mesh regions for the aerodynamic model. Each color corresponds to a mesh
region generated as a standalone volume block or an extruded surface mesh. We only show the

cells on the symmetry plane in this figure.

Figure 6 – Isometric view of the feasible solution to the aeropropulsive optimization problem outlined
in sec. 3.. Pressure coefficient contours are displayed on the nacelle, core nacelle, spinner, and plug.

Total pressure contours are shown along the symmetry plane.

The BC coupling needs the change in mass, momentum, and energy across the core for the con-
servation residuals. The momentum change is the difference between the integrated pressure and
momentum forces at flow station 5 and 22, computed as

∆Faero
core =

(
Faero

5,momentum +Faero
5,pressure

)
−
(
Faero

22,momentum +Faero
22,pressure

)
(3)

For the energy calculation, we assume a constant coefficient of isobaric specific heat (cp) because
ADflow does not have the necessary transport equations for chemical species. Under that assump-
tion, we can derive the energy equation from the compressible integral conservation equations as

∆Eaero
core = cp

(
ṁaero

5 T aero
t,5 − ṁaero

22 T aero
t,22

)
, (4)

where cp for air is 1.0045 kJ/(kgK). The momentum and energy change from the aerodynamic model
are then passed to the BC coupling formulation in Eq. (10).
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2.3 Propulsion Model
The propulsion system consists of two separate one-dimensional pyCycle [17] models for the core
and fan that enable a mixed coupling strategy with the aerodynamic model. The fan is a compressor
based on the NASA N+3 technology propulsion system [33] with a polytropic efficiency of 0.97. At
both the fan face (station 2) and core face (station 22), we pass integrated values from the three-
dimensional flow field to the one-dimensional models. Following best practices from Gray et al. [3]
and Yildirim et al. [4], the inputs common to both propulsion models are mass-averaged velocity,
area-averaged static pressure, mass flow rate, and area. The fan model receives a fan pressure ratio
from the CFD model, computed as the fraction of area-averaged total pressures across the fan disk;

PRfan =
Paero

t,13

Paero
t,2

. (5)

Using turbomachinery maps, the fan computes the enthalpy rise across the standalone compressor
based on the incoming flow properties and fan pressure ratio. We compute the heat addition (Pheat)
as the difference between the ideal and real specific enthalpy at the fan exit, multiplied by the mass
flow rate:

Pheat = ṁaero
2 (hprop

ideal−hprop
real ) (6)

This results in a fully coupled nonlinear system that includes the CFD and fan models, which is solved
using a nonlinear solver, shown in Fig. 2. This analysis loop between the fan and the aerodynamic
models are converged before we further analyze the core model.
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Burner
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22 23 24 3 4 41 42
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Figure 7 – Flow station numbering and element labels for the turbofan engine core model. This flow
path is representative of a turbojet, where the red elements are part of the one-dimensional cycle

and green signifies a mechanical element or connection. The black arrows show the direction of the
flow through the core.

The one-dimensional core model, shown as a flow path diagram in Fig. 7, begins at the LPC inlet
and ends with the LPT outflow. We specify several nonlinear implicit relationships called balances
that enforce physical governing equations, conservations laws, and design rules. These balances
are represented as residuals, shown in Eq. (7), that require a nonlinear solver to find the states
(u) that result in zero residuals (r(u) = 0). We impose two design balances that vary the fuel-to-air
ratio (FAR) and high pressure compressor pressure ratio (PRhpc) to satisfy a design value of burner
exit temperature (Tt,4) and overall pressure ratio (OPR), respectively. Next, two physical balances
are added to balance the power (P) on the low and high pressure shafts. The high pressure shaft
residual drives the power needed by the HPC to be equal to the power generated by the HPT. On the
low pressure spool, we balance the power requested by the fan and LPC with the power generated
by the LPT. Since the fan is a separate model, we connect the torque (τfan) to the low pressure shaft
in the core to ensure the balance accounts for the power needed by the fan. The residuals we define
using the core model are listed as:

rcore(u)→


r(FAR) = Tt,4−Tt,4,des = 0,
r(PRhpc) = OPR−OPRdes = 0,
r(PRlpt) = P in

LP,shaft−Pout
LP,shaft = 0,

r(PRhpt) = P in
HP,shaft−Pout

HP,shaft = 0.

(7)
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We complete the definition of the core model by specifying the inputs in Table 1. These inputs are
chosen to represent current technology levels for the burner and turbomachinery components. With
a converged design, we calculate the change in energy and momentum across the core using a one-
dimensional control volume analysis, given in Eqs. (8) and (9) respectively. The change in energy
and momentum are used in the BC coupling method in Eq. (10) and are outputs of the core model in
Fig. 2.

∆Eprop
core = ṁprop

5 hprop
t,5 − ṁprop

22 hprop
t,22 (8)

∆Fprop
core = (ṁprop

5 V prop
5 +Pprop

s,5 Aprop
5 )− (ṁprop

22 V prop
22 +Pprop

s,22 Aprop
22 ) (9)

2.4 Aeropropulsive Coupling
It is challenging to connect three-dimensional CFD analyses to one-dimensional cycle models be-
cause information is lost during the reduction in dimensionality. To make matters more complicated,
the underlying thermodynamic models of the CFD solver ADflow and the cycle modeling tool pyCycle
are not the same. Yildirim et al. [4] proposed the AZ and BC coupling strategies to overcome these
challenges. The AZ method creates a cyclic loop between the aerodynamic and fan models that we
converge using a nonlinear block Gauss-Seidel solver (NLBGS). The NLBGS solver operates on the
cycle outlined by black arrows on the XDSM diagram in Fig. 2.

MNaero, Altitude,α

Optimizer xshape
Ps,22,Pt,5,Tt,5

Fg ,fan

ggeo Geometry Surface Mesh

Mesh Warping Volume Mesh

Rmass,Rmomentum,Renergy

TSFC,MN2,MN22,Fn

MDA

Figure 8 – XDSM diagram of the optimization framework. The outputs of the optimizer are the
design variables and the output of the MDA and geometry blocks are the functions of interest.

We cannot readily design a flow through mesh for an engine core due to its size and complexity, thus
we chose to use powered boundary conditions to couple the engine core to the CFD model. The
BC approach stems from the compressible flow integral conservation equations applied to a control
volume that encloses the engine core. We calculate the change in mass, momentum, and energy
from both the pyCycle and ADflow models separately and use Eq. (10) to compute the difference

Table 1 – Core one-dimensional cycle inputs that specify the design of the turbomachinery and burner.
The compressor and turbine efficiencies, OPR, and Tt,4 inputs are at current or near future technology
readiness levels.

ηlpc ηhpc ηlpt ηhpt PRlpc Tt,4 OPR NLP,shaft NHP,shaft

92.43% 87.07% 89.96% 88.88% 1.935 2850.0 R° 25.0 4666.1 rpm 14,705.7 rpm
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between the two models. The difference creates residuals that we pass to the optimizer as equality
constraints.

Rmass = ṁaero
22 + ṁprop

fuel − ṁaero
5 = 0

Rmomentum = ∆Fprop
core −∆Faero

core = 0

Renergy = ∆Eprop
core −∆Eaero

core = 0

(10)

If the equality constraints are satisfied with a given design, we consider the design to be in a feasible
design space. The caveat with this approach is that attaining a feasible design requires the use of
an optimizer and every additional constraint constitutes an extra adjoint solution. Formulating the
same coupling approach is also possible by satisfying the conservation equations using a nonlinear
solver; however, this approach requires a fully coupled solver which requires significant development
effort [4]. Therefore, we use equality constraints to satisfy these equations.

3. Optimization Problem Definition
The objective of the optimization problem is to minimize the thrust specific fuel consumption (TSFC)
at a cruise flight condition subject to geometric, aerodynamic, and conservation constraints. We de-
fine the cruise condition at a Mach number of 0.78, altitude of 37,000 ft, and angle of attack of 0°.
The geometric toothpick constraints introduced in Section 2.1 place lower and upper bounds on the
thickness of the nacelle and core as a substitute for structural considerations. We limit the fan and
LPC face Mach number values to less than 0.6 and 0.45, respectively, to accommodate for compres-
sor blade design parameters that are not considered in this analysis. Net thrust and fan diameter
constraints of 5500 lbf and 81 inches, respectively, are enforced to drive the final result towards a
physical thermodynamic and geometric design. Finally, the conservation constraints from the BC
coupling method enforce continuity, momentum, and energy match across the one-dimensional cycle
and aerodynamic models. The complete optimization problem formulation is listed in Table 2.

Table 2 – Single-point optimization problem definition. There are 20 shape design variables and 4
aerodynamic design variables. The objective function and seven constraints depend on the coupled
aeropropulsive solution.

Variable/Function Description Quantity
minimize TSFC Thrust specific fuel consumption 1

with respect to Fg,fan Force applied by the fan 1
Ps,22 Static pressure at flow station 22 1
Tt,5 Total temperature at flow station 5 1
Pt,5 Total pressure at flow station 5 1
xnacelle Nacelle shape 12
xcore Core shape 6
xplug Plug shape 1
xoffset Duct21 offset 1

Total 24

subject to Fn = F∗n Target net thrust 1
MNff ≤ 0.6 Upper limit of fan face Mach number 1
MN22 ≤ 0.45 Upper limit of LPC face Mach number 1
Rmass = 0 Conservation of mass across the fan 1
Rmomentum = 0 Conservation of momentum across the fan 1
Renergy = 0 Conservation of energy across the fan 1
0.99≤ ggeo ≤ 3.0 Geometric thickness constraints 17

Total 23
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(a) Geometric design variables on the outer nacelle. (b) Geometric design variables on the inner nacelle.
The cross sections outlined in green are linked to
represent a uniform diameter across the fan disk.

(c) Geometric design variables on the engine core. (d) Duct 21 offset design variable and the single cross
section design variable on the core plug.

Figure 9 – Geometric shape design variables overlaid on a symmetric cross section of the turbofan
model.

We chose design variables that give the optimizer adequate thermodynamic and geometric degrees
of freedom to satisfy the constraints while adhering to typical engine design guidelines. Figure 9
shows the geometric shape design variables the optimizer can vary, written as xnacelle, xcore, xplug,
and xoffset in Table 2. The thermodynamic design variables are fan thrust (Fg,fan), total pressure and
temperature at station 5 (Pt,5, Tt,5), and the static pressure at station 22 (Ps,22).
The coupled aeropropulsive design optimization framework shown in Fig. 8 is developed using the
MPhys library,2 which is an open-source multiphysics simulation and optimization library built with
the OpenMDAO framework [19]. The OpenMDAO framework uses the MAUD architecture to auto-
matically solve the coupled derivative problem [34]. The MAUD architecture only requires the partial
derivatives from each computational component to compute the total coupled derivatives. The AD-
flow partial derivatives are computed using algorithmic differentiation [30], the pyCycle partials are
computed analytically [17], and we employ a parallel finite-differencing approach for the OpenVSP
derivatives. We utilize the adjoint approach to compute the derivatives of the functions of interest
with respect to the design variables since the number of functions of interest that rely on the coupled
aerodynamic state is fewer than the number of design variables.
We solve the optimization problem using SNOPT [35], a gradient-based sequential quadratic pro-
gramming (SQP) algorithm for large-scale constrained optimization. We access SNOPT using the
python interface pyOptSparse [36], a framework for efficiently solving nonlinear constrained optimiza-
tion problems.

4. Results
The goal of this work is to introduce a novel approach for mixed-fidelity propulsion system design
using gradient-based optimization. The optimization problem from sec. 3.is solved with a net thrust

2https://github.com/OpenMDAO/mphys
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constraint equal to 5500 lbf and an upper bound of 81 inches on the fan diameter. Since we do not
vary the Tt,4 or OPR of the core cycle, these constraints place effective limits on the fan pressure
ratio and bypass ratio (BPR). In conjunction with the Mach number and BC coupling constraints,
the optimizer is able to find a feasible engine design. Figure 10 shows the feasibility and optimality
achieved for this optimization problem. The feasibility converges below the requested tolerance of
10−4 , but the optimality struggles to improve further than 10−2 in 113 iterations. The optimization
ran in 14 hours and 41 minutes on 30 Broadwell nodes with 28 core per node on the Pleiades
supercomputer at the NASA Ames Research Center.

Figure 10 – The optimality and feasibility at each iteration for the coupled aeropropulsive
optimization. The optimality does not reach the requested tolerance but the design is feasible and

the objective function decreases significantly from the baseline design

We see in Figs. 11 and 13 the optimizer increases the net fan thrust and fan diameter to the upper
bound, effectively maximizing the fan pressure ratio to meet the net thrust constraint. The larger fan
pressure ratio increases the total pressure and mass flow rate in the bypass duct, which is followed by
a decrease in the bypass nozzle area to maintain a choked throat and maximize thrust. Comparing
Figs. 11 and 12, as the fan thrust goes up Pt,5 and Ps,22 also rise because the core mass flow rate
and subsequently the momentum increase according to Eq. (9). However, as the bypass duct and
nozzle approach a more optimal shape, Pt,5 and Ps,22 must decrease because less mass is being
forced through the core.

Figure 11 – Aerodynamic design variables plotted against optimization iterations. The net thrust
increases to the upper bound to maximize the bypass ratio and fan pressure ratio. The optimizer

varies the other three variables to satisfy the BC coupling constraints.
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Figure 12 – The net thrust and BC coupling constraints plotted against optimization iterations. The
three conservation residuals converge to zero which represents a balanced coupling formulation

between the one-dimensional cycle and aerodynamic models.

As the fan thrust increases, the mass flow rate through the core decreases and the PRlpt rises to
sustain the necessary power on the low pressure shaft. A higher PRlpt means more total enthalpy is
lost across the low pressure turbine and subsequently the optimizer must decrease Tt,5 to satisfy the
energy constraint. Once the bypass nozzle reaches a choked state for such a large fan thrust, the
torque required to sustain the fan pressure ratio decreases, in turn causing the core energy and Tt,5
to increase.

Figure 13 – The geometry of the solution (orange) overlaid on the baseline design (blue) along the
symmetry plane. The solution geometry has a larger fan diameter and bypass ratio, as well as a

converging diverging core nozzle.

Figure 14a is the Mach number contours of the feasible design. We observe sonic flow at both the
bypass and core nozzles that signifies the solution reaches a choked flow state. The dark purple
hue forward of the fan disk and in duct 21 indicates that the Mach number constraints are satisfied.
In Fig. 14b, the AZ coupling is visible by the total pressure increase within the fan disk. The total
pressure added at station 5 creates dark red contours at the outflow of the core nacelle, visualizing
the increase in momentum generated by the core.
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(a) Purple represents subsonic flow, white is sonic
flow, and green is supersonic flow.

(b) The momentum added by the AZ is readily seen
by the increase in total pressure in the fan disk. White

is a normalized total pressure of one, where red is
greater than one and blue is less than one.

Figure 14 – Mach number and total pressure contours for the feasible solution.

5. Conclusions
In this work, we introduced a mixed-fidelity and mixed-coupling approach to model and design ad-
vanced propulsion systems. We extended the methods developed by Gray et al. [3] and Yildirim
et al. [4] to a tightly coupled turbofan configuration, where we use CFD to model the nacelle aerody-
namics and two thermodynamic cycle models to model the fan and the engine core. These models
are coupled together using both the AZ and BC coupling strategies for the fan and the engine core,
respectively. We implemented the coupled model using the MPhys3 library within the OpenMDAO
framework [19], and applied the coupled adjoint method to compute derivatives of functions of inter-
est with respect to design variables. The optimization problem minimizes TSFC subject to geometric,
design, aerodynamic, and BC coupling constraints. Using a gradient-based optimizer, we success-
fully obtained a feasible design, where the three BC coupling constraints are satisfied.
This study represents a significant milestone in aeropropulsive design optimization capabilities. We
introduced a coupled aeropropulsive model that captures the interactions between the nacelle aero-
dynamics and engine thermodynamics. This method, when combined with the availability of ana-
lytic derivatives, will speed up the design and integration of advanced aeropropulsive systems using
gradient-based design optimization.
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