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ABSTRACT

This study aims to investigate novel means of interaction and integration of different aircraft sub-systems which suc-

cessfully realizes the benefits arising from the synergetic relationship between different disciplines. As part of this objective,

integrated flow simulations of the fan stage and the bypass duct for the removal of waste heat in Ultra High Bypass Ratio

(UHBR) turbofan engines with a inner mixing nozzle are investigated. The starting point of this study is the thermodynamic

design and sizing of the baseline engine using an engine cycle design tool in accordance with the reference aircraft require-

ments. Furthermore, an aerodynamic design of the external nacelle, inner mixing duct and common nozzle contours are

specified using an in-house parametric model. Following the cruise point cycle definition, a full 3D design of the reference

low pressure ratio fan stage using an in-house streamline curvature tool is developed, with the performance subsequently

characterized. As part of the integration studies, a comprehensive CFD setup is developed to capture the complete internal

flow paths of the propulsor, enabling the assessment of interactions between the fan stage and bypass duct. Comparisons

with farfield simulations highlight the importance of coupling internal and external flows to accurately characterize jet ex-

pansion and propulsor performance. Furthermore, the impact of varying heat transfer capabilities at the bypass hub wall on

overall propulsor performance is examined.

INTRODUCTION

In the global pursuit of a climate-neutral and universally accessible air transport system, this study examines the syner-

gies arising from the highly integrated design of various propulsion sub-systems. A comprehensive evaluation of synergies

and potential benefits promotes the development of novel assessment and design methodologies that effectively capture and

enhance the critical interfaces between various aircraft and propulsionmodules and disciplines. Within the Collaborative Re-

search Centre ’SFB-TRR 364: SynTrac’ (Synergies of Highly Integrated Transport Aircraft; https://www.trr-syntrac.com/),

an interdisciplinary collaboration is formed to investigate coupled flow simulations of the fan stage, the bypass duct with

integrated heat exchange capabilities, and the inner mixing nozzle of a geared UHBR mixed turbofan engine, thus con-

tributing to the overarching theme.

Pearson (1962) and Oates (1985) demonstrated in their studies that the mixing of the bypass and exhaust streams of the en-

gine can yield improvements in thrust and specific fuel consumption (SFC). However, for high bypass ratio engines, Oates

(1985) emphasized that these benefits are contingent upon the sound design of a mixer capable of achieving near-perfect

mixing. Koutmos and McGuirk (1989) outlined a methodology for computing flow fields and the associated temperature

mixing in a multi-lobed mixer, highlighting the role of large-scale vortex structures in governing and enhancing the mixing

process. In this study, a simple annular mixer is employed primarily to dissipate excess heat from the core stream.

With the increasing trend toward hybridization and the increasing demand for effective heat dissipation, future aircraft

systems could benefit from this configuration to enhance the heat exchange potential along the extended duct. Previous

studies have investigated the potential of the bypass duct as a heat sink (Bode et al., 2017a). In the present study, the bypass

hub wall is utilized for heat transfer, functioning as a simple skin-type heat exchanger. The objective is to lay the founda-

tional groundwork for future investigations involving more advanced heat exchanger designs, such as those incorporating

structured surfaces (e.g., ribs). Achieving this will require an integrated aero-thermodynamic approach in the design and

flow simulation of the intake, fan, and exhaust systems. This study serves as a stepping stone toward such comprehensive

analyses in this field.

This work is licensed under Attribution-NonCommercial-NoDerivatives 4.0 International (CC-BY-NC-ND)

See: https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

https://www.gpps.global
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


As part of the effort to analyze synergies and interactions, the aerodynamic interference effects between the fan stage

and the bypass duct need to be systematically assessed. Studies such as Benjamin et al. (2020) and Goulos et al. (2019)

that explore engine through-flow simulations for duct and nozzle design typically employ simplified (uniform and profile)

inlet and outlet boundary conditions without resolving the fan stage geometry and associated flow dynamics. In contrast,

this study simulates the propulsor annulus flow by incorporating the 3D complex secondary flows, swirl and boundary

layer effects of the fan stage to provide a more comprehensive understanding of duct and nozzle flow behavior, especially

considering the heat transfer in the bypass duct. Clemen et al. (2012) carried out optimization of the fan outlet guide vane

profile and bypass duct shape with respect to minimum pressure losses and maximum operational range taking acoustic and

structural constraints into consideration. Sartor et al. (2018) performed numerical flow simulations of a UHBR turbofan

with a fully modeled rotating fan and OGV, to understand the impact of flow suction upstream of the fan on the separation

zone in the intake. Peters et al. (2015) recognized the significance of explicitly modeling the fan stage in through-flow

engine simulations, rather than conventionally modeling the fan as an actuator disc, to analyze the fan-inlet interactions

in ultra-short nacelles. Both these studies conducted integrated flow simulations, primarily focusing on the nacelle inlet.

This study shifts the focus of such simulations toward the downstream sections of the propulsor, specifically their flow

interactions, as elaborated in the following sections.

METHODOLOGY

To achieve the objectives of this study, the following sequence of steps is carried out. First, the thermo-aerodynamic

sizing of the baseline engine is performed in accordance with the reference aircraft requirements. The engine characteristic

data is defined using the cycle design tool, Gasturb (Kurzke, 2015). The model delivers necessary engine station data

that serves as boundary conditions for the subsequent design stages. The 3D nacelle framework is developed using an in-

house parametrization tool based on the intuitive Class Shape Transformation (iCST) method (Benjamin et al., 2023). The

reference fan stage is designed utilizing a second in-house tool that employs a Streamline Curvature (SLC) throughflow

approach, as described by Seidler et al. (2021).

Mixed Turbofan Engine Design

Thermodynamic Cycle: Gasturb models the thermodynamic cycle of a given engine configuration by performing

component-level simulations based on established aero-thermodynamic principles, empirical correlations and experimental

data, using a Newton-Raphson iterative solver. The engine is configured as a two-spool, geared, inner-mixing turbofan with

a bypass ratio (BPR) of 18 at cruise. The cycle design parameters are selected based on parametric studies and informed

by industry-forecasted trends, with the primary objective of improving propulsive efficiency and minimizing specific fuel

consumption (SFC). In order to minimize mixing losses that drive a lower thrust gain, the total pressure ratio between

bypass and core streams (P16/P6) at the mixer entry should be close to unity (Gasturb User Guide - Kurzke (2015)). This

is achieved by iterating the fan pressure ratio (FPR) resulting in FPR = 1.33. An ideal mixing efficiency of 100% is

assumed to derive the preliminary thermodynamic cycle, providing boundary conditions for subsequent CFD simulations

while eliminating the need to model the complex mixing process within the computational domain.

Figure 1 External nacelle and internal nozzle contours

Nacelle Contours: The nacelle design is divided into two decoupled processes: (1) fan-intake and cowl (2) bypass

duct and inner mixing nozzle. This approach is further substantiated by the findings presented by Goulos et al. (2016)

that showed the lack of interaction effects between the design of the exhaust system and the performance of the nacelle or
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intake. The intake and cowl are characterized by the two parametrized CST curves of 4th order described by Benjamin et al.

(2020). The parameters used to define the geometry are marked in Figure 1. The values of the design parameters listed in

Table 1, adapted for the current mixed turbofan configuration, are based on those obtained from the in-house optimization

algorithm developed by Benjamin et al. (2020) that focused on minimizing cruise drag while ensuring a good recovery of

intake pressure for an unmixed UHBR engine.

Parameter Description Value

Lnac Nacelle length 4.065m

fmax Axial location of Dmax 0.3m

Dmax/Dhi Ratio of maximum external diameter to highlight diameter 1.17

β Boat Tail Angle - slope of nacelle TE 2.5
◦

CR Contraction Ratio - Ratio of throat area to highlight area 1.25

Rthroat Throat radius 0.96m

AR Aspect Ratio - Axial location of throat 1.25

Lintake/D f an Ratio of intake length to fan diameter 0.5

Table 1 Nacelle design parameters

As shown in Figure 1, the marked points correspond to the various engine stations where Gasturb performs cycle

calculations. These calculations provide the necessary geometrical data, specifically the inner and outer radial extents at

specific axial locations, which are essential for defining the nozzle contours. To evaluate the aerodynamic performance

of the nozzle design, CFD simulations at cruise (design point) are performed using a farfield computational domain with

farfield boundaries extending to 30 times the diameter of the fan. A hybrid meshing strategy, based on that employed in

the study by Iyer et al. (2024), is utilized, with additional mesh parameters chosen to maintain a y+ value close to 1 near

the wall. A mesh independence study is conducted using three discretizations comprising 137, 240 and 443 thousand ele-

ments. The grid convergence index (GCI) for relevant aerodynamic performance metrics remained below 0.3%, indicating

that the 240,000-element mesh achieved sufficient spatial resolution and ensuring solution independence with respect to

grid refinement. Steady-state compressible RANS simulations are conducted using the DLR-developed flow solver TAU

(Deutsches Zentrum fuer Luft- und Raumfahrt e.V, 2017), a second-order finite-volume-based CFD solver designed for

unstructured and hybrid grids. Solver settings—including convergence criteria, discretization schemes, definition of inlet

and outlet boundary conditions—are adopted in accordance with Iyer et al. (2024). The boundary values at the duct-fan

interfaces are derived from engine cycle data obtained via Gasturb due to the lack of a fully-resolved fan stage. The k-omega

SST turbulence model is employed to ensure consistent turbulence modeling across all design stages. The results presented

in Figure 2 are henceforth referred to as the ’Farfield Simulation’.

(a) Mach contour in flow domain

(b) Nacelle Maisentropic distribution

(c) 3D Cp contour plot with Ma = 1 iso-surface

Figure 2 Farfield flow solution at cruise

The primary objective in designing the intake and cowl of the nacelle is to minimize drag while ensuring efficient

pressure recovery at fan intake (IPR). IPR and nacelle drag are displayed in Table 2. Furthermore, as shown in Figure 2b,
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the absence of a shock within the intake suggests an appropriate selection of the throat radius, contributing to the overall

aerodynamic efficiency. The highlight radius, determined as a function of the throat radius and contraction ratio, is selected

to shape the curvature of the pre-entry streamtube as seen in Figure 2c for the specified mass flow rate, thereby lowering the

pre-entry drag. Dmax and fmax, which control the external pressure distribution in Figure 2c, are selected such that the region

of flow expansion and subsequent shock lies on the nacelle forebody closer to the leading edge. The choice of parameters

ensures a lower peak Mach number, lowering the intensity of the shock and preventing the formation of a secondary shock

downstream.

The design of the bypass duct and inner mixing nozzle, defined based on the cycle calculations from Gasturb achieve

a comparable engine thrust value, as presented in Table 3. The thrust value from the CFD solution is calculated, assuming

isentropic expansion, from the bypass and core inlet planes to the farfield within the engine streamtube. It is also intended

to achieve a mass flow distribution between the core and bypass streams, comparable to those calculated by the Gasturb

engine, as presented in Table 3. The 5% variation in mass flow estimation between the two models, along with the resulting

difference in mass flow distribution between the bypass and core streams, lead to a 15% discrepancy in the computed thrust

values. The nozzle does not operate in a choked condition, with a nozzle pressure ratio (ratio of total pressure at the nozzle

inlet to static pressure at nozzle outlet) below the critical pressure ratio for air at cruise conditions (1.89). Due to the current

nozzle geometry and the flow over the external nacelle curvature, the local static pressure at the nozzle exit is greater than

the far-field ambient pressure. Hence, the flow continues to expand, reaching Ma = 1 only further downstream, as seen

in Figure 2a. The current nozzle design serves as a preliminary reference, with further optimization methods planned to

enhance the heat transfer capability across the bypass duct. In addition, the contours (boattail angle and nozzle exit slope)

are iteratively refined to ensure a separation-free flow with controlled expansion of the exhaust gases across the nozzle.

Design Parameter Value

Intake pressure recovery 0.9981

Peak intake Mach 0.73

Intake diffusion factor 0.743

Total nacelle drag 39.52 dcts

Nozzle pressure ratio 1.75

Table 2 Nacelle performance parameters

Parameter Gasturb CFD

Bypass Mass Flow (kg/s) 236.96 253.35

Core Mass Flow (kg/s) 12.99 11.06

Net Thrust (kN) 21.00 24.26

Table 3 Comparison of Gasturb and CFD

Fan Stage Design

(a) Meridional view of fan stage (b) Rotor blade profile shape

Figure 3 Reference fan stage design from SLC tool

Seidler et al. (2024) created the fan stage design framework using the SLC thorough-flow approach to simplify the

inherently complex three-dimensional flows in turbomachinery by reducing them to a two-dimensional problem in the

meridional plane (S2). The domain between the hub and shroud is divided into 20 meridional stream surfaces. In the axial

direction, the domain is discretized by 250 quasi-orthogonal lines, thereby creating a mesh grid to solve the fundamental

conservation equations established by Novak (1967). The work input into the system is prescribed as a spanwise distri-

bution of swirl velocity at the leading and trailing edges of both the rotor and stator (Wu and Wolfenstein, 1950). In this

study, the NASA SP36 vortex law (Bullock and Johnson, 1965) was employed due to its ability to mitigate hub loading by

redistributing the work input toward the rotor tip. The convergence of the SLC computation is governed by the deviation

of the estimated mass flow within the streamtubes from the initial prescribed spanwise mass flow distribution at various

axial control stations. Full convergence is achieved when the variations in the meridional velocity and mass distribution
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fall below 10−8. Considering bypass flow physics as the primary focus, the absence of a splitter in the current setup is

justified by the expectation that introducing a core intake stream— resulting from the reduction in fan hub radius (hub to

tip ratio)—would not significantly influence bypass aerodynamics, as the bypass flow path geometry remains unchanged.

The profile modeling as seen in Figure 3b used in this tool is based on the methodology described by Seidler and

Friedrichs (2022). It utilizes the superposition of a generalized parabolic arc camber and a Class Function/Shape Function

(CSM) thickness distribution, with extensions incorporated to model the rotor’s leading and trailing edges. This approach

improves flexibility and accuracy in transonic compressor profile design. A wedge-shaped profile is used to model the rotor

and stator. The hub contour upstream of the rotor leading edge, as seen in Figure 3a, is derived from the spinner geometry

used in the study by Grubert et al. (2022), with modifications and scaling applied to suit the present design. Additional

parameters utilized in the design process are presented in Table 4. These values are derived from the Gasturb reference

engine design, with the fan stage designed to match the fan performance at the cruise design point, as shown in Table 5.

The inlet boundary conditions are defined on the basis of Station 2 of the Gasturb engine, while Station 13 specifies the

outlet conditions. The hub contour arising from the SLC calculations is chosen over the Gasturb output to design the bypass

duct to maintain the intended contraction in channel area. This ensures a smooth pressure rise with controlled diffusion,

minimizing the risk of boundary layer separation and flow instabilities.

Design Parameter Value

Hub to tip ratio at rotor inlet 0.25

Hub radius at rotor LE 264.8mm

Aspect ratio 1.95

Mach number at rotor inlet 0.58

Blade number: Rotor/Stator 19/40

Chord length: Rotor/Stator 407.385/297.5mm

Solidity at mid-span: Rotor/Stator 1.85/2.52

Rotor tip gap 0.5mm

Rotor-Stator separation 0.4∗RotorChord
Flow coefficient 0.7066

Loading coefficient 0.9215

Design speed 2418.3rpm

Table 4 Fan stage design parameters

Performance Gasturb Fan Design

Parameter

PR 1.33 1.33

ṁ2(kg/s) 250.13 246.04

ηisentropic 0.91 0.93

Table 5 Fan stage performance

Numerical Setups

Three separate numerical setups are implemented as part of the engine internal simulations. The fan stage with rotor

and stator constitutes the first setup as depicted in Figure 4a. Amixing plane is defined at the interface between the rotor and

stator for the single passage simulations. The second configuration models the isolated bypass duct with a heat-transferring

hub wall, implemented by prescribing an isothermal wall temperature along the bypass hub. Figure 4c shows the 3D

discretization of the isolated bypass duct domain with a bypass inlet, core duct inlet and a mixed common nozzle outlet.

Structured meshes with fully resolved boundary layers are generated for all simulation setups. A wall-adjacent cell height

of 10−6 m and a growth ratio of 1.2 are used to maintain a y+ value close to 1.0. The blade to blade mesh depicted in Figure

4b at 90% relative channel height characterizes the discretization of the fluid domain across the fan stage. As in the farfield

case, mesh convergence studies are performed, demonstrating mesh-independent solutions. The results of these studies are

summarized in Table 6. The core nozzle flow (core outlet stream) is not the primary focus of this study; therefore, the

corresponding boundary conditions are held constant throughout the analysis, based on data from the engine cycle model.

The steady state CFD simulations are conducted on TRACE (Turbomachinery Research Aerodynamic Computational

Environment), a code developed by the Institute of Propulsion Technology at DLR, to investigate complex turbomachinery

flows (Becker et al., 2010). The solver settings are presented in Table 7. The fan stage inlet boundary conditions used

to simulate the cruise design point are obtained from Gasturb station data, while the nozzle outlet conditions are taken

from the farfield simulations. This approach is adopted because, as shown in Figure 2a, the flow at the nozzle exit is not

fully expanded—a behavior that is not captured by Gasturb at cruise, which assumes full expansion. To ensure greater

consistency, a static pressure distribution extracted from the farfield simulation is applied at the nozzle outlet. A detailed

description of all boundary conditions, including those for the heated wall, is provided in Table 8.

Setup Ncells,3 Ncells,2 Ncells,1 GCI21 GCI32
Fan Stage 650,000 3,100,000 8,600,000 0.10% 0.11%
Bypass duct 1,578,901 3,699,059 8,243,072 0.03% 0.08%

Table 6 Mesh study with FPR for Fan Stage setup and heat flux for bypass duct as the variable
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(a) 3D domain of a single passage (b) Flow domain discretisation

(c) Bypass duct and inner mixing nozzle dis-

cretisation

Figure 4 Numerical setup

The third configuration, referred to as the integrated internal setup, combines the aforementioned two meshes. It

includes the complete internal engine flow path, encompassing the rotor, stator, bypass duct, mixing of core and bypass

streams, and extending to the common nozzle outlet. The fan stage domain generated by the SLC tool is truncated at the

interface plane with the bypass duct domain. The hub contour is retained from the SLC calculations, while the shroud

contour follows the nacelle-nozzle design, as illustrated in Figure 5.

Solver Parameter Setting

Turbulence model Menter k-omega SST

Transition model GammaReTheta

Heat flux model Constant Prandtl,

Pr = 0.9
Interface Mixing Plane

Table 7 TRACE solver settings

Figure 5 Integrated internal flow domain

Inlet Outlet Wall Bypass hub wall

Fan stage Pt = 35595.80 Pa Ps = 38265.49 Pa viscous, adiabatic -

Tt = 245.49 K
Bypass duct Pt = 47641.30 Pa Ps distribution viscous, adiabatic •adiabatic

Tt = 267.90 K •isothermal, T = 363.15 K
Integrated internal setup Pt = 35595.80 Pa Ps distribution viscous, adiabatic •adiabatic

Tt = 245.49 K •isothermal

•isoflux

Table 8 Boundary conditions

Heat exchanging functionality: Heat is to be dissipated into the bypass flow via the bypass hub wall. As the focus

is on a preliminary design assessment, no specific heat source is modeled. Instead, the analysis considers the potential of

the bypass flow to act as a heat sink, based on a given heat transfer area, wall temperature level, and temperature difference

defined as ∆T = Twall −T∞. For this study, the limiting temperature of the heat-exchanging bypass hub wall is defined by the

critical thermal limits of the cooling oil and magnetic materials used in electrical generators. The available heat transfer area

along the wall is 4.53 m2, over which a waste heat load of up to 200 kW must be removed. The specified value falls within

the typical range encountered in turbofan engines. Consequently, the heat must be transferred at a relatively low available

wall temperature. To incorporate this heat transfer functionality into the simulations, both isoflux and isothermal boundary

conditions are applied to the bypass hub wall. The adiabatic wall and the isothermal wall at 363.15 K serve as the reference

wall definitions. Given the high heat load and the constrained maximum wall temperature, an isothermal wall condition is

a reasonable assumption, as the wall temperature remains nearly constant during heat removal. To investigate the impact

of heat transfer on the fan stage and overall engine performance, a range of fixed wall temperatures is specified. Since

the detailed mechanism of heat transfer from the core engine to the bypass wall remains undefined, an isoflux boundary

condition is also employed for comparison, wherein a constant heat flux is imposed and the resulting wall temperature

is computed. This model is often used if the temperature distribution in the wall is to be considered in addition to the

temperature distribution in the fluid and if the heat supply to thewall is not high enough to ensure a constant wall temperature.
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RESULTS AND DISCUSSION

This section begins by analyzing the performance and aerodynamic characteristics of the individual baseline geome-

tries. It then progresses to an examination of the integrated internal simulations, highlighting the mutual interactions and

potential synergies arising from the integrated design of the fan stage and bypass duct. The following simulations are

performed at the design point, cruise condition.

Fan Stage Performance

(a) Blade passage flow at 90% relative

channel height

(b) Circumferentially averaged merid-

ional velocity (c) Blade diffusion number

Figure 6 Design point flow characteristics

The fan stage flow characteristics at the design point are shown in Figure 6, with key CFD performance parameters

summarized in Table 5. The rotor operates with a relative tip Mach number of 1.2, typical of a transonic fan stage (Seidler

et al., 2024). At each blade section, selection of an appropriate stagger angle enables a specific combination of inlet flow

angle and Mach number that satisfies the desired incidence condition, thereby ensuring high aerodynamic efficiency of

the airfoils. Figure 6a illustrates a detached normal shock pattern at the leading edge that extends into 40% of the blade

passage. The blade profiles are carefully designed to manage shock–boundary layer interactions, minimizing the risk of

expansion waves, and boundary layer separation. Attention is also given to the peak shock Mach number to ensure flow

adherence along the blade curvature, thereby reducing trailing edge wake. The camber profile and thickness distributions

are crucial parameters in achieving these objectives. Figure 6b shows the meridional velocity distribution to understand

the spanwise flow characteristics and the influence of end walls on boundary layer development. An increase in meridional

flow velocities toward the shroud is observed as the design point shifts from a choked regime to a more throttled operating

condition. At the rotor hub, a convex contour accelerates the flow locally toward the trailing edge, while a concave contour

is used at the stator hub to reduce losses associated with secondary flow structures. Despite a reduced channel area to con-

trol diffusion, flow deceleration is observed downstream of the stator hub —consistent with with low hub-to-tip ratio fan

designs. The rotor and stator blade loading, expressed as diffusion number is plotted in Figure 6c. The increased loading

at the rotor tip is a result of applying the SP-36 vortex design, which limits flow deflection at the hub and increases work

input at the tip. Endwall blockage development is evident in the higher diffusion levels near the stator blade hub. Overall,

the flow deceleration across the fan stage and corresponding diffusion numbers remain under 0.5.

Beyond the design point, a full performance characterization of the fan stage is carried out across various rotational

speeds and static back pressures (speed lines), as shown in the fan map in Figure 7. The baseline design serves as a reference

for subsequent integrated studies, particularly in analyzing off-design performance at low-speed operating conditions and

assessing shifts in the operating point induced by downstream heat exchanging functionality. Emphasis is also placed

on ensuring that the design meets performance requirements at critical mission operating points, as indicated in the fan

performance map. The marked points are based on the cycle data from Gasturb. At low-speed operating conditions such

as takeoff, the operating point approaches the stall margin. To maintain a stall margin of 10–12%, the incorporation of a

variable area nozzle becomes necessary. Understanding the effects of aerodynamic non-symmetries at the exhaust AIP,

arising from nozzle adjustments, and their influence on fan performance is a subject for further integration studies. Peak

isentropic efficiency of the fan stage at design speed is 93%, 2% greater than the design implemented in Gasturb. Looking

at the current isentropic efficiency lines, the current low-pressure fan stage design matches well with the current state of the

art of UHBR engines (Giesecke et al., 2017).
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Figure 7 Fan performance map

Integrated Internal Flow Simulations

Before evaluating the results from the integrated internal flow simulations, the influence of excluding the engine ex-

ternal flow field (farfield) is assessed by comparing Mach number at the nozzle exit plane, as illustrated in Figure 8 for

two different nozzle outlet boundary conditions. Specifically, the comparison between: a uniform static pressure obtained

from the engine cycle calculations in Gasturb and a radial distribution derived from the farfield simulation (Figure 2).

As previously noted, the Mach number at the nozzle exit in the farfield simulation remains subsonic, indicating continued

expansion downstream—unlike the Gasturb-based case, where the enforced outlet pressure yields a higher Mach number,

resembling choked conditions. Figure 8a illustrates not only a reduction in Mach number, but also a change in its radial

distribution, resulting from the implementation of a static pressure distribution in place of a uniform value. This discrepancy

highlights how the presence of the farfield flow alters the engine’s operating point, causing the fan to operate under off-

design conditions. Hence, all subsequent flow simulations employ the more representative outlet static pressure distribution

as the boundary condition. Furthermore, the impact of excluding the fully resolved fan stage in the farfield simulation is

examined through a comparison of total pressure profiles (Figure 8b). The farfield simulation exhibits higher total pressure

retention, primarily due to the absence of fan-related shock-induced and separation losses, which are not captured in the

simplified modeling approach. These results highlight the importance of coupling internal engine flow simulations with the

external aerodynamic environment to ensure accurate and reliable performance predictions during the design process.

(a) Mach Number (b) Total Pressure

Figure 8 Nozzle outlet flow parameter distributions: Assessing the need for coupled engine–farfield simulations

Downstream influence of fan stage on heat exchanging capability: Figure 9a presents a Mach number contour of

the circumferentially averaged solution in the meridional plane, obtained from a simulation covering the complete internal

flow path of the engine. This setup enables assessment of the fan stage’s downstream influence on bypass duct flow and

heat transfer, considering the independent design processes. Compared to the isolated bypass duct case (Figure 9b), the
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integrated simulation demonstrates a noticeably lowerMach number and less energetic flow along the bypass hub wall. This

is primarily attributed to the propagation of secondary flows that accumulate along the stator hub and persist downstream

of the trailing edge. The decrease in flow momentum near the hub is mainly driven by spanwise velocity redistribution to

accommodate flow turning and streamline curvature. This effect, when transmitted across the mixing plane interface—leads

to a 12% reduction in heat transfer rate. This observation aligns with Nusselt number correlations, which indicate reduced

heat transfer rates associated with lower convective heat transfer coefficients. Such lower coefficients typically occur at

reduced flow velocities, where thicker boundary layers produce more gradual temperature gradients between the wall and

bulk flow (Herman and Kang, 2002). As future designs aim to incorporate heat-exchanging micro-structures along the

bypass hub, this low-momentum flow environment warrants further investigation. To reduce uncertainty from the mixing

plane approximation, additional studies using frozen rotor or unsteady (URANS) simulations are recommended to better

resolve fan–duct interaction effects.

(a) Integrated internal simulation (b) Isolated bypass duct simulation

Figure 9 Circumferential averaged Mach contour plot - Solution for isothermal hub wall at 363.15K

Influence of heat transfer: To further investigate bypass duct and the heat exchanging capability of the hub, the

effect of varying heat transfer rates is analyzed and compared against a reference adiabatic case. Under the current mixing

plane boundary condition, it is observed that introducing a heat-transferring wall downstream of the fan has no upstream

influence on fan performance. Even with increased heat transfer rates—achieved by raising the wall temperature—the fan

maintains an isentropic efficiency of 93% and continues to operate at the intended design point. However, when calculating

the propulsive efficiency using Equation 2, which accounts for the under-expanded nozzle conditions, an increasing trend is

observed. To enable this calculation in the integrated internal simulations—where the farfield domain is absent and station

9 (location downstream where flow expands to ambient conditions) is undefined—the flow velocity at station 9 is assumed

to remain constant across all cases. This value is extracted from the farfield simulation.

Thrust, FN = ṁ8 · (V8 −V0)+A8 · (Ps,8 −Ps,0) , (1)

Propulsive Efficiency, ηprop =
FN ·V0

0.5 · ṁ8 ·
(
V9

2 −V0
2
) (2)

(a) Heat-exchanging wall definition (b) Impact on propulsive efficiency

Figure 10 Sensitivity to heat transfer rate along bypass hub wall

To assess the impact on propulsive efficiency, the characteristics of the heated wall boundary must first be examined.

Figure 10a shows the heat transferred to the bypass flow depending on the temperature of the heated hub wall. The wall

temperature, which is assigned with a heat transfer of Q̇ = 0 kW , corresponds to the wall temperature from the adiabatic

simulation. For heat fluxes within the design range up to 200 kW , results for isothermal and isoflux boundary conditions are
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shown. It is noticeable that with an isoflux boundary condition, a lower ∆T = Twall −Tadiabatic is required for the same heat

transfer as with isothermal boundary conditions. This effect is referenced in Kays et al. (2005) and is due to the fact that

the different boundary conditions lead to different terms for the temperature gradient in the energy equation. This results

in Nusselt numbers Nuiso f luxBC > NuisothermBC. With the same geometry, the same material values, and the same ∆T , it can
be shown, as derived in Equation 3, that Q̇iso f luxBC > Q̇isothermBC.

Nuiso f luxBC

NuisothermBC
=

hiso f luxBC ·L/λ

hisothermBC ·L/λ
=

Q̇iso f luxBC/A ·∆T
Q̇isothermBC/A ·∆T

=
Q̇iso f luxBC

Q̇isothermBC
> 1 (3)

In non-fully developed thermal boundary layers, the Nusselt numbers are further weighted by the Graetz number

with flow and material values, but still show Q̇iso f luxBC > QisothermBC. The significant difference in heat transfer shows how

important it is to choose the boundary conditions that are appropriate for the heat transfer problem. For further investigations,

validation with experimental test cases is necessary.

Figure 10b examines the variation in propulsive efficiency with increasing heat transfer rate for both isothermal and

isofluxwall boundary conditions. Accounting for limitations in decimal precision of the current numerical setup, a consistent

increasing trend in efficiency is observed. Relative to the adiabatic reference case, the isothermal and isoflux configura-

tions—at their respective upper limits—exhibit improvements in propulsive efficiency of 0.05% and 0.1%, respectively.

This trend aligns with the findings of Bode et al. (2017b) for an unmixed nozzle configuration. This increase in perfor-

mance is attributed to the re-energization of the bypass hub wall boundary layer, characterized by elevated temperature and

internal energy levels. Figure 11 compares the adiabatic case with three heated wall scenarios: the reference isothermal

case at the limiting wall temperature of 363 K, the 100 kW isoflux case (resulting in a similar wall temperature of 363 K),

and the maximum heat transfer case at 200 kW . As shown in Figure 11a, the flow acceleration due to heat addition results

in a reduction in momentum thickness. In addition to the thrust enhancement, a reduction in wall shear stress is observed

(Figure 11b), indicating lower skin friction drag. The thinner boundary layer also leads to an increased Nusselt number by

promoting a steeper temperature gradient at the wall.

(a) Momentum thickness (b) Skin friction coefficient

Figure 11 Boundary layer chracteristics along bypass hub wall

CONCLUSIONS

This study presents a subsystem-level design of a UHBR turbofan engine, where the nacelle, fan stage, and bypass

duct are developed independently using specific methodologies. While each subsystem met design criteria in isolation,

integrated simulations revealed deviations, particularly a reduction in heat transfer along the bypass hub wall due to down-

stream propagation of stator wake effects. This highlights the need for refined interface definitions and suggests the use of

URANS simulations to assess potential upstream influences on fan performance. Accurate representation of nozzle flow

further required inclusion of farfield domains or inviscid extensions to capture realistic flow expansion. To evaluate the

heat exchange potential and its influence, both isothermal and isoflux boundary conditions are applied. The results highlight

the importance of selecting appropriate thermal boundary models, as well as clearly defining the heat transfer mechanism

between the core engine and the bypass hub wall. At current wall temperature limits, only 28% of the target heat removal

is achieved, indicating the need for additional heat exchanger systems along the bypass hub wall and stator blades—poten-

tially altering the local flow characteristics. Compared to the adiabatic reference case, a slight improvement in propulsive

efficiency is also observed. Future work will focus on optimizing bypass duct geometry to enhance heat transfer and reduce

pressure losses using iterative design methods as proposed in Witte and Bode (2025). Integrated simulations incorporating

the fan, optimized duct, and heat exchanger structures will be pursued, along with the addition of a splitter to improve bypass

ratio sensitivty prediction—particularly for BLI configurations. These efforts aim to establish a fully integrated, iterative

design framework for next-generation UHBR engines.
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NOMENCLATURE

β Boattail Angle

∆T Temperature difference

Twall −Tadiabatic

ṁ2 Intake mass flow rate

ṁcorr Corrected mass flow rate

ṁdesign Cruise mass flow rate

Q̇ Heat transfer

ηisentropic Isentropic efficiency

ηprop Propulsive efficiency

λ Thermal conductivity

A Area of heated wall

A8 Nozzle outlet area

AR Aspect Ratio

BLI Boundary Layer Ingestion

BPR Bypass Ratio

CD Discharge coefficient

Cp Pressure coefficient

CFD Computational Fluid Dy-

namics

CR Contraction Ratio

CST Class Shape Transforma-

tion

D f an Fan diameter

Dhi Nacelle highlight diameter

Dmax Maximum nacelle diameter

dcts drag counts

FN Net thrust

fnmax Axial location of maximum

nacelle diameter

FPR Fan Pressure Ratio

GCI Grid Convergence Index

h Heat transfer coefficient

Lintake Intake length

Lnac Nacelle length

LE Leading Edge

Ma Mach Number

N Number of mesh cells

Nu Nusselt Number

OGV Outlet Guide Vane

OPR Overall Pressure Ratio

Pt Static pressure

Pt Total pressure

PR Total Pressure Ratio

Rthroat Nacelle throat radius

S2 Meridional plane

SFC Specific Fuel Consumption

SLC Streamline Curvature

T4 Burner exit temperature

Ts Static temperature

Tt Total temperature

T∞ Bulk flow temperature

Tadiabatic Adiabatic wall tempera-

ture

Twall Wall temperature

T E Trailing Edge

UHBR Ultra High Bypass Ratio

V Total velocity

L Length
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