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To achieve the targets proposed in the Flightpath 2050 for the aviation industry, more

efficient propulsive systems are required. One possible solution is to increase the bypass ratio

of the engines to increase the propulsive efficiency and reduce the specific fuel consumption.

However, larger fan diameters are expected for these configurations, which results in an increase

in the aerodynamic coupling between the powerplant and the airframe. The aim of this work is

to develop and demonstrate a thrust and lift matching methodology for installed powerplants

using a coupled aero-propulsive model. As a proof of concept, the aerodynamic performance

of an ultra-high bypass ratio powerplant integrated with the airframe was evaluated across

different flight conditions. This includes high-lift operating conditions such as end of runway;

and high-speed conditions such as mid cruise. To evaluate the aerodynamic performance of the

propulsion integration a combined assessment of the airframe and powerplant aerodynamics is

required using computational fluid dynamics (CFD). The integration of the powerplant with the

airframe has the potential to change the engine requirements across the aircraft operational

envelope. To account for this the aerodynamic analysis is coupled with a turbomachinery model

to adjust the engine thermodynamic conditions at a given operating point.

I. Nomenclature
Roman symbols

𝐴ℎ𝑖 = Highlight area

𝐴∞ = Area of the streamtube at the freestream

𝐶𝐿 = Lift coefficient

𝐶
𝑤𝑖𝑛𝑔

𝑙𝑜𝑐𝑎𝑙
= Local cord of the wing

𝐶∗
𝑉

= Modified velocity coefficient

𝐷 = Drag

𝐷𝑎 𝑓 = Airframe drag

𝐷∗
𝑛𝑎𝑐 = Modified nacelle drag force

𝐹𝐺𝑖 = Stream Gauge Forces

𝐹𝑁,𝑀𝐶 = Reference nominal thrust force at mid cruise conditions

𝐹𝑁,𝑇𝑂 = Reference nominal thrust force during take-off conditions

𝑔 = Earth’s gravity

𝐺𝑃𝐹∗ = Modified Gross Propulsive Force

ℎ = Altitude

𝐿 = Lift

¤𝑚 = Mass flow rate
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¤𝑚 𝑓 𝑢𝑒𝑙 = Fuel mass flow rate

𝑁 = Rotation time

𝑠𝑔 = Required runway length

𝑆𝑟𝑒 𝑓 = Reference cross sectional area of the aircraft

𝑇 = Thrust

𝑇𝑡 ,𝐵𝑃 = Total temperature in the bypass duct

𝑇𝑡 , 𝐶𝑅 = Total temperature in the core duct

𝑉∞ = Freestream velocity

Greek symbols

𝛼𝐴/𝐹 = Airframe angle of attack

𝛼𝑒𝑛𝑔 = Engine angle of attack

𝛼𝑢𝑝 = Up-wash angle

𝛾 = Climb angle

𝜃 = Pitch angle

𝜃𝑑𝑟𝑜𝑜𝑝 = Nacelle droop angle

𝜃𝑠𝑐𝑎𝑟 𝑓 = Nacelle scarf angle

𝜃 𝑗 = Surface forces

Ω𝑝𝑖𝑡𝑐ℎ = Engine pitch angle

Ω𝑡𝑜𝑒 = Engine toe angle

𝜙𝑛𝑎𝑐 = Nacelle drag force component

𝜙𝑝𝑟𝑒 = Pre-entry stream drag force component

𝜙𝑝𝑦𝑙𝑜𝑛 = Pylon drag force component

𝜌∞ = Ambient density

Acronyms

BPR = Bypass ratio

CNPR = Core Nozzle Pressure Ratio

EoR = End of runway

FF = Free-Flying cases

FNPR = Fan Nozzle Pressure Ratio

GCI = Grid Convergence Index

HL-CRM-TO = High-Lift Common Research Model at take-off

HS-CRM = High-Speed Common Research Model

MC = Mid cruise

MFCR = Mass Flow Capture Ratio

MTOW = Maximum take-off weight

NPF = Net Propulsive Force

NVF = Net Vehicle Force

ROC = Rate of climb

SFC = Specific fuel consumption

TRET = Turbine rotor entry temperature

UHBR = Ultra-High Bypass Ratio engine

II. Introduction
To achieve the targets proposed in the Flightpath 2050 [1] for the aviation industry, more efficient propulsive systems

are required. One possible solution is to increase the bypass ratio (BPR) of the civil turbofan engines to increase the

propulsive efficiency and reduce the specific fuel consumption [2]. However, as a consequence of the increase on

BPR, larger fan diameters are expected for these configurations. This is expected to increase the mass and drag of the

housing components of the powerplant (intake, nacelle and exhaust) [3]. Under these circumstances, more compact

designs of the housing components are required to reduce the overall drag contribution of the powerplant integration [4].

2



However, this requires a detailed design of the fan cowl and exhaust aerodynamics to maximise the fuel savings. The

design and optimisation approaches have been mostly focussed on the study of the nacelle and exhaust in isolation

[5–7]. Nevertheless, the increase on the fan diameter will require a closer integration of the propulsion system within

the airframe. This is expected to increase the aerodynamic coupling between the engine and the airframe [8, 9]. Thus,

to evaluate the aerodynamic performance of the integrated powerplant design a combined assessment of the airframe

and powerplant aerodynamics is required.

To meet the envisaged requirements for the aviation industry [1], the design of the next generation of civil

aero-engines is a multi-disciplinary and multi-point design problem. Design considerations include aspects related

to both Design-Point (DP), as well as Off-Design (OD) performance at key points within the aircraft operational

envelope. These considerations include thrust requirements at take-off, engine life based on climb requirements, and

specific fuel consumption at cruise. As a result, the engine design process needs to account for aspects related to

the aerodynamic behaviour of the coupled engine-airframe system, as well the thermodynamic performance of the

incorporated engine cycle [8]. The increase in the aerodynamic coupling between the propulsion system and the airframe

could potentially result in a greater impact of the powerplant integration on the overall aircraft aerodynamic performance.

This could affect the propulsive requirements for the aircraft at DP and OD conditions [10], which may modify the

engine design and operation requirements. Thus, it is of interest to incorporate the impact of the propulsion integration

on the overall aircraft performance into the engine design process with a coupled aerodynamic and propulsive model.

Coupled aero-propulsive approaches based on computational fluid dynamics (CFD) have been studied at design point for

highly-coupled systems such as boundary layer ingestion propulsors in works such as Gray et al [11] and Yildrim et al.

[12]; and over-wing installed ultra-high bypass ratio (UHBR) nacelles by Kaiyoom et al. [13]. However, to the authors’

knowledge there is no previous work that included a coupled aero-propulsive analysis for under-wing installed UHBR

engines across DP and OD conditions, such as take-off. Thus, as a key contribution, this work presents a methodology

to adjust the thrust and lift requirements at different operating conditions (mid cruise and end of runway) of the aircraft

based on the CFD assessed aerodynamic performance of the coupled airframe and powerplant system.

In preliminary design stages, the aerodynamic performance of the powerplant is sometimes approached by the design

of the housing components (intake, nacelle, and exhaust) in isolation, due to the increase of the computational cost for

the coupled engine-airframe design strategies. Thus, there is a limited amount of information about the integration

effects on the aerodynamic performance of the powerplant for UHBR engines. Tejero et al [9] and Sánchez-Moreno et

al [14] analysed the nacelle aerodynamics for integrated powerplants under cruise conditions. Goulos et al [8] also

carried out an evaluation of the impact of the engine installation position in the overall aerodynamics of the aircraft. For

other design conditions, such as take-off, climb, descent and landing, the available information is the open literature is

also quite limited. Rao et al [15] investigated the effects of descent conditions in the exhaust performance of a high

bypass ratio engine. Subbian et al also evaluated the aerodynamics of UHBR engines for landing [16] and take-off

conditions [17]. Nevertheless, to the authors’ knowledge, a comprehensive comparison of the aerodynamic performance

of the powerplant across the different stages of the aircraft flight has not been performed.

The aim of this work is to develop and demonstrate a thrust and lift matching methodology for installed powerplants

using a coupled aero-propulsive model based on CFD. A one-dimensional engine model is used to adjust the engine

thermodynamic conditions to the thrust requirements of the installed powerplant. As a proof of concept, the aerodynamic

performance of an UHBR powerplant integrated with the airframe was evaluated across different flight conditions,

such as end of runway, and mid cruise. This involves the analysis of the aerodynamics of a high-speed long-range

airframe [18] and the equivalent high-lift airframe based on the work of Lacy and Clark [19] under take-off conditions.

An analysis of the effects of the aerodynamic interference between the airframe and the powerplant is also performed

by the comparison of the aerodynamics of the installed powerplant with the powerplant and the airframe in isolation.

This results in a multi-disciplinary design approach to evaluate the key requirements for the powerplant design and

integration across the different stages of flight.

III. Methodology

A. Airframe and powerplant configurations

Two airframe configurations are used (Fig. 1) based on the NASA Common Research Model (CRM)[18–20]. First,

a take-off airframe based on the High-Lift Common Research Model [19] configuration (HL-CRM-TO) is used for the

end of runway operating conditions. Second, the High-Speed Common Research Model (HS-CRM) (HS-CRM) [18] is

used for the mid cruise operating condition. Both configurations share the same fuselage and horizontal stabiliser. In
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both cases, the vertical stabiliser is not included. The HL-CRM-TO includes three high-lift devices (Fig. 1): one single

body flap for outboard and inboard, an inboard slat, and an outboard slat. The fairings of the high-lift devices are not

included in the airframe model. The inboard and outboard slats are deployed at 22 degrees, and the flaps are deployed at

25 degrees as defined by Lacy and Clark [19].

Fig. 1 Summary of the airframe and powerplant configurations

The powerplant configuration comprises the housing components of the powerplant (intake, nacelle, and exhaust)

and the pylon (Fig. 1). The powerplant is studied in isolation or integrated into the airframe (installed). The isolated

powerplant configurations are divided into two categories: an uninstalled powerplant without pylon (isolated), and an

uninstalled powerplant with pylon (free-flying). The uninstalled configurations are applied to evaluate the impact of the

integration of the powerplant on the aerodynamics of the aircraft.

A short nacelle is used (𝑙𝑛𝑎𝑐/𝑟ℎ𝑖 = 3.1) to reduce the drag of the ultra-high bypass ratio engine [4]. The nacelle

was selected from the non-dominated designs of a multi-objective optimisation approach [6, 21] of the aerodynamic

performance of the nacelle in isolation (i.e., without pylon and airframe). The intake was drooped and scarfed (Fig.

2) to improve the alignment of the powerplant with the flow. Also, a separate exhaust design is included based on a

multi-objective optimisation of the exhaust performance [22]. A bespoke pylon design is included in this configuration,

and areas of the exhaust are corrected to compensate for the pylon blockage effects [8].

A single installation position of the powerplant is considered. The engine position is defined as the vertical
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Fig. 2 Definition of the main dimensions of the housing components

(𝜁 = 𝑧/𝐶
𝑤𝑖𝑛𝑔

𝑙𝑜𝑐𝑎𝑙
) and horizontal (𝜉 = 𝑥/𝐶

𝑤𝑖𝑛𝑔

𝑙𝑜𝑐𝑎𝑙
) distance of the nacelle trailing edge with respect to the wing leading edge

at the installation point (Fig. 3). The lengths are normalised with the local chord of the wing at the installation point.

For this work, the nacelle trailing edge horizontal location was set to be coincident with the wing leading edge (𝜉 = 0).

The nacelle is positioned vertically at 𝜁 = 0.15. Based on the trailing edge of the top line of the nacelle, the powerplant

is also pitched (Ω𝑝𝑖𝑡𝑐ℎ) in 1.75𝑜 and toed (Ω𝑡𝑜𝑒) in 2.25𝑜 towards the inboard side of the airframe (Fig. 3) based on the

position of the NASA CRM[18]. The vertical position was selected to maintain the same approximate minimum gap

between the deflected slat and the nacelle surface. Consequently, given the large nacelle diameter, the vertical offset (𝜁 )

is relatively large. Nevertheless, this installation position is considered adequate for the demonstration of the thrust

matching methodology.

Fig. 3 Schematic of the position and main angles of the powerplant relative to the wing leading edge
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B. Performance bookkeeping

An established industrial method based on near-field momentum [8, 14, 23] is used to evaluate the aerodynamic

performance of the engine-airframe system. Five coordinate systems are defined to evaluate the performance of the

airframe and the powerplant: the horizon axes, the aircraft body axes, the aerodynamic axes (or climb path), the engine

axes, and the local flow axes (Fig. 4). The lift and drag are defined based on the aerodynamic axes. The different

coordinate systems are used to define the main angles for the aircraft operation (pitch, climb, and airframe angle of

attack), and the engine (engine angle of attack, engine pitch, and wing up-wash angle). The airframe angle of attack

(𝛼𝐴/𝐹 ) is defined as the angle between the flight path and the aircraft horizontal axis. At cruise operating conditions, the

climb angle (𝛾) is zero, while at other conditions it is defined with the rate of climb (ROC). The engine angle of attack

(𝛼𝑒𝑛𝑔) is composed by the airframe angle of attack, the engine pitch (Fig. 3), and the local up-wash angle (𝛼𝑢𝑝). To

estimate the up-wash angle, a streamline is sampled from the stagnation point of the wing without the powerplant at

the equivalent engine central plane. The local flow angle (𝛼𝑙𝑜𝑐𝑎𝑙) is then evaluated at the axial position of the engine

highlight (Fig. 4).

Fig. 4 Definition of the reference frames and the main angles applied

To obtain the net forces of the system the thrust-drag decomposition (Fig. 5) is based on the modified near-field

momentum formulation [23]. A modified drag force for the nacelle (𝐷∗
𝑛𝑎𝑐) is defined (Eq. 1) by excluding the post-exit

forces (𝜙𝑝𝑜𝑠𝑡 ). This formulation includes the drag forces (Eq. 2) of the pre-entry streamtube (𝜙𝑝𝑟𝑒), the surface drag of

the fan cowl (𝜙𝑛𝑎𝑐), and the drag contribution of the pylon (𝜙𝑝𝑦𝑙𝑜𝑛) in the free-flying (Fig. 1) and installed cases [8].

𝐷∗
𝑛𝑎𝑐 |𝐷 = 𝜙𝑝𝑟𝑒 + 𝜙𝑛𝑎𝑐 + 𝜙𝑝𝑦𝑙𝑜𝑛 (1)

𝜙𝑝𝑟𝑒 |𝐷 = −𝐹𝐺0 + 𝐹𝐺2 −
(

𝜃𝑠𝑝𝑖𝑛 + 𝜃𝑖𝑛𝑡𝑘
)

(2)

The propulsive contribution of the powerplant is accounted based on the engine cycle requirements and the exhaust

performance as defined by Goulos et al [8]. The exhaust performance is evaluated based on the modified velocity

coefficient, 𝐶∗
𝑉

(Eq. 3). This metric is a function of the modified gross propulsive force of the system (𝐺𝑃𝐹∗) obtained

from the CFD evaluation, and the ideal propulsive force (𝐼𝑃𝐹). The 𝐼𝑃𝐹 is a function of the actual mass flow rates of
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Fig. 5 Definition of the force decomposition for the modified near-field method, based on Sánchez-Moreno et al

[14] and Goulos et al [8]

the bypass ( ¤𝑚𝐵𝑃) and the core ( ¤𝑚𝐵𝑃) and the ideal velocities, 𝑉 𝐼𝑑𝑒𝑎𝑙 , in each duct (Eq. 5). The 𝑉 𝐼𝑑𝑒𝑎𝑙 is obtained

from the total temperature and the nozzle pressure ratio (𝜆 = 𝑃𝑡/𝑝∞) in each of the exhaust ducts. The 𝐶∗
𝑉

definition is

independent of changes in the mass flow rate in the exhaust due to exhaust suppression [8]. In addition, since the 𝐶∗
𝑉

is

obtained based on the CFD evaluation of the system, this definition also includes the installation and interference effects

on the exhaust performance. Hence, this metric is used to scale the propulsive force based on the mass efflux of the

engine model ( ¤𝑚𝑐𝑦𝑐𝑙𝑒) to couple the CFD simulation with the engine performance. The modified gross propulsive force

is corrected to obtain the propulsive contribution of the installed powerplant (Eq. 6).

𝐶∗
𝑉 |𝐷 =

𝐺𝑃𝐹∗ |𝐷

𝐼𝑃𝐹
=

𝐺𝑃𝐹∗ |𝐷

¤𝑚𝐵𝑃𝑉
𝐼𝑑𝑒𝑎𝑙
𝐵𝑃

+ ¤𝑚𝐶𝑅𝑉
𝐼𝑑𝑒𝑎𝑙
𝐶𝑅

(3)

𝐺𝑃𝐹∗ |𝐷 = (𝐹𝐺13 + 𝐹𝐺7) |𝐷 −
(

𝜃𝑏𝑝 + 𝜃𝑐𝑐 + 𝜃𝑐𝑟 + 𝜃𝑝𝑙𝑢𝑔 + 𝜃𝑝𝑦𝑙𝑜𝑛
)

|𝐷 (4)

𝑉 𝐼𝑑𝑒𝑎𝑙
=

√

√

√

2𝛾𝑅𝑇𝑡

𝛾 − 1

(

1 −

(

1

𝜆

)
𝛾−1
𝛾

)

(5)

𝐺𝑃𝐹∗ |
𝐶𝑦𝑐𝑙𝑒

𝐷
= 𝐶∗

𝑉 |𝐷

(

¤𝑚
𝐶𝑦𝑐𝑙𝑒

𝐵𝑃
𝑉 𝐼𝑑𝑒𝑎𝑙
𝐵𝑃 + ¤𝑚

𝐶𝑦𝑐𝑙𝑒

𝐶𝑅
𝑉 𝐼𝑑𝑒𝑎𝑙
𝐶𝑅

)

(6)

The modified drag force for the nacelle (𝐷∗
𝑛𝑎𝑐) is balanced with the modified Gross Propulsive Force (𝐺𝑃𝐹∗𝐶𝑦𝑐𝑙𝑒) of

the powerplant and the inlet momentum force (𝐹𝐺0) to define the Net-Propulsive Force (𝑁𝑃𝐹) of the propulsive system

(Eq. 7). This term summarises the net force contribution of the powerplant and the housing components. The NPF is

directly defined in the drag direction of the aerodynamic axis, marked with the sub-index 𝐷. In the cases where the

powerplant is installed, the propulsive forces can be balanced with the airframe lift and drag forces (𝐿𝐴/𝐹 and 𝐷𝐴/𝐹)

to define the Net Vehicle Force (𝑁𝑉𝐹). This is used to define the 𝑁𝑉𝐹 in the lift direction, 𝑁𝑉𝐹 |𝐿 , (Eq. 8) and the

𝑁𝑉𝐹 in the drag direction, 𝑁𝑉𝐹 |𝐷 , (Eq. 9). The 𝑁𝑉𝐹 |𝐷 is also equivalent to the difference between the total thrust

contribution of the engine (𝑇) and the absolute value of the aircraft drag (𝐷). In an operating condition without any

acceleration or climb of the aircraft (e.g., mid-cruise conditions), the 𝑁𝑉𝐹 |𝐷 should be equal to zero. Any increase of

𝑁𝑉𝐹 |𝐷 at these operating conditions is considered as an excess thrust. Thus, the power input of the powerplant can be

reduced which leads to savings in the fuel burn. Hence, this metric can be used as a surrogate of fuel burn to compare

the performance of different powerplant integration designs under static flight. In operating conditions under climb or

acceleration, the 𝑁𝑉𝐹 |𝐷 is not equal to zero. Thus, the evaluation of the overall benefit of the powerplant integration

design should be compared with the target acceleration. The 𝑁𝑉𝐹 |𝐿 is equivalent to the total lift force of the aircraft.

As such, it can be normalised to obtain the lift coefficient of the aircraft (𝐶𝐿) and decompose between the airframe, the

powerplant aerodynamics, and the propulsive components of the lift (Eq. 10).

𝑁𝑃𝐹 |𝐷 = 𝐺𝑃𝐹∗ |
𝐶𝑦𝑐𝑙𝑒

𝐷
− 𝐹𝐺0 − 𝐷∗

𝑛𝑎𝑐 (7)
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𝑁𝑉𝐹 |𝐿 = 𝐿𝐴/𝐹 + 𝐿∗
𝑛𝑎𝑐 + 𝐺𝑃𝐹∗ |𝐿 (8)

𝑁𝑉𝐹 |𝐷 = 𝑁𝑃𝐹 |𝐷 − 𝐷𝐴/𝐹 = 𝑇 − 𝐷 (9)

𝐶𝐿 =
𝑁𝑉𝐹 |𝐿

𝑞∞𝑆𝑟𝑒 𝑓
=

𝐿𝐴/𝐹 + 𝐿∗
𝑛𝑎𝑐 + 𝐺𝑃𝐹∗ |𝐿

1
2
𝜌∞𝑉

2
∞𝑆𝑟𝑒 𝑓

= 𝐶𝐿,𝐴/𝐹 + 𝐶∗
𝐿,𝑛𝑎𝑐 + 𝐶∗

𝐿,𝐺𝑃𝐹 (10)

C. Computational fluid dynamics methodology

A compressible, viscous computational fluid dynamics approach is used to evaluate the aerodynamic performance

of the different powerplant and airframe configurations (Fig. 1). ANSYS Fluent [24] is applied as the CFD solver.

Two CFD approaches are combined to optimise the simulation performance for the different aircraft configurations: a

pressure-based CFD approach, and a density based CFD approach. The pressure-based CFD approach is used in the

cases with the HL-CRM-TO airframe. A segregated pressure-based approach with the SIMPLE algorithm is used [24].

A Reynolds-average Navier-Stokes approach is used with a second-order up-wind scheme for the spatial discretisation.

The density-based CFD approach is used in the cases with the HS-CRM airframe, the free-flying, and the isolated

engine cases. A Favre-averaged Navier-Stokes approach is used with a second order up-wind scheme for the spatial

discretisation.

In both CFD approaches, the Green-Gauss Node Based scheme is applied for the gradient definition. As the

turbulence closure model, the k-𝜔 SST model [25] is applied. Air is used as the working fluid with an ideal gas

model. The air properties at a given altitude are obtained based on the International Standard Atmosphere model [26].

Sutherland’s law is used to calculate the changes on dynamic viscosity with the temperature.

The domain and boundary conditions are also consistent between the pressure-based and the density-based CFD

approaches. The computational domain is a hemisphere with a symmetry plane. The symmetry plane is placed at

the central plane of the airframe in the installed engine-aircraft configurations and on the engine central plane on

the free-flying and isolated powerplant configurations (Fig. 6). The domain has a radius of 100 times the reference

chord length based on the recommendations of the 4𝑡ℎ NASA Drag Prediction Workshop [20]. Free-stream boundary

conditions for the far field boundaries of the domain (Fig. 6), based on the altitude and the flight Mach number. The

angle of attack of the airframe (𝛼𝐴/𝐹) is defined at this boundary based on the airframe orientation towards the flow.

No-slip adiabatic walls are applied for the surfaces of the powerplant and the airframe. A target mass flow boundary

condition with strong pressure averaging [24] is imposed at the fan face (Fig. 6). The target mass flow is controlled by

the mass flow capture ratio, MFCR (Eq. 11). Pressure inlet boundary conditions are applied on the inlet boundaries of

the bypass and the core (Fig. 6). The total pressure at these boundaries is defined by the Fan Nozzle Pressure Ratio

(FNPR) in the bypass duct, and the Core Nozzle Pressure ratio (CNPR) in the core duct. The total temperature at these

boundaries is also prescribed.

𝑀𝐹𝐶𝑅 =
𝐴∞

𝐴ℎ𝑖

=
¤𝑚

𝜌∞𝑉∞𝐴ℎ𝑖

(11)

A consistent surface refinement is applied for all the airframe and powerplant configurations. Structured inflation layers

are defined normal to the wall boundaries to cover the boundary layer regions. The inflation layer is maintained at

the pressure inlets and the fan face to keep mesh continuity. The size of the first layer and the growth ratio at these

boundaries is corrected to improve the numerical stability of the solver. In the wall boundaries a 𝑦+ value near unity is

applied for all the CFD approaches. The remaining domain is defined with unstructured groups of tetrahedra. Local

refinement boxes are applied in the regions of interest near the powerplant integration and the wing of the airframe (Fig.

7). The mesh densities of the different configurations are summarised in Table 1.

The mesh resolution and CFD methodology for the powerplant was validated based on the Dual Separate Flow

Reference Nozzle (DSFRN) by Goulos et al [8] and Hueso-Rebassa [27]. For the fan cowl, the methodology was also

validated by Tejero et al [6] for aero-engine nacelles. The airframe mesh methodology was validated by Goulos et al

[8] based on the high-speed CRM configuration. Hueso-Rebassa [27] performed an analysis of the sensitivity of the

computational approach to the grid resolution, based on the approach defined by Celik et al [28] for the powerplant

and airframe meshes at mid-cruise conditions. For an analogous mesh definition, a Grid Convergence Index (GCI)

of approximately 0.16% in 𝑁𝑃𝐹 was identified for the powerplant mesh on a free-flying configuration. The mesh

methodology for the airframe predicted the lift coefficient with a GCI of 0.64%, and the drag coefficient with a GCI

of 1.47%. The sensitivity of the solution to the mesh resolution was also evaluated by Hueso-Rebassa [27] for the
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Fig. 6 Summary of the boundary conditions for the installed powerplant configurations. Domain and boundary

conditions equivalent to the free-flying and isolated configurations

Table 1 Summary of the mesh resolution for the airframe and powerplant configurations of the present work

Summary of the mesh resolution for the airframe and powerplant configurations

Configuration Isolated
Free

Flying

HS-CRM

Installed Powerplant

HL-CRM-TO

Installed Powerplant

HS-CRM

Isolated airframe

HL-CRM-TO

Isolated airframe

Million

Elements
55 66 145.3 263.2 24.0 126.6

powerplant installed into the HS-CRM airframe. A GCI of 0.34% was obtained for the NPF. The airframe Drag, 𝐷𝐴/𝐹

had a GCI of 1.57% for an equivalent mesh methodology.

For the HL-CRM-TO configurations, a mesh resolution analogous to the cruise cases is used for the powerplant.

On the airframe, the mesh resolution was defined based on the guidelines of the 4𝑡ℎ AIAA High-Lift Drag Prediction

Workshop [20]. To verify the validity of the HL-CRM-TO meshing approach, the selected mesh resolution (263.2 × 106

elements) was compared with results from a coarser mesh (88.5 × 106 elements) at sea level, a flight Mach number of

0.25, fixed engine operating conditions, and 𝛼𝐴/𝐹 of 12.5𝑜. A difference in 𝑁𝑃𝐹 of 0.016% was observed between

both cases, based on the reference mesh value. The 𝑁𝑉𝐹 increased by 1.97% from the coarse to the current mesh,

based on the reference mesh value. This was mostly due to the reduction of the airframe drag by 1.21%, based on the

reference mesh value. Nevertheless, a consistent lift value for the full airframe and powerplant system is observed with

a reduction of 0.006% in the lift coefficient. While the 𝑁𝑃𝐹 and aircraft 𝐶𝐿 are relatively consistent between both

meshes, the changes on 𝑁𝑉𝐹 and 𝐷𝐴/𝐹 are more significant. Thus, the finer mesh is used in the present studies.
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Fig. 7 Details of the mesh in the HL-CRM configuration with the installed powerplant

IV. Definition of the operating conditions
Two main operating points are evaluated in this work: take-off, and mid-cruise (MC). The take-off operating point is

a transient condition. To simplify this analysis, the take-off condition has been reduced to the end of runway (EoR).

This point is evaluated at steady CFD conditions to understand the aerodynamics of the installed powerplant. The EoR

condition is defined as the point previous to the lift off from the ground where the engine is operating at the Maximum

take-off thrust rating .

A. Mid cruise conditions

At mid cruise conditions (Table 2), the HS-CRM airframe is used (Fig. 1). The flight altitude is 35,000 feet with

a cruise Mach number of 𝑀∞ = 0.85. Based on the HS-CRM [20] requirements, the performance of the aircraft is

evaluated at a target lift value of 𝐶𝐿 = 0.5. For this purpose, the analyses were conducted at two airframe angles of

attack (2.0𝑜 and 2.5𝑜). Then, the 𝑁𝑉𝐹 of the aircraft is interpolated for the target lift.

To define the powerplant operating conditions (i.e., 𝐹𝑁𝑃𝑅, 𝐶𝑁𝑃𝑅, 𝑀𝐹𝐶𝑅, 𝑇𝑡 ,𝐵𝑃 , and 𝑇𝑡 ,𝐶𝑟 ), a dual spool geared

turbofan model is used. This model was defined based on general technology assumptions and does not correspond with

any existing or future engine configuration. The reference thrust at cruise (𝐹𝑁,𝑀𝐶 ) is selected based on top-level aircraft

requirements (airframe drag, flight Mach number, altitude...) for long-range, wide-body, twin-engine configurations.

The overall engine dimensions and bypass ratios were defined based on a representative Ultra-High Bypass Ratio engine.

To evaluate the changes on operating conditions from the design point, TURBOMATCH [29] is used. This is analysed

in further detail in Section IV.C.

The HS-CRM is a simplified airframe model that does not include some important contributors to the airframe

drag, such as the vertical tail or the wing fairings. As a partial solution, based on the isolated HS-CRM airframe at the

nominal 𝐶𝐿 , an additional 5% of the airframe drag is deduced from the 𝑁𝑉𝐹 value [30]. This value is introduced as an

assumption to enable the current work. However, the capabilities develop within this work could be adapted for a more

representative airframe geometry (i.e., including fairings, vertical fin, and other elements) to provide a more accurate

representation of the changes in 𝑁𝑉𝐹. In addition, since the engine is sized based on the top-level requirements, some

excess or deficit on 𝑁𝑉𝐹 should be expected when the powerplant is installed.

Table 2 Summary of the preliminary operating conditions based on the top-level aircraft requirements. Net

Vehicle Force values scaled based on the reference thrust (𝐹𝑁 ) at each operating point

Summary of operating conditions

h [ft] M MFCR 𝛼A/F CL
NVF
FN

Airframe

Mid Cruise 35,000 0.85 0.674 2.0-2.5 0.5 0.0 HS-CRM

End of Runway 0.0 0.25 1.603 9-10 1.842 0.56 HL-CRM-TO
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B. Take-off conditions

The EoR point is used to estimate the Maximum take-off Weight (MTOW) of the aircraft based on the lift provided

by the airframe at this operating condition. A Mach number of 0.25 and sea level conditions are assumed. The lift-off

velocity is estimated to be 1.1 times the stall velocity [31]. The take-off angle of attack was defined based on tail-strike

clearance requirement of the NASA CRM, with a maximum angle of attack of about 9.25𝑜 at EoR. This constrains the

maximum lift coefficient achieved at EoR conditions (𝐶𝐿,𝑚𝑎𝑥) to the 𝐶𝐿 value at this angle of attack. However, for the

CFD simulations the ground plane was not included. The climb angle (𝛾) is set to zero at this point. To obtain the value

of the lift at a given angle of attack, the HL-CRM-TO configuration with the installed powerplant was evaluated at

sea-level conditions and various angles of attack with fixed engine operating conditions for the required thrust level at

take-off, 𝐹𝑁,𝑇𝑂 (Fig. 8).

Fig. 8 Predicted CL with the variation of 𝜶A/F for the powerplant installed, and the HL-CRM-TO airframe in

isolation. Operating at M=0.25 and sea level conditions

The variation of the lift with 𝛼𝐴/𝐹 for the installed powerplant and the isolated HL-CRM-TO airframe were compared

to evaluate the impact of the aerodynamic interaction between the powerplant and the airframe (Fig. 8). The lift of the

aircraft (𝐶𝐿) was decomposed into the individual contributions of the airframe (𝐶𝐿,𝐴/𝐹 ), the powerplant (𝐶∗
𝐿,𝑛𝑎𝑐

), and

the gross propulsive force (𝐶∗
𝐿,𝐺𝑃𝐹

). The contribution to the lift of the ideal propulsive force (𝐼𝑃𝐹 · 𝑠𝑖𝑛(𝛼𝐴/𝐹 +Ω𝑝𝑖𝑡𝑐ℎ))

was added to the 𝐶𝐴/𝐹 of the isolated HL-CRM-TO airframe. This is used to account for the thrust vectoring in a

preliminary analysis, and to identify the discrepancies between a preliminary lift estimation and the aerodynamics of an

installed powerplant. In most of the preliminary design tools, the lift will be predicted based on a similar uncoupled

manner, not accounting for the aerodynamic interaction between the powerplant and the airframe. Thus, this comparison

is one of the initial steps for the development of an approach to assess the coupled airframe and powerplant system and

to identify the effects of their aerodynamic interaction.

The 𝐶𝐿 for the installed powerplant is higher than the 𝐶𝐿 of the isolated airframe with the ideal gross propulsive

force contribution (Fig. 8). The difference in the 𝐶𝐿 increases with 𝛼𝐴/𝐹 , with differences varying from ∼ 0.01 at

𝛼𝐴/𝐹 = 5𝑜 to up to ∼ 0.18 near the stall point (𝛼𝐴/𝐹 = 16.5𝑜). This difference in the 𝐶𝐿 is a consequence of the

combination of the nacelle lift contribution, the 𝐺𝑃𝐹∗, and the aerodynamic interaction between the powerplant and the

airframe. The nacelle lift contributes in about 0.028 − 0.1 to the overall aircraft 𝐶𝐿 and the contribution increases with

𝛼𝐴/𝐹 . The interaction between the powerplant and the nacelle has a negative impact on the 𝐶𝐿 at 𝛼𝐴/𝐹 below 12𝑜 (Fig.

8), but it increases the aircraft lift near the stall point. This is also reflected by the increase of the 𝐶𝐿,𝐴/𝐹 of the installed

powerplant at higher angles of attack (Fig. 8). Nevertheless, it is acknowledged that the operating conditions close to

11



the stall point are near to the performance limit of the RANS models. Thus, some of the differences in the 𝐶𝐿 between

the airframe with the installed powerplant and the airframe in isolation could be a consequence of the limitations of the

CFD methodology.

The differences in 𝐶𝐿 have an impact on the preliminary estimation of the MTOW. If the MTOW is estimated based

on the isolated HL-CRM-TO, the 𝑀𝑇𝑂𝑊 decreases approximately by 12.5% compared with the case with the installed

powerplant configuration at 𝐶𝐿,𝑚𝑎𝑥 . At the EoR operating condition (𝛼𝐴/𝐹 = 9.25𝑜), the MTOW of the installed

powerplant case is ∼ 3% greater than the isolated airframe model. Given that the case with the installed powerplant is a

more complete aerodynamic model, the value of MTOW at this condition was selected to determine the 𝑁𝑉𝐹 required

by the aircraft at EoR.

To evaluate the 𝑁𝑉𝐹 requirement at EoR, a required runway length (𝑠𝑔) of 3,000 meters was assumed [32, 33].

This is a representative value to demonstrate the thrust-matching capability at take-off. The lift-off velocity is estimated

to be 1.1 times the stall velocity [31]. With this assumption, the required runway length for take-off can be evaluated

with the equation 12). A rotation time (𝑁) of three seconds is assumed [31]. The friction coefficient of the runway

(𝜇𝑟 ) is fixed to a value of 0.8, representative a dry runway [31]. The maximum lift coefficient (𝐶𝐿,𝑚𝑎𝑥) is fixed based

on the value at 𝛼𝐴/𝐹 for EoR to maintain the tail clearance requirements. Based on equation 7, the 𝑁𝑉𝐹 can be

assumed as the difference between the drag and the thrust contributions of the aircraft. Thus, the 𝑁𝑉𝐹 at EoR, with

respect to the reference nominal thrust at take-off (𝐹𝑁,𝑇𝑂) is obtained with the equation 13. This results in a required

𝑁𝑉𝐹 |𝐸𝑜𝑅/𝐹𝑁,𝑇𝑂 of 0.56.

𝑠𝑔 =
1.12 (𝑀𝑇𝑂𝑊/𝑆𝑟𝑒 𝑓 )

𝜌∞𝑔𝐶𝐿,𝑚𝑎𝑥 ((𝑇 − 𝐷)/𝑀𝑇𝑂𝑊 − 𝜇𝑟 (1 − 𝐿/𝑀𝑇𝑂𝑊))
+ 1.1𝑁

√︄

2𝑀𝑇𝑂𝑊

𝜌∞𝐶𝐿,𝑚𝑎𝑥𝑆𝑟𝑒 𝑓
(12)

𝑁𝑉𝐹 |𝐸𝑜𝑅

𝐹𝑁,𝑇𝑂

=
𝑀𝑇𝑂𝑊

𝐹𝑁,𝑇𝑂

1.12 (𝑀𝑇𝑂𝑊/𝑆𝑟𝑒 𝑓 )

𝜌∞𝑔𝐶𝐿,𝑚𝑎𝑥

(

𝑠𝑔 − 1.1𝑁
√︃

2𝑀𝑇𝑂𝑊
𝜌∞𝐶𝐿,𝑚𝑎𝑥𝑆𝑟𝑒 𝑓

+ 𝜇𝑟 (1 − 𝐿/𝑀𝑇𝑂𝑊)
) (13)

The MTOW and the runway length requirement assumptions are used to size the aircraft and thrust requirements.

However, the engine initially was sized based on the preliminary aircraft design requirements for a long-range, wide-body,

twin-engine configuration. This results on an imbalance on the 𝑁𝑉𝐹 with the target predicted for the selected runway

length. To account for this, the engine thrust levels are adjusted at the EoR condition based on the CFD results. The

methodology to adjust the thrust settings is explained in detail on the next section. The 𝑁𝑉𝐹 requirement at EoR (Table

2) is used to identify the operating conditions of the engine at this operating point.

As for the HS-CRM airframe, the HL-CRM-TO configuration used in this work does not include some of the main

contributors to the drag during take-off, such as the landing gear, the fairings or the vertical tail. To account for this, the

drag of the airframe is adjusted based on the drag of the isolated HL-CRM-TO airframe at the target angle of attack

(Table 2). At EoR, the value of the airframe drag is increased by 10% [30] to account for the landing gear and the other

elements. This is a preliminary estimation of the airframe drag at EoR to demonstrate the current methodology. A more

accurate definition of the airframe drag and the propulsive requirements of the powerplant could be included if a more

representative airframe was used.

C. Thrust and lift matching

The CFD evaluation of the aircraft at a given angle of attack results in some differences with respect to the target 𝐶𝐿

and the target 𝑁𝑉𝐹 (Table 2). Thus, the angle of attack and engine operating conditions have to be trimmed to match

the aircraft operating requirements at a given flight condition. The 𝐶𝐿 trim is achieved by the CFD evaluation of two

𝛼𝐴/𝐹 which yield values of 𝐶𝐿 below and above the target value. The angle of attack and all the aircraft forces are

interpolated to the target 𝐶𝐿 based on these two angles. However, to apply the propulsive trim a propulsion model

coupled with the CFD aerodynamic approach is required. Hence, a thrust and lift matching approach was developed to

couple the aero-propulsive effects (Fig. 9).

The thrust and lift matching strategy for the installed powerplant configurations is based in two levels (Fig. 9). First,

the lift is matched for a given set of engine operating conditions (i.e., 𝐹𝑁𝑃𝑅, 𝐶𝑁𝑃𝑅, 𝑀𝐹𝐶𝑅, 𝑇𝑡 ,𝐵𝑃 , and 𝑇𝑡 ,𝐶𝑟 ) by the

CFD evaluation of two angles of attack (𝐴𝑜𝐴1 and 𝐴𝑜𝐴2). In an intermediate step, the mass flow in the engine fan face

is matched to the values of the mass flow in the exhaust. This accounts for the local suppression effects in the exhaust

[8]. However, the effect of the exhaust suppression is not directly coupled with the engine model, but included into

the aerodynamic model to maintain the mass flow conservation. After the evaluation of the two angles of attack, the
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Fig. 9 Work-flow for the turbomachinery re-matching with the aerodynamic performance of the integrated

powerplant at cruise conditions

𝑁𝑉𝐹 |𝐷 at the target 𝐶𝐿 of the aircraft (airframe, powerplant and propulsive contribution) is obtained. In the second

level, the thrust is adjusted based on the target 𝑁𝑉𝐹 |𝐷 required. This involves the application of a one-dimensional

engine model to define the new engine operating conditions based on the new thrust requirements. With the adjusted

engine operating conditions, the first step is repeated until the difference in 𝑁𝑉𝐹 |𝐷 with the target value (𝑁𝑉𝐹𝑡𝑎𝑟𝑔𝑒𝑡 ) is

below a given threshold. For this work, a threshold of 0.25% of the nominal thrust at the flight operating condition was

selected. However, the simple adjustment of the engine operating conditions with a one-dimensional model does not

account for possible non-linear changes on the 𝑁𝑉𝐹 |𝐷 due to the powerplant and airframe aerodynamic performance.

To address this issue, after the first iteration of the engine operating conditions, the subsequent iterations are adjusted

based on a Regula Falsi method [34].

For the one-dimensional engine model, a two-spool geared ultra-high bypass ratio engine with fixed dimensions is

used. The engine performance is evaluated with TURBOMATCH [29]. Based on the design point of the engine at

mid cruise conditions, it is required to evaluate off-design thrust variations (Δ𝑇 = 𝑁𝑉𝐹 − 𝑁𝑉𝐹𝑡𝑎𝑟𝑔𝑒𝑡 ) to determine the

engine operating conditions at different thrust levels. These thrust variations are based on the increase or reduction

of the 𝑁𝑉𝐹 |𝐷 based on the CFD simulation. The excess thrust in the CFD model is equivalent to a reduction of

the thrust input in the TURBOMATCH model (Fig. 10). For the present work, thrust variations between −15% to

15% of the nominal thrust were evaluated (Fig. 10) for mid cruise operating conditions (𝐹𝑁,𝑀𝐶) and end of runway

operating conditions (𝐹𝑁,𝑇𝑂). An almost linear monotonic evolution of the engine design variables is observed with the

changes of thrust for both operating conditions (Fig. 10). In addition to the engine operating conditions for the coupled

aerodynamic approach, other relevant engine metrics can be extracted based on the changes in the thrust requirements.

For example, the fuel flow ( ¤𝑚 𝑓 𝑢𝑒𝑙) and the turbine rotor entry temperature (TRET). The fuel flow is most important

under cruise conditions where the engine is operating during most of flight, while the TRET is critical to determine the

life of the engine at the most demanding operating conditions such as end of runway.

Based on the one-dimensional engine analysis for this sample engine at mid cruise conditions, the fuel flow ( ¤𝑚 𝑓 𝑢𝑒𝑙)

decreases approximately by 0.8% per 1% reduction from the nominal thrust (Fig. 10). This results in a net increase on

the Specific Fuel Consumption (SFC), since the thrust decreases at a higher rate than the fuel flow. This is because the

changes on thrust are evaluated as off-design points with respect to the reference engine. Future work may involve the

optimization of the engine cycle for minimum SFC at cruise at different thrust levels. This enables the introduction of
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Fig. 10 Changes on engine operating conditions based on the net vehicle force of the CFD approach. Exchange

rates of the main cycle variables with respect to the preliminary design variables. Values for Mid Cruise (left),

and End of Runway (right) operating conditions

the aerodynamic performance of the propulsion integration as an additional constraint on the engine design process.

At EoR conditions, the metric of interest is the TRET. This variable is linked with the overall life of the engine [35].

For this particular engine model based on the baseline operating point, if the thrust increases by 1% of the nominal

thrust at EoR (𝐹𝑁,𝑇𝑂), the TRET rises in approximately 0.3%.

V. Mid-cruise operating conditions

A. Demonstration of the coupled aero-propulsive model

The thrust matching approach was applied for a target 𝑁𝑉𝐹 of zero at mid-cruise conditions (Table 2). The case

was started from the nominal thrust requirement at mid-cruise (𝐹𝑁,𝑀𝐶). Two additional iterations (Fig. 11) were

required to achieve the required tolerance (within ±0.25% of 𝐹𝑁,𝑀𝐶 ). The 𝑁𝑉𝐹 at the final iteration was approximately

−0.001% of 𝐹𝑁,𝑀𝐶 . From the initial engine operating condition, the thrust requirement of the powerplant was reduced

a ∼ 4.9% of 𝐹𝑁,𝑀𝐶 . This number will vary if a more representative airframe design is applied (e.g., including fairings,

horizontal tail). The engine model and the initial thrust prediction will also have a significant impact on this value.

In this particular example, there was a particularly large difference between the thrust requirement of the aircraft and

the defined preliminary nominal thrust requirement of the powerplant (𝐹𝑁,𝑀𝐶 ). Consequently, some notable changes

on the engine operating conditions are obtained from the thrust matching process (Fig. 11). For example, the thrust

reduction is equivalent to a ∼ 4.45% reduction on the fuel flow required. It is acknowledged that these variations are not

representative of a more refined coupled aero-propulsive system. Nevertheless, this is a successful demonstration of the

thrust and lift matching capability developed in this work. This also highlights the potential benefits of including the

aerodynamic performance of the powerplant integration into the preliminary design of the engine cycle. Eventually,

this could be used to optimise the engine cycle (i.e., minimize the SFC) based on a more representative target thrust

level. This could also facilitate a concurrent design approach between the airframe and the powerplant to improve the

performance of the final product.

The change in the thrust required at mid-cruise is translated into changes on the engine operating conditions (Fig.

11). For example, the 𝑀𝐹𝐶𝑅 is reduced from 0.674 at the initial point to 0.666 at the final iteration. Also, the 𝐹𝑁𝑃𝑅

and the 𝐶𝑁𝑃𝑅 decrease ∼ 1.2% and ∼ 1.8%, respectively. These changes in the engine operating conditions also have

a moderate effect in the aerodynamic performance of the housing components (intake, nacelle, and exhaust) and the
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Fig. 11 Convergence of the NVF (left), and change on the engine operating conditions (right) with the thrust

matching method at mid cruise operating conditions

airframe (Fig. 12). Nevertheless, the majority of the variation in the 𝑁𝑉𝐹 during the thrust matching process is due

to changes in the 𝐺𝑃𝐹∗ (Fig. 11), with a reduction of ∼ 4.36% of 𝐹𝑁,𝑀𝐶 at the final iteration. The thrust trimming

has a negligible effect in the drag of the airframe (𝐷𝐴/𝐹) and the modified nacelle drag (𝐷∗
𝑛𝑎𝑐) with a maximum

variation from the initial condition of −0.149% and ∼ 0.045% of 𝐹𝑁,𝑀𝐶 , respectively. Thus, the aircraft and powerplant

aerodynamics remains relatively insensitive to the changes on the engine operating conditions, and the nacelle is not

highly affected by the reduction in the 𝑀𝐹𝐶𝑅. At the same time, the reduction of the 𝐺𝑃𝐹∗ also affect the contribution

of the airframe and the powerplant to the lift (Fig. 12). The contribution of the 𝐺𝑃𝐹∗ to the lift decreases by about

0.38% of 𝐹𝑁,𝑀𝐶 . However, this is compensated with the increase on the nacelle and the aircraft lift by the trimming

process, with small changes in the angle of attack.

B. Aerodynamic performance at mid-cruise operating conditions

To understand the impact of the powerplant integration with the aircraft on the aerodynamic performance, the

free-flying and the isolated powerplant configurations (Fig. 1) were also evaluated at the equivalent engine angle of

attack, 𝛼𝑒𝑛𝑔, (Fig. 4) and engine operating conditions. An up-wash angle of 1𝑜 was used, based on the aerodynamics of

the HS-CRM airframe in isolation. Over the fan cowl, the pressure distribution changes substantially when the installed

powerplant is compared with the free-flying and isolated configurations (Fig. 13). The changes in the aerodynamics

of the installed powerplant result from the combination of the installation toe angle, and the aerodynamic interaction

between the airframe and the powerplant. A clear difference in the isentropic Mach number distribution is observed

between the outboard and inboard side of the fan cowl (Fig. 13). This results in a change on the predicted aerodynamic

performance of the powerplant between the installed and the free-flying configurations. These effects are also present

for the pylon and the airframe. A shock wave is observed in the inboard side of the pylon. This shock affects the

flow field over the pressure side of the airframe and modifies the pressure distribution with respect to the isolated

airframe. This results on changes in the airframe drag. At the same time, the presence of the pylon also affects the local

aerodynamics over the fan cowl. This can be observed when the free-flying configuration is compared with the isolated

powerplant (Fig. 13). The shock wave distribution and intensity are affected by the presence of the pylon and the local

blockage effects. Overall, the notable differences in the aerodynamics between the installed powerplant and the other

approaches mean that the aerodynamic interaction between the airframe and the powerplant should be considered for

the aerodynamic design and evaluation of the propulsion integration.

For this powerplant design, this variation in the engine operating conditions have a moderate effect on the lift and

drag (Fig. 12). However, the housing components were not optimised for the updated engine operating conditions. So,

further deviations of the original design point could result in penalties in the aerodynamic performance. Thus, for future

work it is also of interest to include the optimisation and design of the housing components into this design process.
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Fig. 12 Changes in the forces over the aircraft with the thrust matching method at the mid cruise operating

condition

This requires the optimisation of the installed powerplant. However, this increases the computational cost in comparison

with other approaches to optimise the housing components in isolation [21, 22]. Thus, advanced design techniques such

as multi-fidelity methods and dimensionality reduction [9] should be explored to enable the concurrent optimisation of

the powerplant integration and the engine cycle.

VI. End of runway operating conditions
Based on the preliminary estimation of the end of runway operating conditions (Section IV.B), the lift and thrust

matching methodology was applied for a target 𝑁𝑉𝐹 |𝐷 of 56% of the nominal thrust at take-off (𝐹𝑁,𝑇𝑂). From the

initial evaluation, two additional iterations were required to achieve the required tolerance of 0.25% of 𝐹𝑁,𝑇𝑂. For this

particular example, an excess in thrust of 0.12% of 𝐹𝑁,𝑇𝑂 was achieved. From the initial thrust value, the thrust was

reduced by approximately a 3.43% of 𝐹𝑁,𝑇𝑂. Based on the preliminary thrust values, this reduces the maximum TRET

in about 0.9%. It is acknowledged that this value is particularly large, and it is not representative of a more refined thrust

matching of the powerplant. This large imbalance results from an overestimation of the preliminary airframe drag and

engine thrust requirements at EoR. Nevertheless, despite the initial overestimation of the thrust requirement at EoR, this

is a successful demonstration of the thrust and lift matching approach with the coupled engine model under take-off

conditions. While the required thrust and TRET will vary if a more representative airframe is applied (e.g., a more

detailed definition of the landing gear drag, and the flap and slat fairings), the current reduction in the thrust requirement

and TRET highlight the advantages of including a coupled aero-propulsive approach on the engine design process. The

thrust and lift matching methodology could be applied to different critical off-design conditions, such as higher take-off

altitudes, higher altitudes, or shorter runway lengths; in order to determine the operational limits of the engine based on

the aerodynamic performance of the powerplant integration.

The reduction in the thrust of the powerplant was achieved by moderate changes in the engine operating conditions.

The 𝑀𝐹𝐶𝑅 decreases in ∼ 1.2% of the initial value. At the same time the 𝐹𝑁𝑃𝑅 and the 𝐶𝑁𝑃𝑅 decrease in about

0.9% and 0.7%, respectively. This leads to a notable reduction of the 𝐺𝑃𝐹∗ to match the target 𝑁𝑉𝐹 (Fig. 14). The

airframe and the nacelle drag remain relatively unaltered with an increase of about 1.1% of the 𝐹𝑁,𝑇𝑂 from the initial

point. At the same time, the reduction in 𝐺𝑃𝐹∗ results in a reduction of the propulsive force to the aircraft lift (Fig. 14).

This is compensated by an increase on the airframe lift with small changes in 𝛼𝐴/𝐹 . The nacelle drag remains virtually

unaltered during the thrust matching process.

The free-flying and the isolated powerplant configurations (Fig. 1) were also evaluated at the equivalent engine

angle of attack, 𝛼𝑒𝑛𝑔, (Fig. 4) and engine operating conditions. At EoR conditions, an up-wash angle of 5𝑜 was
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Fig. 13 Isentropic Mach number over the HS-CRM airframe (bottom view) with and without the powerplant

installed, and over the nacelle for the three powerplant configurations: installed, free-flying, and isolated. Nacelle

surface represented in an unwrapped manner. Mid cruise conditions applied with a fixed angle of attack of 2.0o

used for the free-flying and isolated configurations based on the aerodynamics of the isolated HL-CRM-TO airframe.

The pressure distributions over the fan cowl change significantly when the installed powerplant is compared with the

free-flying and isolated configurations. As a consequence, a notable change in the contribution of the pressure force to

the thrust and drag is observed between the inboard and the outboard side of the fan cowl (Fig. 15). The pressure force

contribution to the thrust direction increases on the nacelle afterbody in the inboard side. This is due to the aerodynamic

interaction between the powerplant and the airframe, and the installation toe angle. The thrust contribution from the

nacelle forebody of the installed powerplant increases with respect to the free-flying and isolated cases, due to the local

increase in the suction. This is due to the effect of the flow circulation of the wing and the slats. In the free-flying

and isolated models, the up-wash angle was accounted based on the isolated HL-CRM-TO fuselage. However, this

preliminary analysis does not fully capture the aerodynamic interaction effects that result from the fully installed model.

Similarly, the presence of the powerplant modifies the local contribution of the pressure forces to the airframe drag (Fig.

15). This also affects the overall force balance of the aircraft and powerplant system under take-off conditions. Thus, for

the aerodynamic analysis of the powerplant in take-off conditions such as the end of runway, it is necessary to evaluate

the powerplant installed into the airframe.

In addition to the changes in the forces over the airframe and the powerplant, the installed configuration also captures

relevant aerodynamic features that are neglected in the free-flying and isolated models (Fig. 16). This is another

reason to evaluate the aerodynamics of the powerplant installed into the airframe under high-lift conditions, rather than

in isolation. For example, a corner flow separation emerges in the inboard side of the installed nacelle at the joint
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Fig. 14 Changes in the forces over the aircraft with the thrust matching method at the end of runway operating

condition

Fig. 15 Pressure force projected on the drag axis of the airframe. Distributions over the powerplant for

the installed, free-flying and isolated cases; and over the wings for the installed powerplant and the isolated

HL-CRM-TO airframe. End of runway operating conditions after thrust matching

with the pylon. This feature is not captured with the isolated and free-flying approaches. This inboard separation is a

consequence of the aerodynamic interaction with the inboard slat, which increases the pressure at the nacelle afterbody

and generates a local adverse pressure gradient. Also, the powerplant interaction with the airframe leads to local changes

in the flow over the wing, when compared with the isolated HL-CRM-TO airframe (Fig. 16). There is a local reduction

of the local wall shear stress over the wing leading edge in the installed configuration. This is due to local changes

in the flow acceleration due to the presence of the powerplant. At the same time, the interaction between the pylon

and the leading edge of the wing results in a local separation near the intersection. This separation affects the local
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aerodynamics over the powerplant and the wing.

Fig. 16 Axial wall shear stress over the HL-CRM-TO wing for the installed and the isolated airframe

configurations, and over the powerplant for the installed, free-flying and isolated cases. End of runway operating

conditions after thrust matching

VII. Conclusions
A methodology to evaluate the aerodynamic performance of installed powerplants with a coupled propulsion model

was developed. This included a thrust and lift matching capability. To demonstrate this capability, the aerodynamics

of an installed ultra-high bypass ratio powerplant have been studied under mid-cruise and end of runway operating

conditions. A CFD approach for the systematic evaluation of the aerodynamic performance of the propulsion integration

at high-speed and high-lift conditions was defined. This included the study of the powerplant installed into the airframe

as well as the airframe and the powerplant in isolation. The NASA Common Research Model (CRM) was used as the

reference airframe, with the high-speed (HS-CRM) version of the airframe used for mid cruise conditions and the

high-lift configuration for take-off (HL-CRM-TO) was used for the end of runway conditions.

A one-dimensional engine model was coupled with the aerodynamic approach. This model was based on a two-spool,

ultra-high bypass ratio, geared turbofan. The initial thrust requirements at mid cruise and take-off were estimated based

on sample top-level aircraft requirements for a long-range wide body airframe, such as the NASA CRM. The engine

operating conditions were obtained for a range of thrust requirements at mid cruise and take-off, in order to correct

the 𝑁𝑉𝐹 of the aircraft in the CFD model. A structured methodology to match the lift and thrust requirements of

the aircraft was developed based on the coupled aero-propulsive model. The engine model was also used to evaluate

the variation of metrics of interest for the engine with the thrust, such as the fuel flow at cruise and the turbine rotor

entry temperature (TRET) at end of runway conditions. As a proof of concept, the coupled aero-propulsive model was

applied to study the aerodynamic performance of the installed powerplant at mid cruise and end of runway conditions.

While similar approaches have been applied under cruise conditions, to the authors’ knowledge this is the first time this

approach has been also applied under take-off conditions.

The aerodynamics of the installed powerplant were compared with the aerodynamics of the airframe and the

powerplant in isolation in order to understand the effects of the powerplant integration with the airframe. Notable

changes in the flow topology were observed between the installed and isolated approaches due to the aerodynamic

interaction between the engine and the airframe at mid-cruise and end of runway conditions. These changes result

in notable changes in the predicted aerodynamic performance of the powerplant. Thus, to analyse the aerodynamic

performance of the powerplant, a model that includes the installed powerplant into the airframe should be used.

As a preliminary evaluation of the effects of the powerplant integration under high-lift conditions, the lift profile

of the aircraft at end of runway conditions was obtained for different angles of attack up to the airframe stall. The
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lift profiles of the installed powerplant model were compared with the lift of the HL-CRM-TO airframe in isolation.

The installed powerplant configuration had a significant higher lift than the isolated airframe near the stall point. This

increase in lift is a consequence of the lift contribution of the nacelle and the aerodynamic interaction effects between

the airframe and the powerplant.
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