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A B S T R A C T   

The adoption of ultra-high bypass ratio (UHBPR) engines has been long recognised to bring about reduction of 
specific fuel consumption and noise emission. In the need to fulfil ambitious environmental targets and mitigate 
the aviation sector impact, they represent a smoother technology change, compared to futuristic aircraft designs 
featuring electric, distributed and boundary layer ingesting propulsion. However, the challenges related to 
UHBPR adoption can prevent a real system performance improvement, due to interdependent counteracting 
factors and enhanced interference between engine and airframe. This paper reviews the installation effects on 
underwing-mounted UHBPR turbofan engines, first presenting the cycle design studies and how they are affected 
by considering integration. The advancements in nacelle components modelling and optimisation are then 
reviewed, where new numerical models, statistical methods and optimisation algorithms are employed to tackle 
the inherently multi-objective problems. The computational estimation of installation effects and the studies on 
optimal engine position are also presented, highlighting the overall effect on the aerodynamic characteristics. 
Finally, the wind tunnel tests using powered engine simulators are discussed. The tools developed to quantify the 
thrust and drag figures of installed propulsors and obtain indications on their best underwing location now allow 
quite accurate estimations, both in numerical and experimental simulations. The higher level of interaction and 
the increased mutual sensitivity of engine operation and wing flow field, however, suggest the need to elaborate 
closely coupled methods to correctly replicate these effects and an assessment of current wind tunnel practices 
for the design and operation of powered engine simulators.   

1. Introduction 

The civil aviation market has seen an impressive growth since its 
birth in early ‘50s, with an outlook of further increasing the number of 
transported passengers by a factor of 7 by 2050 [1]. The scientific 
evolution of the relatively young flight science and the huge techno
logical progresses in many other fields have led, in about seventy years, 
to a substantial improvement of noise, pollutant emissions and fuel 
consumption. The individual aircraft evolution, however, have been 
offset by the huge growth of the volume of flights, exacerbating the 
environmental impact of the aviation sector. In response to this overall 
negative trend, international institutions have set ambitious targets for 
its mitigation. In 2001, the European Commission ACARE 2020 vision 
[2] foresaw a 50% reduction in fuel-burn and noise, and 80% in 
take-off/landing NOx emissions, relative to year-2000 aircraft 

technology. Whilst these targets will not be achieved, a new FlightPath 
2050 vision [3] has been released in 2011, requiring new limits of 75%, 
65% and 90%, respectively, with the same term of comparison. The 
accomplishment of the new targets requires either technological step 
changes or novel aircraft paradigms. 

Graham [4] summarised the new aircraft concepts proposed to 
achieve the requirements, which are based on alternative propulsion 
units, like open rotor, electric driven fans, boundary layer ingestion 
(BLI) propulsion, and change in traditional tube + wing configurations, 
like lifting fuselage frames with ducted engines, blended wing and 
laminar flying wing. In parallel to futuristic designs, a smoother change 
of current technology is also pursued, on a shorter-term basis. On the 
engine side, the evolution of propulsive units appears clear: the trend is 
leading towards the adoption of higher bypass ratio (BPR) turbofans, 
with increased values of the overall pressure ratio (OPR) and turbine 
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entry temperature (TET) [5]. It has been long recognised, in fact, that a 
higher BPR leads to improved propulsive efficiency, reduced noise and 
specific fuel consumption [6], while cycle thermal efficiency increases at 
larger pressure ratios and combustor chamber exit temperatures. Asso
ciated to very-high (VHBPR) and to ultra-high (UHBPR) bypass ratio 
values is the decrease in fan pressure ratio (FPR) and specific thrust. 
Engines featuring low specific thrust typically need more mass flow rate 
to be ingested and therefore larger fan diameters. The benefits related to 
propulsive efficiency and lower specific fuel consumption (SFC) brought 
about by high BPR are thus counterbalanced by increased nacelle drag, 
engine weight and enhanced installation effect caused by the propulsive 
unit. 

As a result, although a typical increase of the fan diameter is 
generally beneficial to the uninstalled engine specific fuel consumption, 
the growth of nacelle drag and weight are detrimental to the aircraft 
performance. There is also likely to be a stronger aerodynamic coupling 
between the engine and the airframe. Overall, there is a risk that the 
gains in uninstalled engine performance are wholly or partly lost due to 
adverse engine-airframe installation and interference effects as well as 
additional nacelle weight [7]. The installation effect is traditionally 
quantified by the difference between the individual component perfor
mance in isolated condition and the performance after integration into 
the wing body [8]. Its phenomenology is due to alteration of pressure 
and velocity fields caused by the presence of nacelle, pylon and jet efflux 
from nozzles [9]. The gulley between nacelle and wing, for instance, 
creates a velocity jet causing suction peaks, vortex drag penalty and, in 
some cases, even shock-induced separation. Downstream of engine 
nozzle, the jet/free-flow interaction interferes as well with the wing 
pressure side, inducing viscous and profile drag. At off-design, addi
tional interaction of the jets with the high-lift surfaces can reduce their 
effectiveness and augmented backpressure on nozzles affect their 
discharge ratios. 

Hence, a number of problems are to be tackled to allow for full 
exploitation of UHBPR engines. On the internal side, operability, sta
bility, and component matching require the adoption of additional 
subsystems, possibly with variable geometry. On the external side, 
bigger engines pose issues for drag and weight penalty and wing inte
gration, both from the practical arrangement to guarantee sufficient 
clearance, and from the performance side, due to possibly enhanced 
mutual aerodynamic interference. In order to alleviate the potential 
obstacles hampering an effective achievement of noise reduction and 
efficiency gain, a change is required also in design approaches. Without 
a careful evaluation of system aspects, more traditional procedures 
based on sequential and decoupled design are likely to fail in finding a 
real working optimum. This encourages a tighter cooperation between 
the engineers working on different aspects of the air vehicles, as the 
sensitivity of engine operating conditions to the external flow field, and 
vice versa, is becoming more relevant. Following this, providing an 
overview of the currently available methods that are applied to design 
the nacelle components and to study the interactions between them and 
the airframe appears useful to promote the development of more inte
grated approaches for the design of UHBPR units. 

This paper reviews the installation effects on UHBPR engines, with a 
focus on the aerodynamic aspects of standard aircraft configurations 
with underwing mounted nacelles. The review is conducted in terms of 
engine thermodynamic cycle design, nacelle aerodynamic design, nu
merical simulations and experimental approaches. The implication of 
having a UHBPR on the choice of key engine thermodynamic parameters 
are first assessed, by examining design studies considering advanced 
cycle configurations and novel technologies. The design tools used for 
nacelle intake, cowl and exhaust are also presented, highlighting the last 
advancements in numerical models and complex optimisation tools used 
to tackle multi-objective problems. Next, the computational methods 
employed for a more detailed analysis of the flow phenomena charac
terising the aerodynamics of engine integration and optimal nacelle 
positioning are reviewed. Finally, the experimental verification of 

powered engines is described and fundamental considerations for 
UHBPR tests are provided. 

2. Installation effects on UHBPR engine design 

The propulsive efficiency is defined as the ratio between the useful 
propulsive work and the kinetic energy of the jet. For a single stream 
propulsor it is expressed by the well-known Froude formula: 

ηp =
2V0

Vj + V0
(1)  

where V0 is the flight speed and Vj the jet speed. If the thrust can be 
expressed by Fn = ṁj(Vj − V0), by substitution in equation (1) one gets: 

ηp =
2V0

2V0 + Fn
/

ṁj
(2) 

It is evident, therefore, that the propulsive efficiency is related to the 
specific thrust F/ṁj and increases when the latter decreases. A reduction 
of specific thrust means that to keep the thrust level, the mass flow rate 
across the propulsor must be augmented, and the corresponding jet 
velocity reduced. In turbofan engines, this has been achieved by 
increasing the mass flow rate ingested by the fan and lowering its 
pressure ratio, leading to higher bypass ratio [5]. The adoption of high 
BPR, however, brings about a series of issues and challenges that were 
already clear when the possible benefits on system efficiency were first 
considered. Borradaile [10] effectively enlisted the difficulties associ
ated to high BPR, low specific thrust units: conflicting requirements for 
nacelle design, reduced stability margin and inlet distortion for low FPR 
fan, fan-low pressure turbine coupling, reduced noise frequency and 
problematic integration of the powerplant. All these topics characterise 
the UHBPR turbofans and, as it will be shown throughout the review, 
they have pushed the scientific and industrial community towards the 
adoption of advanced design and analysis tools to implement remedies 
in each area. 

The presence of counteracting factors that limit the effective utility 
of an unbounded increase in the BPR appears evident, when the aircraft 
is considered at system level. The low specific thrust and FPR are key 
parameters for determining the engine size, as they are generally ach
ieved by increasing the fan and bypass duct size. The larger fan must 
rotate at lower speed, to produce the desired pressure ratio and keep the 
tip velocity within acceptable limits, related to supersonic compression 
performance, operability, aeromechanics, noise emission. This has a 
direct impact on the engine configuration, as the low pressure spool 
driving the fan, instead, would prefer high rotational speed to operate 
with sufficient efficiency and high specific work. Moreover, the 
increased power absorbed by the fan requires increasing low pressure 
turbine (LPT) diameter and its number of stages. At low LPT speed, in 
addition, the shaft thickness must grow to bear a high torque [7]. 
Zimbrick [11], comparing low BPR turbofan of early ’90s with the ad
vantages in Thrust Specific Fuel Consumption (TSFC) achievable by 
using UHBPR, described the chain of effects caused by low SFC units. 
Operating with a low FPR fan reduces the fan stability, because of the 
lower airflow velocities experienced by the fan and large operating line 
shifts from sea level to cruise. Adequate surge margin can require the 
adoption of variable area fan nozzles or variable pitch fan rotors [12], 
bringing additional weight and mechanical complexity. Dealing with 
large fan diameters also affects the size of the external nacelle, imposing 
more aggressive designs featuring larger diameter to length ratios. 
Therefore, in order to mitigate the impact of nacelle weight and drag, 
cowl length must be minimised. It is well known that the inlet must 
supply the fan with a sufficient mass flow rate throughout all the flight 
phases, with acceptable levels of distortion. A decrease of the intake 
length reduces the alleviation capability, increases the required lip 
contraction ratio, and limits the space for acoustic liners. Short length to 
diameter ratio are more likely to incur high wave drag penalties at cruise 
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and spillage drag is also enhanced for the large area capture ratio 
variation. The growth of by-pass nozzle external radius, constrained by 
boattail angle, furthermore, aggravates the weight of other subsystems, 
like the thrust reverser, for which alternative concepts might be 
required. Finally, the integration of the nacelle on wing airframe be
comes more problematic and geometric constraints can reduce the 
extent of possible installation positions. 

This picture delineates immediately a number of conflicting re
quirements associated to UHBPR engines, for which an optimal choice of 
the relevant parameters must consider several aspects at the same time, 
making the design more complex and interdependent. From the point of 
view of bulk engine variables, Fig. 1 shows how FPR, BPR and fan size 
are related to noise emission and fuel burn. 

McKay [13] provided more quantitative indications on the rela
tionship between BPR, FPR, OPR and thrust specific fuel consumption 
(TSFC) for a given turbine entry temperature and flight conditions, 
shown in Fig. 2. At increasing OPR, the BPR giving minimum TSFC is 
reduced, as well as the associated FPR. For OPR above 50, the theoretical 
optimal BPR would be above 40. This picture, however, does not 
consider the counterbalancing factors related to nacelle drag and engine 
weight, setting a likely lower value for BPR. 

Including how the engine affects the aircraft at system performance 
and once it is integrated into the airframe leads to a different trend, 
highlighted in Fig. 3 (a) and (b), taken from Ref. [14]. Optimal bypass 
ratio minimising TSFC is expected to fall between 14 and 16 for a small 
class airplane, with a corresponding FPR as low as 1.3. 

Guha [15] derived an explicit analytical equation linking the opti
mum fan pressure ratio to BPR, ambient conditions, specific thrust and 
efficiency of energy transfer between the core and bypass flow. The 
equation, validated against numerical optimisation using GasTurb 
software [16], shows a larger sensitivity to specific thrust and the ex
istence of an optimum ratio between bypass and core exit velocities 
leading to minimum SFC and maximum specific thrust. For specific 
thrust in the range 15–20 lbf/(lb/s), the optimum FPR was claimed 
above 1.5 for BPR > 8. 

A number of studies in open literature were devoted to analysing 
possible engine configurations for UHBPR, aiming at estimating the best 
compromise solutions and technologies, needed to conciliate some of 
the requirements. For instance, a cure to fan-core incompatibility was 
found to be a geared connection between LPT and fan, leading to a 
geared turbofan architecture (GTA). A Rolls-Royce SNECMA M45SD-02 
geared engine demonstrator was first run in the 1970 [17]. For regional 
applications, a geared architecture was adopted on the ALF502 engine 
for the BAe146. The technology was further studied for almost a decade 
by P&W in partnership with NASA, leading to the PurePower® Geared 
Turbofan™family. The PW1100G-JM, now powering the A320NEO 
class, features a BPR of 12.5 and a fan diameter of 81” or 2.054 m for a 

rated static thrust up to 150 kN or 33000 lbf [18]. For higher thrust long 
range widebody applications Rolls-Royce is currently developing inno
vative technology employing a geared connection between the fan and 
the intermediate pressure turbine. Fig. 4 illustrates the technologies 
embedded in the Rolls-Royce UltraFan® [19]. In addition to a geared 
architecture, also variable geometry components, alternative engine 
cycles and advanced combustion and thermal management contribute to 
the improvement of the propulsive unit efficiency. In the following 
section, the engine concepts cycle design proposed for future UHBPR are 
reviewed. 

2.1. Engine concepts and cycle design 

Based on the quantitative assessment methods of installation effects, 
different types of engines are conceptually designed. Christie [21] pro
posed a Propulsion System Integration Model (PSIMOD) for the engine 
cycle design with the installation effects. This model assesses the pro
pulsion system integration and, furthermore, the overall flight charac
teristics and mission fuel burn. It also determines the engine 
requirements and the main aircraft characteristics at each point in the 
trajectory of a given mission in terms of the range, cruise altitudes, 
payloads and engine limitations. At each operation point, the engine 
cycle is adjusted to ensure that the thrust requirement is achieved. The 
fuel burn is then integrated over the mission. Engines with BPR from 5.1 
to 11 for short and long haul applications are investigated, to highlight 
the impact of increased nacelle size and installation quality on the fuel 
burn. 

Felder [22] investigated an electric distributed propulsion starting 
from Boeing N2 hybrid wing body, where superconducting generators, 
motors and transmission lines were used to transfer energy from the 
turbines to the fan. In this way, their motion is mechanically decoupled 
and they can operate at their optimal speed, virtually selecting a vari
able gear ratio throughout the flight, which is not possible with me
chanical gear boxes. An extensive list of advantages brought by 
distributed hybrid electric propulsion is provided in the article, among 
which are a higher effective bypass ratio, lower power losses, high 
flexibility in positioning and operation, extended off-design compensa
tion and capabilities in the event of engine failure, and reduced noise. 
For the case study, the turbogenerators were placed at the wing tips, 
exposed to freestream conditions, while a BLI continuous nacelle on the 
rear fuselage contained seven fan modules, featuring a FPR of 1.35 and a 
diameter of 50.6 in or 1.285 m. At the aerodynamic design point, the 
thrust was 17.570 kN and TSFC 13.27 g/(kN s). The effective BPR, the 
ratio of mass flow rate through all fans to rate through the engine core, 
was 19.2. The author reported the difficulty in estimating the flow state 
at the fan face, due to the fact that almost half of the height of the 

Fig. 1. Qualitative variation of noise emission and fuel consumption with FPR, 
BPR and associated fan diameter. From [5]. 

Fig. 2. Variation of TSFC vs BPR at given turbine inlet temperature and flight 
Mach number. From Ref. [13]. 
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incoming flow was affected by boundary layer, making the thrust 
calculation using a standard approach for the inlet performance not 
appropriate. 

Hall [23] summarised a series of activities for the design of an 
UHBPR turbofan for the Cambridge-MIT Silent Aircraft project, where 
noise was primarily tackled for a future aircraft concept. In the study, 
the off-design performance was considered from the beginning, as low 
noise requirement is more stringent far from cruise. The all-lifting-body 
baseline design belonged to the 250PAX class with 4000 nmi range. The 
flight mission profile was chosen to give the lowest maximum take-off 
weight (MTOW), as this was expected to minimise the radiated noise 
at take-off and approach. The engine location in the airframe was near 
the fuselage trailing edge, partially embedded and fed by an S-duct 
intake, to have good noise shielding and exploit BLI propulsion. At Top 
Of Climb (TOC), the selected UHBPR fan had a FPR of 1.40, with BPR of 
16.8 for a SFC of 14.2 g/(kN s), resulting in a diameter of 2.16 m. 
Although lower FPR would be beneficial for noise target, minimising the 
extent of the variable area nozzle required, the sensitivity to the high 
level of inlet distortion would increase. The thermodynamic cycle was 
optimised to give minimum SFC and minimum fan diameter, fulfilling 
the derived thrust and noise requirements. From an architectural point 
of view, four engine configurations with three-spool, two-spool geared 
fan, two-spool geared fan with reduced fan speed and a single core 
driving multiple fans through mechanical connections were considered. 
This latter option, with four cores driving twelve fans, was thought to 
have advantages in terms of noise, as it would allow longer exhaust 
ducts to attenuate higher frequencies and more packaged units with less 
drag. A sensitivity study finally estimated that this unusual design could 
be much quieter than a four-engine podded configuration, offering a 
reduction of 5% in fuel consumption. 

Larsson [24] conceptually designed a geared turbofan and a geared 
open rotor engines with Entry Into Service (EIS) in year 2020. A number 

of constraints regarding engine components, material limitations, shape 
factors, time between overhaul, runaway length, time to climb were 
considered for a short haul application with 150PAX and a range of 
3000 nmi, with block fuel minimisation as a target. The geared fan BPR 
was 11.2 at mid-cruise, with FPR of 1.46 and fan diameter of 1.8 m. In 
contrast, the open rotor had a BPR of 87, FPR of 1.08 and propeller 
diameter of 4.2 m. In numerical simulations it achieved a 14% reduction 
of mid-cruise SFC, compared to the GTA, giving a 15% reduction in 
mission fuel burn. CO2 and Nitrogen Oxides Emissions Index (EINOx) 
figures were similar for the two concepts. The direct operating cost 
(DOC) of the open rotor was reckoned 6% lower than GTA, but the 
datum was sensitive to the fluctuations of fuel price and referred to the 
price value of that time. 

Kestner [25] analysed engine sizing for two concepts that were ex
pected to represent 2020 standard (NASA N+2 time frame): an 
advanced direct drive turbofan (DDTF) and a geared turbofan. By 
surveying the trend for OPR in the last 35 years, the author reckoned a 
conservative value of 46 to be achieved nowadays, thanks to improve
ment in materials, combustor architecture, cooling and machining. The 
reference case was selected as Boeing 777-200 ER with General Electric 
GE90-94B engines, featuring a BPR of 8.80, FPR of 1.58, engine diam
eter of 3.124 m. Using a multidisciplinary simulation tool developed by 
NASA, EDS, a general trend on noise margin versus fuel burn for two 
engine concepts was derived. In general, DDTF achieved better noise 
levels, while GTA better fuel burn. On a best compromise configuration, 
the GTA resulted to have FPR of 1.462, BPR of 15.10, engine diameter of 
2.954 m, TSFC of 14.134 g/(kN s) and a gear ratio of 2.09. The DDTF 
counterpart had FPR = 1.492, BPR = 14.07, engine diameter of 2.944 m, 
TSFC = 14.259 g/(kN s). In contrast, the GE90-94B baseline had TSFC =
15.191 g/(kN s), with an engine diameter equal to 3.1242 m. The trend 
derived was in agreement with general observation that specific thrust 
decreases with FPR, leading to larger diameters and higher nacelle drag 
and engine weight, de facto setting an optimum value for BPR. 

In addition to geared turbofan, other technologies have been pro
posed for high BPR engines. Krishnan [12] compared the relative merits 
of two future architecture with GTA, a variable area nozzle (VAN) and a 
variable-pitch fan (VPF). A VAN allows to adapt the engine operating 
point to different flight conditions and can be used to keep sufficient 
margin to surge line. However, its installation on UHBPR poses ques
tions about the weight penalty. A VPF is conceived for the same purpose 
and could be more effective for UHBPR, for its placement near the axis is 
less sensitive to engine size. The baseline configuration had a BPR of 
11.63, a FPR of 1.45, a gear ratio of 2.5, TSFC of 16.145 g/(kN s) with 
fan diameter of 1.872 m. The reference aircraft was a 150 PAX 
single-aisle Boeing 737-800. The study concluded that VPF becomes 
superior to VAN at BPR 20-27. 

Aloyo [26] extended the previous analysis to a VAN GTA with 
nacelle-based thrust reverser and VHBPR, and a VPF with an 
aircraft-based thrust reverser. A preliminary performance study was 
conducted to size the vertical tail of a Boeing 737-300 like aircraft and 

Fig. 3. Variation of TSFC with FPR (a) and with BPR (b) of installed engines. Adapted from Ref. [14].  

Fig. 4. Graphical representation of Rolls-Royce UltraFan® engine. From 
Refs. [20]. 
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choose engine location compliant with geometric constraints, e.g. for 
ground and tyre distance, including weight of additional engine devices, 
like VAN and thrust reverser, which limit the engine size. After that, a 
FPR sweep from 1.2 to 1.8 at constant OPR of 46.301 was done to 
analyse relation between FPR and nacelle diameter, engine location, 
vertical tail area and fuel burn, among others. The study showed a 
minimum of fuel burn with a FPR around 1.5, and VPF attaining a lower 
minimum. With this value, the nacelle diameter was around 2 m. VPF 
was also studied at conceptual level by Yang [27], who used a 0D 
meanline code to assess the performance of an Ultra Fan engine, with 
BPR = 17.5, FPR = 1.33, OPR = 60, fan diameter 2.36 m. The author 
claims that pitch tuning offers a way of achieving the best efficiency and 
competitive SFC at different conditions, as well as an alternative throt
tling method combining stagger and rotational speed selection, leading 
to 1.5–2% improvement in cruise SFC. 

Daggett [28] presented a 2003 NASA research on Ultra Efficient 
Engine Technology (UEET), addressed to assess the performance of three 
advanced General Electric (GE) and Pratt & Withney (P&W) power
plants on a technology study airplane. The study is unique in defining 
optimum fan diameters for high bypass ratio turbofan, targeting 
2015-year UEET. A parent aircraft, Boeing 777-200 ER, with maximum 
take-off weight (MTOW) of 297556 kg, cruise speed of M = 0.84 and 
maximum range of 14250 km, was re-adapted with new optimised 
composite wing and baseline GE90-94B and P&W PW4090 engines were 
resized to lower operating empty weight (OEW) and improved aero
dynamics. Three UEET powerplants were then fitted onto the new 
baseline. The major difference between GE and P&W family was that the 
first featured an advanced direct drive counter-rotating fan, while the 
second had a geared fan on medium and big engine, the latter with VAN 
and advanced technology nacelle (ATN) using active flow control at lip 
and core-mounted thrust reverser. Details of the three configurations per 
type are summarised in Table 1. The UEET engine integration into the 
baseline airframe required some iterations to obtain optimal configu
rations, where changes affected both engine size and airframe. The final 
configurations were then compared to the baseline, to draw indications 
on engine giving the lowest block fuel consumption for a typical mission 
or a cost indicator, CAROC, including trip fuel costs, crew, maintenance, 
landing fees, ground handling, communications, ground power and 
overhead. For the P&W family, the optimal engine for fuel burn and cost 
was the medium STF1173, having a 15.79% reduction of block fuel use 
compared to the baseline aircraft. An equal outcome was found for GE 
family, with best fuel and cost engine laying between medium and large, 
at BPR around 11. In absolute terms, the cost indicator resulted similar 
for optimal engines of both families. The analysis was finally extended to 
different aircraft sizes: a small (162 seat, 10886 kg thrust) and a big 
(large 403 seat, 54431 kg thrust, low wing, twin engine). Among the 
three engines considered for both planes, the medium one appeared to 
be the best suited for the same previous criteria. In the small aircraft, 
BPR was 14.3 with an approximate fan diameter of 1.735 m, while in the 
big aircraft to the same BPR corresponded an approximate diameter of 
3.604 m. The summary of the project results are represented in Fig. 5. 

Bijewitz [29] presented a similar study of two evolutionary improved 

UHBPR turbofan engines for an entry-into-service of year 2035+, for a 
medium to long range advanced aircraft of 340PAX. One engine has a 
three-spool Direct Drive Turbofan (DDTF), whereas the other with a 
Geared Turbofan (GTA) (see Fig. 2). A detailed study of propulsive 
system architecture using an engine simulator was provided, similarly to 
Ref. [28]. They evaluated isolated propulsion system performance in 
terms of specific fuel consumption (SFC) for a broad range of design 
bypass ratio. In order to additionally capture the effects of the propul
sion system weight and drag on the fuel burn optimum design values of 
BPR, a trade-factor based study was conducted. It is found that the op
timum BPR and the relative improvement potential are dependent on 
the assumptions of the technology level, the associated component ef
ficiencies, the block fuel exchange rates for SFC, and the drag and 
weight. Apart from the fuel burn improvement potential, the fan size and 
specific thrust levels might also be dictated by the noise targets, which 
lead to the designs that do not necessarily coincide with the fuel burn 
optimum ones. For DDTF, the SFC was found to be strongly sensitive to 
number of LPT stages, as this is directly related to stage loading and 
efficiency, whereas GTA showed continuous decrease of SFC in the range 
of BPR examined. The summary of selected design configurations for the 
two concepts is reported in Table 2. The choice was motivated by 
attainment of minimum SFC, despite for GTA given the relative flat 
curve near optimum BPR of 23, a BPR of 19.4 was selected, bringing to a 
reduction of nacelle weight and diameter with little loss of efficiency. 

Berton [30] carried out an optimisation of engine independent 
design parameters for an aircraft of Boeing 737 class, including FPR, 
OPR, compressor work split, fan drive architecture (direct or geared), 
bypass nozzle type (fixed or variable-area) at a top-of-climb (TOC) 
condition of M = 0.80 at an altitude of 10668 m. FPR varied continu
ously between 1.35 and 1.70, whilst to settings for OPR were chosen as 
32 (“low”) and 42 (“high”), the latter selected in order to have 
compressor exit annular passage height of half an inch, approximately. 
Aircraft system performance was assessed using a series of NASA codes 
for engine thermodynamic cycle (NPSS), aeromechanical design and 
weights (WATE), aircraft syntheses and sizing (FLOPS), aircraft weight 
(PDCYL), noise (ANOPP). The baseline aircraft was derived from Boeing 
737-800 by an upgrade of expected future technologies (in 2015–2020 
perspective), like composite frame, improved aerodynamics and UHB 
engines. The outcome of the study suggested that low ramp weight, 
there used as a cost indicator, can be minimised by high-FPR (1.70), 
high-OPR, direct-drive turbofan, which are more compact and lighter, 
compared to low-FPR (1.36), high-OPR, geared turbofan, resulting in 
lower block fuel use. A best compromise solution for block fuel and ramp 
weight was also found, having a FPR of 1.48, gear-driven fan, OPR of 42 
and fixed area nozzle. 

In a follow-up analysis [31], the authors partially revised some of the 
assumptions of the first research, such as the thrust requirement was set 
at sea level and M = 0.25, BPR was calculated assuming jet velocity ratio 
of 1.6, loss models better accounted for engine architecture, LPT cooling 
was permitted. Two engine classes called “low work” and “high work” 
were defined, as regards the work split between LP and HP compressor, 
the former having lower pressure rise across LPC. OPR was fixed to 42 
and a range of FPR was investigated for three configurations: 
direct-drive low-work, direct-drive high-work, and high-work geared-
drive. Fig. 6 (a) shows the obtained relation between FPR and BPR for 
these three families, while Fig. 6 (b) illustrates the variation of TSFC vs 
FPR. Dotted lines connect to configurations for which design ground 
rulers leads to practicality issues, and shaded lines are referred to pre
vious analyses of [30]. Indeed, as FPR is decreased, BPR rapidly in
creases and the associated larger nacelle diameter (for GTA, it was 
2.316 m at FPR = 1.5 and 2.835 at FPR = 1.3) makes more difficult to 
accommodate the engine under the wing, only acting on landing gear 
height and without wing shearing. The relationship between TSFC and 
FPR is almost linear and the variation of TSFC is around 11% when FPR 
is reduced from 1.7 to 1.3. 

In terms of aircraft system, the outcome of the first study was 

Table 1 
Data for GE UEET engines [28].  

Engine Label Baseline GE90- 
94B 

GE58-F2 B7 GE58-F2 B6 GE58-F2 B5 

Fan Diam. [m] 3.124 2.552 2.758 3.137 
BPR 7.8 7.43 9.47 13.1 
FPR Design 1.46 1.8 1.65 1.45 
Nacelle L/D – 1.58 1.56 1.42 
Engine Label Baseline PW4090 STF1171 STF1173 STF1174 
Fan Diam. [m] 2.868 3.010 3.249 3.777 
BPR 6.2 11.5 14.3 21.5 
FPR Design 1.6 1.55 1.45 1.32 
Nacelle L/D – 1.25 1.25 1.10  
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confirmed in the trend. Low-work direct-drive engine with minimum 
block fuel had an FPR of 1.6 and BPR of 12.5, whereas minimum ramp 
weight was minimised with an FPR of 1.7 and BPR of 10.5, indicating a 
trade-off between maximum efficiency and minimum weight. A similar 
trend was found for high-work class, where lowest block fuel occurred 
for a geared, FPR = 1.5, BPR = 14.3 engine. The authors finally reported 
a direct comparison of all the configurations examined, showing the 
trade-off and the conflicting requirements. Although no single engine 
could simultaneously lead minimum block fuel, ramp weight, NOx 
emission and noise level, the high-work geared turbofan with FPR = 1.5, 
BPR = 14.3, TSFC = 14.219 g/[kN s], diameter 2.316 m, had a very good 
balance, attaining minimum fuel use and only slight increase of weight 
and nitrogen oxides emission, with still more than 20% reduction in 
cumulative EPNL noise level, relative to 737-800 baseline. 

Giesecke [32] carried out a thermodynamic and mechanical inves
tigation of an over-wing UHBPR for a regional aircraft (CRC 800) of 100 
PAX class with range from 2000 km to 2700 km and cruise at M = 0.78. 
The engine technology level was extrapolated for year 2025 and kept the 
same in the comparison of a BPR = 5 and a BPR = 17 geared turbofan, 
with a gear ratio of 3.3 and a FPR of 1.41. Table 3 illustrates the cycle 
design parameters for the TOC. The authors pointed out the benefits of a 
UHBPR for their configuration compared to low BPR, with a reduction of 
SFC of 18% at cruise condition. A VAN was also fitted to the larger en
gine, with area variation between − 5% and +15%. The adoption of the 
variable are nozzle led to a better component matching and higher surge 

Fig. 5. Summary of result of optimal engine selection for UEET NASA study. From Ref. [28].  

Table 2 
Summary of selected configurations for 2035+ UHBPR engines of 340PAX 
aircraft.  

Parameter DDTF GTA Δ [%]  

Engine Size 
Fan Inlet Diameter [m] 2.79 3.35 20.1 
Max. Climb Point 
Operating Condition M = 0.78, FL350, ISA 
Fn [kN] 56 
BPR 13 19.4 49.2 
FN/W2 [m/s]  119.7 83 − 30.7 
OPR [− ] 60 
TET [K] 1750 1750  
Gear Ratio [− ] n/a 4.0  
SFC [g/s/kN] 13.29 12.67 − 4.7 
ΔSFC [%]a  − 20.1 − 23.9  
ηc  0.607 0.609 14.2 
ηc  0.843 0.826 − 1.7 
ηpr [− ]  0.795 0.849 21.4 
Integrated Characteristics 
Total PPS Weight [kg] 7774 7648 − 1.6 
Nacelle Wetted Area [m2]  39.1 48.2 23.3 

ΔBlock Fuel (rel. to GTA) [%]  5.5 0.0  
ΔBlock Fuela [%]  − 26.7 − 32.2   

a (rel. to Year 2000 Technology). From [29]. 

Fig. 6. Relation between FPR and BPR (a), and FPR and TSFC (b) obtained in Ref. [31] for engine sizing of an advanced single-aisle transport (ASAT).  
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margin to the fan for certain operating points, reducing the fan noise up 
to 0.8 dB and the jet noise up to 2.2 dB. Compared to the fixed nozzle 
UHBPR engine with standard under-wing installation, the over-wing 
mounted VAN turbofan was claimed to bring an additional 1.7% 
reduction in fuel mass per mission and a 0.8% lower DOC. 

The five-year EU FP7 project ENOVAL, ended in June 2018, 
addressed low pressure system of UHBPR (12-20), ultra-high OPR (50- 
70) engines, targeting CO2 emissions in terms of fuel burn up to − 5% 
and engine noise − 1.3 EPNdB [33]. Three geared engines were sized for 
small to large aircraft and their main features are summarised in Table 4. 
The project analysed numerous components and aspects of modern 
turbofan, from low pressure ratio, low noise fan modules, including low 
pressure spool and power gear-box (PGB), to aeroacoustic technologies 
and components design, manufacturing and integration. Several exper
imental facilities and mock-up were used, in conjunction to advanced 
numerical methods. The wide number of topics examined and the results 
achieved, in terms of extension of technology readiness level (TRL) in 
many fields, are expected to have an important outcome in future engine 
systems. 

This overview of recent research on high BPR turbofan has delin
eated the framework in which future jet engines will be developed and 
the major design drivers to pursue the stringent environmental re
quirements of 2050. From the complexity of the problem, it has been 
shown by various authors that simultaneous attainment of cost and 
emission indicators is likely to be possible only in a Pareto optimal sense, 
in a way that the best configuration depends on which aspect is 
considered predominant, given the constraints and difficulty in retro
fitting a UHBPR on small/medium aircraft, without a partial redesign of 
the airframe. 

Nonetheless, in order to provide some quantitative reference values, 

a summary of examined turbofan for a small airplane of 150/180 PAX 
class, like Boeing 737 or Airbus A320, is here reported in Table 5. These 
turbofan were conceived in different times (leftmost columns came first) 
and with a different technology level, expected to become feasible 
nowadays, apart from ENOVAL. Looking at BPR, it appears to fall in the 
range 14–16, which was also found on large aircraft throughout the 
review. The FPR instead varies between 1.45 and 1.55, whilst the 
ENOVAL small engine has a value of 1.36. Indeed, it embeds advanced 
future technologies at whole propulsive system, which were not 
considered in the other studies, making the comparison not completely 
balanced. The fan diameter is around 2 m, up to 2.32 m for the second 
column. Larger engines are expected to be more difficult to integrate on 
wing frame. The OPR, also indicative of core technology level, varies 
from a more conservative value of 42, to a more aggressive value of 74.3, 
with an average around 50. 

For larger aircraft, of the 300PAX class, like Boeing 777–200 and 
Airbus A330, higher BPR can be more easily accommodated. A summary 
of reviewed research is reported in Table 6. The indications are in 
agreement with the previous ones, with scaled engine diameter now 
exceeding 3 m and the bypass in the range 14–16. According to Dagget 
[28], lowering FPR below 1.4 would result in further enlargement of fan 
size, and the increased nacelle weight and drag were found to offset the 
efficiency gain once the engine is installed. 

The data of this summary can provide indications on variable ranges 
to the reader that is interested in developing representative UHBPR 
engine concepts. In fact, in many studies addressing the several aspects 
of high BPR, it is necessary to derive engine models first, to provide 
suitable boundary conditions. A clearer view of typical parameters 
found in the literature for a target aircraft class can be useful to compare 
new designs or circumscribe the design space. However, the presence of 
opposite influences on the overall performance sets an optimum BPR 
and FPR, that can be identified only by a thorough consideration of all 
associated effects. As suggested by Bijewitz [29], future methodology 
should consider more in detail the implications of UHBPR on whole 
aircraft sizing, including aerodynamic surfaces and additional subsys
tem weight, and optimal flight envelope. 

2.2. Nacelle design 

Despite the complexity of all phenomena related to installation, the 
single components are typically first optimised for individual perfor
mance, allowing to apply established procedures in the decoupled 
design, where constraints other than aerodynamics can be more easily 
included. In particular, the design of the nacelle external cowl appears as 
a constrained problem where multiple operating conditions and geo
metric bounds must be considered [11]. Dagget [28] describes the main 
parameters defining the nacelle size. Among them, the overall length 
Lnac and maximum diameter Dmax are the most important. The latter is 
set by fan size, clearance requirements and need to incorporate all sur
rounding subsystems. The former, instead, can be tuned by the designer 
and sets the aspect ratio. In principle, it should be minimised to reduce 

Table 3 
Comparison of engine cycle data for low (BPR5) and ultra-high (UHBPR17) 
bypass ratio engines. From Ref. [32].  

Parameter BPR5 UHBR17 

BPR [− ] 5 17 
OPR [− ] 36 70 
TET [K] 1360 1750 
FPR [− ] 1.81 1.41 
N1 [RPM] 5750 9234 
N2 [RPM] 13788 18018 
GR [− ] – 3.3 
Nfan [− ] 5750 2806 
ṁtotal [kg/s]  120.4 201.3 
ṁbypass [kg/s]  100.3 190.5 
ṁcore [kg/s]  19.9 11.0 
ηcore [%]  51.8 56.9 
ηbypass [%]  73.7 82.4 
SFC [g/Ns] 16.31 13.26 
Δ SFC [%]  – − 18.7  

Table 4 
Reference engines for ENOVAL project [33].   

Small-Medium 
Turbofan 

Large 
Turbofan 

Very Large 
Turbofan 

Thrust take-off [kN] 85.8 252 340 
BPR (Mid Cruise) 16.2 16.2 16.0 
FPR (Top of climb) 1.36 1.51 1.41 
Configuration 1-Gear-3-8-2-3 1-Gear-4-11- 

2-4 
1-Gear-3-9-2-4 

Fan diameter [m] 2.03 3.17 3.84 
OPR (Top of climb) 54.7 73.0 59.0 
SFC (Mid Cruise) [g/ 

kN/s] 
13.98 13.73 13.47 

Engine weight [kg] 4000 10136 11625 
Gearbox max power 

[MW] 
20.2 45.7 77.4  

Table 5 
Summary of high BPR engines for a small 180PAX class aircraft examined in the 
report.  

Parameter Dagget 
[28] 

Guynn 
[31] 

Krishnan 
[12] 

Aloyo 
[26] 

ENOVAL 
[33] 

FPR 1.45 1.5 1.55 1.5 1.36 
BPR 14.3 14.3 – – 16.2 
OPR 74.3 42 51 46.3 54.7 
Fan Diameter 

[m] 
1.735 2.316 – 1.981 2.03 

GTA yes yes yes yes yes 
VAN no no yes yes yes 
TSFC [g/kN/ 

s] 
– 14.219 – – 13.98  
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the wetted surface, contributing to friction drag, but low Lnac/ Dmax 
nacelles tend to exhibit wave drag, due to high curvatures near the 
leading edge. An optimal trade-off exists, for which the total drag, the 
sum of wave and friction drag, is minimised. The metrics of interest for 
the cowl design include the drag at cruise condition (Dcruise), the drag rise 
Mach number (MDR) and the spillage drag (Dspillage). The first parameter 
is obviously associated to the fuel consumption required at cruise and 
should be minimised. The second is usually defined as the derivative of 
drag coefficient with respect to freestream Mach number. The third one 
is the drag response to variation in Area Capture Ratio (ACR) of the 
intake, the ratio between the highlight and the ingested streamtube area 
infinite upstream Ahighlight/A0. This value is highly dependent on the 
engine working point and flight speed, and changes from around 0.75 at 
cruise to become greater than one at take-off and low speed flight. The 
multiple operating conditions and metrics naturally specify a 
multi-point and multi-objective problem that can be best addressed 
using CFD and optimisation algorithms. 

Albert [34] presented a fully automatic procedure for nacelle and 
intake multi-point optimisation at cruise (M = 0.73), and static run (M 
= 0.05) for minimum peak Mach number. Explicit control on the 
maximum Mach number occurring in the external lip, in fact, limits the 
wave drag contribution. Lnac/Dmax values were between 0.9 and 1.1 and 
geometric parameterisation used Class/Shape Transformation (CST) 

[35], B-Spline and Super-ellipse polynomial model (SP). The CST led to 
best results, with peak Mach numbers at cruise reduced up to 14% in the 
external cowl. Christie [36] adapted this promising technique to nacelle 
parameterisation. A generalisation of intuitive Class/Shape Trans
formation (iCST) was employed for use of explicit physical parameters in 
mathematical geometry definition, via a transformation matrix applied 
to the standard CST, which is a generalisation of Bézier curves and 
adopts Bernstein polynomials as basis. A series of analysis and optimi
sation for nacelle and intakes at incidence are reported. Robinson [37] 
used the tool to carry out multi-objective optimisation for a fixed length 
nacelle. The three aforementioned performance metrics were minimised 
for two UHBPR engine architectures, with BPR around 17.7 and two- or 
three-shaft configuration, at M = 0.85. Different nacelle length consid
ered, for an advanced short and slim design with Lnac/RHL = 3.8 and the 
two-shaft engine, the outcome revealed that larger drag rise Mach 
number, that is the Mach at which the CD derivative exceeds 0.1, could 
be obtained at the cost of higher spillage drag. 

Tejero [38] used the same framework addressing a similar problem. 
Eight intuitive design variables were used to represent the nacelle cowl 
and CFD solutions with the κ − ω SST turbulence model were employed 
to quantify the same metrics as before. The CFD model was first vali
dated using data from axisymmetric cowls and an initial design space 
exploration was carried out for an aggressive short configuration with 
Lnac/RHL = 2.4. Fig. 7 shows Mach number contours for three nacelle 
samples and the initial Pareto frontier. The impact of upper surface 
curvature appears evident on the Mach distribution, possibly causing 
shock waves and associated drag rise. In a subsequent Design Space 
Exploration (DSE), the range of Lnac/RHL was extended from 2.4 to 3.0, 
with a total of 12 combinations of parameters describing the nacelle. 
The relative importance of the design variables was discussed and a 
feasible design space for each selected combination was individuated, 
providing general guidelines for shape factors of short and slim nacelles. 
The same author also reports a complex surrogate model with Gaussian 
Process Regression (GPR) based on the ordinary Kriging interpolation 

Table 6 
Summary of high BPR engines for a medium 300PAX class aircraft.  

Parameter Dagget [28] Kestner [12] ENOVAL [33] Bijewitz [29] 

FPR 1.45 1.462 1.51 – 
BPR 14.3 15.1 16.2 19.4 
OPR 74.3 46 45.7 60 
Fan Diameter [m] 3.30 2.954 3.17 3.35 
GTA yes yes yes yes 
VAN no no yes no 
TSFC [g/kN/s] – 14.134 13.73 12.67  

Fig. 7. Samples of short nacelle from initial exploration, with Pareto front and Mach number distribution. From Ref. [38].  
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method, using a quadratic regression function and an absolute expo
nential auto-correlation, that was adopted in order to improve and 
speed-up the convergence of the genetic algorithm, up to 25% compared 
to previous approach [39]. Fang [40] previously used the same combi
nation of CST + Kriging for axisymmetric and 3D nacelle optimisation. 
Heiderbrecht improved Response-Surface Model (RSM) construction by 
exploiting data self-similarities and orthogonal properties [41]. The 
adoption of elaborated tools based on automatic shape optimisation, 
statistical analysis and meta-modelling appears, therefore, to have 
become a standard in the multi-objective constrained design of nacelles. 

2.3. Intake design 

In addition to studies on optimal external cowl shape, other nacelle 
components appear to be affected by installation effects and requiring 
additional attention. In advanced aircraft configurations, in fact, the 
complete coupling between the engine and the airframe exacerbates 
their interaction, posing several issues on the engine design and oper
ation. The fan is the component most exposed to the external field dis
tortions and even in standard underwing engine installation the 
reduction of FPR enhances the sensitivity to external pressure and 
incoming flow field, which during ground operation can present 
distortion levels pushing the fan towards its stability limit. Correct 
determination of fan-intake interaction is, therefore, essential to predict 
the effective working condition of a flying propulsive unit. Several 
computational and experimental studies have been devoted to analysing 
the problem, either focused on the external aerodynamic side, or on the 
fan operating point. 

From an aerodynamic point, in fact, the intake must supply the en
gine with a clean flow with acceptable level of distortion throughout the 
entire envelope, while minimising external nacelle drag. The lip is the 
most critical location, as its design is a compromise between a slim shape 
with sharp leading edge, favouring the cruise, and a rounder shape with 
a thicker nose necessary at take-off to avoid separation and reduce 
distortion level. Similarly to the nacelle, the characteristic geometric 
parameter is the intake length to diameter ratio Lint/D. Typical designs 
exceed 0.55, while shorter intakes are sought to minimise the drag of the 
increased nacelle size. As Lint/D is reduced, the attenuation capability of 
incoming distortions is hampered, exposing the fan to operate closer to 
the stall point and to incur an efficiency drop. It is essential to capture 
the correct propagation of the fan effect and the distortion transfer 
through blade rows, in order to effectively design closely coupled fan/ 
intake systems. 

The flow field over an intake operating at incidence or crossflow is 
quite complex. The stagnation point moves well outside the highlight, 
causing a suction peak and a region of high Mach number, possibly 
resulting in a shock-wave, inducing a separation. Two vortices are 
formed in the lower lip, that are ingested by the fan. However, the rotor 
is able to keep its operating characteristics even in non-uniform condi
tions, inducing a flow redistribution to maintain a constant discharge 
condition, as long as the distortion is not too high to cause the blade stall 
[42]. Schulze [43] reported an extensive experimental investigation of 
scales dynamics of a stalled nacelle. A laminar separation bubble can 
form near the cowl leading edge, followed by a turbulent bubble just 
inside. The turbulent separation bubble is a highly unsteady phenome
non and gives rise to two counter-rotating vortices that are swallowed 
downstream by the rotor. The blade, therefore, sees a local change of 
incidence which can bring it closer to stall or induce aeromechanic 
excitation. Erbslöh [44] presented wind tunnel tests of nacelles at inci
dence, to study the potentials of energising boundary layer with air jets, 
to control separation. Oil flow visualization, depicted in Fig. 8, shows 
the complex flow pattern previously described, with a primary separa
tion line marked S1, two focal points F, a secondary separation line S2, 
and a saddle point S. Experimental assessment of nacelle sensitivity to 
ground atmospheric gust, characteristic of take-off/landing conditions, 
was carried out by Übelacker [45], who showed that distortions have a 

critical effect on both attached and separated flow regime, changing the 
mean phase-locked flow and fluctuation velocities in the nacelle, 
potentially affecting fan stability. 

The presence of the fan was found to cause an extension of 
separation-free operation and attenuation of distortion in the experi
mental campaign of Hodder [42]. Motycka [46] reported that the sep
aration angle is Reynolds number and configuration dependent. Larkin 
[47] indicated that the extent of separation delay was 3∘–4∘ relative to 
the flow-through case, based again on wind tunnel tests. Kennedy [48] 
studied the influence of fan modelling for CF34-3A turbofan engine, by 
comparing simulations with and without fan interaction with experi
mental data. The fan was confirmed to delay separation and reduce 
distortion level, causing a significant change in the path of ingested flow. 
Cao [49] carried out a systematic analysis of fan-intake interaction at 
different Lint/D ratios using a body force method, previously validated 
against uRANS. Confirming previous findings, at decreasing Lint/D the 
fan had the effect of either increasing the separation angle of attack or 
reducing the distortion level. At fan face, low sensitivity of separation 
level to Lint/D was reported. The suppression mechanism was attributed 
to the flow acceleration close to the casing caused by redistribution of 
the mass flow induced by the fan. This effect rapidly decays upstream of 
fan face, but is independent of Lint/D, explaining the constancy of 
reduction level and the lower sensitivity of fan presence for higher 
Lint/D. The separation delay was found to be 5 deg at Lint/D = 0.17, and 
zero for Lint/D = 0.44. 

The European project ASPIRE, involving several research centres and 
Airbus, investigated design methods for advanced nacelles of future 
UHBRP engines, using low pressure ratio fan installed on a short cowl 
isolated nacelle, with Lint/D̃0.30. Burlot [50] studied analysis methods 
with different fidelity, including low-order methods like actuator disk 
(AD) and body force model (BFM). The author concluded that a correct 
estimation of mass flow and fan pressure ratio can be obtained with 
simplified methods, but efficiency requires the use of full annulus un
steady simulation. Meheut [51] reported a code-to-code comparison 
between ONERA eLSA and DLR TAU and Trace for the same case, 
showing a good consistency. Stuerner [52] performed uRANS compu
tation, assessing the influence of time step size on the resolution. The 
drag on the external nacelle surfaces was also found to be sensitive to 
modelling technique when operating at incidence, indicating that flow 
non-uniformities in the ingested streamtube might become relevant also 
for the force acting on the external cowl. Moreover, the unsuitability of 

Fig. 8. Oil flow visualization of intake at incidence, showing separation lines 
and vortices. From Ref. [44]. 
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standard uniform engine boundary conditions to investigate specific 
intake states was remarked. 

Schnell [14] summarised a series of activities carried out at DLR 
related to short intakes and low pressure ratio fans. The V2500 two 
spool, FPR ̃1.7, BPR = 4.8 turbofan, powering A320, was simulated 
with 60∘ total pressure inlet distortion and compared with an FPR =
1.35, BPR ̃ 14 fan, designed at DLR and designated Fan135. As shown in 
other studies, the rotor blades crossing the distortion see an induced 
incidence that brings them operating closer to spill point, as shown in 
Fig. 9 left. A similar effect is viewed for low FPR fan, although the dis
torted characteristics are influenced in different ways. Sectors closer to 
the distortion boundary operate well beyond the steady-state stability 
margin, whilst for V2500 the local sector characteristics are less spread. 
More details of the comparison are provided in Ref. [53], where it is 
remarked that low FPR fan is subject to large variations of blade forces, 
which are challenging boundary conditions for the aeromechanic 
design. Furthermore, stronger incidence effects from the streamline 
curvature are observed and the distortion is propagated downstream 
with reduced attenuation, compared to high FPR fan. 

Peters [54] describes a computational framework for the evaluation 
of short intake nacelles for low pressure ratio fans, using BFM and 
uRANS. The author discusses the design practice driven by competing 
requirements at cruise and off-design, which are also different from top 
to bottom sections. Assessment of nacelle drag and fan performance on 
three configurations, with Lintake/D of 0.50, 0.25 and 0.19 showed that 
the combined effect of external drag and fan efficiency decrease, at 
lowering Lintake/D, determines a non-monotonic trend of propulsive ef
ficiency for Lintake/D between 0.25 and 0.50, suggesting the existence of 
an optimum inside this range. For Lintake/D = 0.25, the external drag was 
reduced by 16%, with an almost zero change in propulsive efficiency, 
relative to the standard cowl. Corroyer [55] presented a coupled 
fan/intake design optimisation with solid fan modelling using different 
numerical approaches, from Reynolds-Averaged Navier-Stokes (RANS) 
single passage to harmonic balance (HB) and uRANS. The optimisation 
focused on the intake shape but the objectives were the fan pressure 
ratio at take-off and its cruise efficiency, both found to be connected to 
the lip shape. The Fan135 was employed for the study, where crosswind, 
low speed and cruise were considered. In terms of numerical models, the 
simplest steady approaches were sufficient to capture the major flow 
features at incidence, but the unsteady content also responsible for fan 
performance degradation can be only obtained with time-accurate 
simulation, and partially with frequency-domain method. For the opti
misation, a short intake with Lintake/D̃0.34 was used, obtaining a 0.25% 
improvement of fan efficiency, but at the cost of slightly reduced take-off 
FPR, compared to the baseline long intake ( Lintake/D = 0.65). This 
outcome indicated that the performance of shortened intake systems can 
be recovered with proper design. 

The development of coupled design procedures is promoted by the 
investigations on future aircraft concepts, where the fan/intake inter
action is present throughout the whole flight envelope. Yu [56] carried 
out CFD simulations of engine/airframe interaction for the BWB300 
blended wing body, with two podded engines installed in the rearward 
of the fuselage, finding greater sensitivity at low speed and high inci
dence, but even at high speed the engine presence significantly changed 
the pressure field on the upper fuselage. Rodriguez [57] employed a 
multidisciplinary optimisation method for the design of a blended wing 
body engine intake, both for podded and BLI configurations. The engine 
fuel-burn rate was minimised by selecting a set of geometric design 
variables controlling intake shape or podded engine positioning. An 
engine performance simulator fed with CFD data provided the necessary 
objective function. Kim [58] tried to improve the engine/airframe 
coupling by using the engine simulator to provide boundary conditions 
at the discharge plane, as a function of fan face total pressure recovery. 
The intake of the NASA N2B hybrid wing body three embedded engines 
was then optimised using an adjoint solver, to reduce the drag by the 
elimination of a strong shock-induced separation first, and to minimise 
the distortion by reshaping the cowl diffuser, achieving a 12.5% 
reduction of distortion index. More recently, the same author published 
a similar study for N3-X hybrid wing body with sixteen fans in a mail-slot 
propulsor, modelled using a body force method [59]. The improved 
coupling compared well with full-annulus CFD simulations near the 
design point and allowed to replicate the fan effect consistently, far from 
choking, where BFM is known to suffer for transonic fans [60], allowing 
to optimise the cowl shape to reduce strong shock waves in the external 
part and decrease distortion levels. 

In conclusion, similarly to the external cowl, the intake has to fulfil a 
series of conflicting requirements, but its impact on the overall perfor
mance is larger as it is directly coupled to the engine operation. For the 
novel short intake configurations that are needed to limit the drag and 
weight penalty of large nacelles and allow an effective adoption of large 
BPR turbofan, the boundary condition modelling becomes more 
important, especially at off-design. For the novel aircraft concepts with 
embedded engines, intake/engine coupling is simply unavoidable. The 
huge computational cost of time-accurate simulations needed for a 
precise study of the fan-airframe interaction, however, is not affordable 
to be used as the core design tool, even because it requires a detailed 
knowledge of the engine assembly, which might not be already available 
at that stage. As understanding the actual working point of the fan, the 
correct mass flow rate ingested and the efficiency are crucial for low FPR 
UHBPR propulsor operating with BLI, in the last years a number of 
reduced order models based on the body force approach have emerged 
[61]. Despite the need for further improvement [62], at current state 
they represent the most accurate way for fan-intake coupling that can be 
affordable in terms of computational resources. 

Fig. 9. Instantaneous Mach contour of full annulus uRANS for high FPR V2500 and low FPR Fan135 turbofan. From Ref. [14].  
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2.4. Exhaust design 

Aft of the fan system is the exhaust system where the mass flow 
ingested by the engine is ejected into the free stream. The pressure forces 
acting on the exhaust surfaces are also affected by integration and 
determine a thrust variation that is either related to the sensitivity of 
nozzle operation to the discharge pressure, which occurs in the 
unchoked condition that can characterise UHBPR turbofans, and to the 
force on the nozzle cowls and afterbody, which is usually book-kept as a 
thrust component, falling within the streamtube [63]. The nozzle in
ternal drag is about 1.5–2% of engine thrust, amounting to 15-20 drag 
counts. The scrubbing drag introduces an additional 0.3–0.9% thrust 
loss on high-bypass nacelles [64]. Moreover, as the BPR is increased, the 
ratio between the gross and the net thrust increases, given the larger ram 
drag associated to higher mass flow rate, enhancing the engine sensi
tivity to variations of gross thrust. It is, therefore, essential to derive 
design tools that are able to accurately capture the flow field of the jet 
exhaust and the forces there acting. Also in this field, the employment of 
high-fidelity CFD models and advanced tools for geometry parameter
isation, design space exploration and data post-processing has become a 
common practice. 

Zhang [65] pointed out the accuracy requirements for thrust esti
mation from nozzle simulation. The relevant performance metrics of a 
nozzle are its velocity coefficient CV and its discharge coefficient CDisch. 
The first one is defined as the ratio between the actual thrust and that 
produced by an isentropic expansion to freestream pressure. The second 
is related to the ratio between the actual mass flow rate and that of an 
isentropic nozzle. For a CV = 0.99, a 0.1% uncertainty could cause a 
10% error on the internal drag. The accuracy of CFD solutions of nozzle 
flows was tested and improved throughout a series of AIAA Propulsion 
Aerodynamic Workshops [66–69]. The European research (FP6) project 
called VITAL [70–73] was intended to present the characterisation of the 
installation effects for a typical high BPR engine using advanced nu
merical and measurement techniques. The third part of this project 
aimed to obtain a better understanding of the link between the jet flow 
and the noise generation, to validate the methods for computing the flow 

field and the noise sources for industrial configurations, and to assess the 
benefits of a serrated nozzle installed under a wing. Dezitter [71] 
assessed the CFD solvers for predicting the aerodynamic flows of 
different nozzles installed under the wing. The density gradient and 
compressibility corrections were introduced into the SST κ − ω turbu
lence model to better capture the physics related to high-speed hot jet 
flows. A high order discretization scheme and error estimation tech
niques were evaluated to increase the numerical accuracy. The CFD 
solvers were found appropriate for capturing the installation effects. 

Goulos [74] presented an integrated framework for separate-jet 
nozzle design, called GEMINI, comprising a geometrical parameter
isation module, stochastic methods for design space sampling, 0D 
models for engine thermodynamic analysis, CFD model for thrust and 
performance figures calculations, summarised in Fig. 10. The compu
tational tool was first validated for a small TPS test case, with sufficient 
agreement. Subsequently, two engines representative of future archi
tectures were considered, featuring a bypass of 16 and 11, respectively. 
The geometry of nozzle duct, core cowl and afterbody were varied using 
CST parameterisation, to find the sensitivity of performance metrics 
with respect to the physical dimensions and derive suitable design 
guidelines for the interdependencies of the eleven variables considered. 
In a subsequent study with the same engines [75], a response surface 
model based on Kriging interpolation was built from a DOE, showing an 
average reconstruction error of 0.567% for net thrust of the larger BPR 
= 16 engine. The RSM was employed for optimisation of overall velocity 
coefficient (core + bypass), reaching a 1.4% increase in net thrust for 
that turbofan. Analysis of the optimised shapes and design variables was 
found consistent with previously derived guidelines, proving the ability 
of the framework to identify the main mechanisms responsible for 
exhaust system aerodynamic performance. Giangaspero used Kriging 
and RBF models for generation of RSM of exhaust performance metrics, 
reaching estimated average errors within the accuracy found in litera
ture relating CFD to nozzle experiments [76]. Goulous [77] also studied 
the influence of fan OGV exit flow radial profile on axisymmetric con
figurations, achieving improvements on the velocity coefficient up to 
0.19% compared to uniform radial inflow, depending on the profile 

Fig. 10. Overview of the GEMINI framework for exhaust system design and optimisation. From Ref. [74].  
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distribution, which was also optimised in combination with the exhaust 
geometry. 

Otter [78] studied the impact of non-axisymmetric exhaust lines on 
net propulsive force, obtaining variations from 0.12% to − 0.28% rela
tive to axisymmetric shapes. The best improvement was achieved with a 
5% reduction of top and bottom line radius with respect to the sideline, 
as this gave rise to a reduction of post-exit streamline curvature and an 
increase of the favourable, i.e. thrust aligned, pressure force on the 
afterbody. 

Wang [79] assessed the FNPR, CNPR and swirl angle influence on a 
nacelle system for a BPR 10 engine via CFD, finding a positive instal
lation effect on nacelle drag due to increased pressure force on the 
exhaust cowls. Augmented FNPR and CNPR reduced the total drag co
efficient up to 32.4%, when FNPR was changed from 2.2 to 2,6, whilst it 
was unfavourably affected by swirled flow exiting the fan stage. 

Wang [80] performed LES on an UHBPR jet exiting from an isolated 
serrated nozzle, to predict near-field turbulence and far-field acoustics. 
Tyacke [81] continued the study in the installed case using LES-RANS, to 
produce a large high-fidelity validated aeroacoustic database of installed 
engines. Among other problems, indeed, noise generation is becoming a 
key area of technology improvement, with the constant enlargement of 
civil aviation volume, and it is another aspect influenced by mutual 
interaction of aircraft components. 

3. Computational approaches for engine installation effect 

In the previous sections, the main studies related to the design of 
UHBPR engines in terms of engine cycle and nacelle components have 
been reviewed, showing the progress made in the tools used for the 
design and analysis of complex subsystem, where a number of variables 
having an opposite influence on the individual performance is present. 
Notwithstanding the high level of accuracy reached by the computa
tional models and the guidelines that can be derived using data reduc
tion methods from statistical analysis, in the framework of UHBPR it is 
emerging a larger importance in the overall system performance, as 
gains in individual elements can be offset by losses caused by integration 
or deviation from nominal operating point. It is, therefore, mandatory to 
apply the same advanced tools used for the design of each component 
also for a more detailed evaluation of the interference generated in 
engine-airframe coupling. To this purpose, a careful examination of the 
flow phenomena characterising the aerodynamics of installed aeroen
gines can be carried out. Harris [82] reported a large number of effects 
brought about by installation. On the nacelle lip, the wing potential 
effect causes upwash and sidewash of the velocity field, changing the 
stagnation point position and the spillage drag, consequently. On the 
rear part of the cowl, the wing circulation induces pressure gradients 
affecting the flow development. The pylon leading edge flow is also 
sensitive to wing flow redistribution, and in the inboard and outboard 
channel local supercritical regions can cause shock waves and detach
ment. The nacelle itself causes wing lift redistribution and change in 
pressure distribution, with shock-waves shift, modification of wave and 
lift-induced drag. On the exhaust, over-expanded fan jet flow can 
interact with nozzle cowl and afterbody surfaces, changing pressure and 
friction drag, with possible strong shock termination. In addition, the 
flow over the high-lift devices or additional nacelle subsystem, like 
thrust reverser, can interfere with the jet, either changing lift and drag, 
or inducing nozzle flow suppression and possible thrust modification. 

3.1. Thrust/drag bookkeeping 

The quantification of this complicated pattern of multiple effects can 
be performed with the aim of CFD tools, after a consistent thrust/drag 
bookkeeping (TDB) approach has been established. In a thrust/drag 
bookkeeping procedure, the forces acting on the powered vehicle are 
decomposed and attributed to the drag or to the thrust domain. 
Although this difference is somehow arbitrary, by convention the engine 

manufacturer takes care of everything occurring within the streamtube 
ingested by the propulsor, while the airframe engineer is competent at 
external flow. AGARD [63] and SAE [83] described in-flight thrust 
determination, reporting general principles for force decomposition that 
can be applied in numerical simulations as well as experimental testing. 
Fig. 11 shows the control volumes employed for thrust and drag calcu
lation for a powered configuration. The balance between the thrust and 
drag domains can be used to determine the acting forces. 

By using the impulse function FGi = ṁivi + Ai(pi − p0) and setting 
φ =

∫
[(p − p0)n̂ +τ ⋅n̂]⋅dA the force integral on a direction parallel to the 

freestream velocity, the quantities reported in Table 7, referred to 
Fig. 12, can be defined, according to a common scheme in the literature 
[63,83]. The core cowl, the core nozzle plug and the portion of the pylon 
scrubbed by the jet exhaust fall within the thrust domain and are 
accounted for as reduction of thrusts (indicated by θ), which are 
included in the modified gross thrust definition. 

With a proper decomposition of forces established, their extraction 
from CFD simulations can be performed. There are two principal ap
proaches to compute the drag, in particular, for a CFD solution. The first 
is called the near-field method and it involves the direct integration of 
the mechanical forces acting on a geometry, namely the pressure and 
viscous forces. Zhang [65] presented a TDB method for separated 
dual-flow nozzles of a turbofan, with focus on nozzle metrics. Christie 
[21] proposed a modified near-field TBD procedure to avoid interpo
lating forces on highlight plane and captured streamtube. Robinson [85] 
compared the approach with wake momentum loss from wind tunnel 
tests. 

In contrast to near-field, which is a fast and direct method suitable 
for automatic drag extraction in DOE or optimisation, but suffers from 
data interpolation and numerical dissipation errors, there exist a second 
approach, called the far-field method, which is based on the law of 
conservation of momentum, formulated with variables in volume cells, 
e.g. Refs. [86] or, alternatively, on a survey plane located in far down
stream wakes. Whilst in the near-field methods the drag components are 
the pressure and the viscous ones, in the latter several definition of drag 
forces are given, for instance: 

• Viscous drag (irreversible): caused by the irreversible thermody
namic process of the loss in viscous boundary layers  

• Wave drag (irreversible): caused by the irreversible process across 
shock waves  

• Profile drag (irreversible): the sum of the viscous and wave drags  
• Induced drag (reversible): caused by the reversible thermodynamic 

process of vortices in the wake 

Fan [87] presented a review of these methods, among which several 
sub-approaches can be identified, relying on different physical 
quantities. 

3.1.1. Isentropic wake-plane methods 
The first concepts of far-field methods were based on isentropic 

wake-plane [88] and applied to assess aircraft profile drag in wind 
tunnel experiments. In contrast to the near field method that integrates 
the forces on the body surfaces, the far-field method by Betz is to 
formulate force integrals on a survey plane in the wake that is normal to 
the streamwise. The integral terms are associated with the total pressure 
loss and isentropic velocity. For an accurate drag estimation, the survey 
plan position is far from the body to align with the Trefftz plane, where 
viscous losses are negligible. This method is only valid for steady 
incompressible flow. The limit of Betz’ method due to the Trefftz plane 
was resolved in Ref. [89]. In addition to the profile drag, an improved 
far-field method was proposed by Maskell to extract the induced drag 
and lift in the far downstream wake plane [90]. 
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3.1.2. Entropy-based wake-plane methods 
Oswatitsch [91] first adopted an entropy equation to deduce the 

profile drag in steady compressible flow. The survey plane for entropy 
changes in the wake is also required to position far downstream from the 
body. Giles [92] proposed to relate velocity deficits to stagnation 
enthalpy and entropy in the Trefftz plane. The profile drag is then 
derived. van der Vooren [93] derived velocity deficits in connection 
with irreversible effects, such as viscous losses and shock waves, and 
reversible isentropic vortices. Kusunose [94] developed a far-field 
method for power-on configurations, for which powered propulsion 
systems are installed onto aircraft, based on a small perturbation theory. 

3.1.3. Entropy-based phenomenologicals methods 
Paparone [95] put forward to formulate the streamwise velocity as a 

function of perturbations of entropy, total enthalpy and pressure. By 
expanding the formulation into Taylor series, different drag contributors 

are identified. The high order terms are neglected, while the second 
order reserved to extract the viscous drag. The formulation breakdowns 
the drag into the viscous, wave, and induced drag components. In a 
numerical simulation, apart from the entropy that is physically gener
ated inside the viscous and shockwave zones, artificial entropy exists 
throughout the whole computational domain due to numerical dissipa
tions. The artificial entropy also leads to drag on the body and is 
included in the near-field/far-field balance. The spurious drag can be 
obtained by integrating irreversible velocity deficits within a volume 
which is outside the viscous and the shockwave volumes, which are 
identified in reference to numerical sensors, reviewed in Ref. [96]. In 
addition to the mesh quality, studies have been performed to analyse 
other spurious drag contributors such as boundary conditions, domain 
size, and subcritical and transonic flow regimes [97,98]. The method 
proposed in Ref. [95] was utilized to extract the drag for the NASA 
common research model (CRM) [99]. Tognaccini [100] extended this 
method to extract the thrust for powered configurations in addition to 
the drag. Destarac [86] proposed a concept of irreversible streamwise 
velocity for the viscous and drag integrals, as well as the spurious drag 
integral. The method has been exanimated in many applications, for 
example, the NASA CRM wing body with a horizonal tail [101]. 

Local phenomenological far-field methods are featured of 1) 
decomposing drag components in terms of physical flow phenomena; 2) 
discerning drag sources; and 3) eliminating the spurious drag by means 
of tailored control volumes for the drag integrals. In addition, mesh 
quality is examined in terms of the spurious drag. Vos [102] showed 
reduced grid sensitivity and 20 dc differences for NASA CRM of DPW-IV 
for far-field methods, compared to the near-field. The same case was 
studied in Ref. [103,104] with similar conclusions. Deng [105] 
confirmed the better drag result for CRM using far/middle-field. As a 
drawback, a number of manual adjustments to tune the sensors deter
mining the volumes interested by viscous, shock and artificial dissipa
tion losses are required. The cut-off parameters of the sensors that are set 

Fig. 11. Control volumes for TDB of powered nacelle. From Ref. [65].  

Table 7 
Force definitions for TDB [63,83].  

Quantity Definition 

Gross thrust FG = FG9 + FG19  

Standard net thrust FN = FG9 + FG19 − FG0  

Overall net thrust F′
N = FG00 − FG0  

Ram drag FG0  

Pre-entry force φpre  

Post-exit force φpost  

Nacelle cowl drag φnac  

Core cowl drag θcc  

Afterbody plug drag θplug  

Pylon scrubbing drag θpylon  

Modified gross thrust F∗
G = FG + θplug + θcc + θpylon   

Fig. 12. Installed powered nacelle force decomposition for TDB. From Refs. [84].  
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to identify viscous and wave drag sources have been empirically 
determined. As reported in the literature, the parameters are general for 
various mesh quality and numerical methods. Nonetheless, identified 
source regions are extended with a margin of several layers of mesh 
cells. Due to the volume integrations over a large number of mesh cells, 
the computational time and memory costs of them are larger than other 
drag bookkeeping methods. Furthermore, to date there are no criteria 
that explicitly set up sensors for the induced drag sources, although the 
sensors for the viscous and wave drag have been clearly described with 
equations and validated with CFD simulations. 

3.1.4. Exergy-based phenomenologicals methods 
A far-field method based on the thermodynamics first and second 

laws was proposed by Arntz [106]. Energy is decomposed into exergy 
and anergy [107]. The exergy can be converted to work, while the 
anergy is irreversible and useless. Thisexergy-based method by Arntz 
was applied to analyse the aerodynamic performance of powered civil 
aircraft configurations, for which the flow was simulated using RANS 
equations. One of the configurations is a boundary layer ingesting (BLI) 
propulsion system for a blended wing-body aircraft. In Arntz’s method 
the shockwave region is required to identify within a control volume. 
This cannot be realized in WT tests. In recent studies [108,109], the 
problem was tackled by replacing the volume integral with a surface 
integral over a downstream survey plan using Kusunose’s drag book
keeping method [94,110]. It was found that the survey plane is ideally 
placed more than one chord lengths downstream of the body, but this 
distance must be less than 3 or 4 chord lengths. 

3.1.5. Vortex-force methods (Lamb-vector method) 
The connections between vortex forces, lift and drag, were derived 

for incompressible flows by Wu [111]. The vortex forces are related to 
the Lamb vector I = ω× u, with ω = ∇× u the vorticity. Since the 
unsteady Navier-Stokes equations are used in the derivation, the method 
is generally applicable to the force breakdown for both steady and un
steady flows past either stationary or moving/deformable bodies. In the 
study by Marongiu [112], this method was extended to decompose 
time-averaged forces in high-Reynolds number flows based on steady 
flow statistics, which were obtained using RANS CFD simulations. 
Moreover, this study addressed the connection between the vortex force 
and the induced drag. 

Wu’s method is only valid for incompressible flow. This limit was 
resolved with compressible correction by Mele [113]. The force volume 
integrals in the vortex methods adopt an arbitrary control volume, 
where the vorticity is not negligible. For the surface integral of the 
profile drag in this method, the far-field boundaries of the control vol
ume are utilized. This strategy for setting up the control volume of the 
vortex methods is different from those of the wake-plane and phenom
enological methods. The wake-plane methods employ a far-field 
downstream survey plane. The plane is restricted to coincide with the 
Trefftz plane, or with a moderate limit that the flow between the plane 
and the Trefftz plane. The phenomenological methods utilize local vis
cosity sensors to identify the control volumes. 

3.2. Computational modelling of integrated engines 

The assessment of installation effect can be carried out by comparing 
the force obtained by superimposition of individually operating com
ponents with the force acting on the overall assembly, which is split into 
wing body (WB), Pylon (P), and Nacelle (N):  

• Installation effect = [ Wing Body Nacelle Pylon ] - [ Wing Body ]             

The traditional workflow for engine integration relies on the design 
of aircraft components based on isolated analysis and successive 
assembling to evaluate interference effects [114]. In that phase, changes 
to the orientation and positioning of nacelle with respect to wing, as well 

as partial redesigning of the interfaces, are used to mitigate the inter
ference and comply with other constraints, defining an interference 
boundary where the nacelle should fit. This is set by safety and main
tenance criteria, such as ground clearance, nose-gear collapse, engine 
failure. 

In the past, due to the inadequacy of numerical tools, the quantifi
cation of engine installation penalties was assessed primarily in wind 
tunnel tests [8,115,116]. This will be examined more in detail in the 
next section. Here, the main numerical tools developed over the years 
are reviewed. Important projects tackling the effect on UHBPR on 
installation performance were conducted within European initiative led 
by DLR and ONERA starting from the 90’s in the projects DUPRIN-I, 
DUPRIN-II, ENIFAIR and AIRDATA [6,9,116–120], where computa
tional simulations of increasing fidelity were performed parallel to wind 
tunnel tests. Rossow [117] compared results from experiments and Euler 
calculation for DLR-F6 wing model installation effects. The installation 
drag at M = 0.75 and CL = 0.5 was measured in 42 drag counts (1 dc =
0.0001), amounting to 14% of the total. A detailed description of the 
flow field variation due to the throughflow nacelle is provided. Despite 
the inability of the inviscid computation to correctly replicate the 
pressure distribution and in particular the shock wave position, in the 
pylon/wing junction and nacelle cowl good agreement was observed. 
Inboard of the pylon, the close nacelle mounting and the streamline 
curvature induced by wing sweep create a region of local acceleration in 
a narrow gulley formed by wing, nacelle and pylon, where supercritical 
conditions are formed and terminated by a shock wave in the wing lower 
side. Near the rear of the pylon, the pressure recovery on the wing lower 
side can induce adverse pressure gradients promoting separation. On the 
wing upper side, the nacelle reduces the local incidence, causing a for
ward shift of shock wave position over the whole span. Extension of the 
study using a viscous solver with Spalart-Allmaras turbulence model and 
unstructured grid up to 8.5 M nodes is reported in Brodersen [121], 
where the same wing body was tested with different nacelles, including 
one for a VHBPR engine. Compared to experimental data, the total drag 
found in simulations showed an offset of approximately 16 dc, but at 
reference lift the differences due to nacelle position could be measured 
within 2 dc accuracy. The installation drag was consistent with wind 
tunnel values and for a conventional CFM-56 long nacelle amounted up 
to 30 dc. A slight overprediction of flow acceleration near wing nose and 
on the lower side close to the pylon inboard side was found in numerical 
simulations. This effect was systematic for all cases but did not deteri
orate installation drag prediction and the outcome of the engine posi
tioning study. Within the same EU programme, Rudnik [9] compared 
installation effect for three engines of BPR 6, 9.2 and 15.7, using a Euler 
code plus 3D viscous boundary layer corrections on the DLR ALVAST 
wing body, resembling an Airbus A320. The UHBPR caused the largest 
upstream shock movement on wing upper side due to reduced local 
incidence and lower side acceleration for the jet passing close to the 
wing. In addition, it also exhibited a higher spanwise lift loss, compared 
to lower bypass engines. 

Another valuable experimental and numerical database for aircraft 
and installation modelling comes from the large experience from a series 
of AIAA Drag Prediction Workshops (DPW) [122], began in 2001. The 
success of the initiative led to the design of a modern aircraft body for 
long haul applications, named NASA Common Research Model (CRM) 
[123,124], that has been chosen as reference geometry starting from the 
fourth workshop and used in several CFD and experimental studies at 
different flow regimes [99,125–132], becoming the current baseline 
geometry in most UHBPR studies. The second DPW first addressed the 
integration effect for DLR-F6 wing body with axisymmetric long 
throughflow nacelles similar to CFM-56, used in the aforementioned EU 
programmes of ’90s. The aircraft model was known to have pockets of 
flow separation at wing root and wing/pylon junction, for which it was 
difficult to draw meaningful conclusions on drag increment and estab
lish systematic grid convergence. Experimental tests at DLR and ONERA 
recorded an increase of 43 drag counts at M = 0.75 and CL = 0.5, whilst 
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RANS numerical simulation from the same research centre estimated a 
variation from 41 to 48, depending on the grid level [133]. Drag 
breakdown also indicated a higher sensitivity of inviscid drag to angle of 
attack, but a low sensitivity of the same component to installation. 

After changing to CRM geometry, a more systematic a uniform 
approach could be adopted for data comparison and grid convergence 
[134], providing precise gridding guidelines and topologies. A review of 
the results for all the DPWs is given by Tinoco in Ref. [135], reporting 
issues and inconsistencies across the participants and giving recom
mendations for future elaborations. In DPW-VI, the differences in WB 
drag from a medium to an extrapolated infinite resolution grid was in 
the order of three-four drag counts. The author, however, points out how 
direct verification of the absolute drag value is not achievable, and 
rather differenced should be accurately computed. Fortunately, the 
average drag increment from WB to WBNP converged to the experi
mental value of 22.8 ± 1.2 dc. As engine diameters are expected to in
crease in pursuit of improved propulsive efficiency, the engine 
installation becomes an increasingly important concern. Therefore, the 
knowledge of the installation effects at the preliminary design stage is 
crucial for facilitating timely and informed decisions on the design of the 
engine cycle, nacelle, and airframe integration. A key element in the 
development of future civil aircraft is robust assessment of the mutual 
interactions and, furthermore, the thrust and drag characteristics of the 
combined engine and aircraft configuration. The experiences from the 
DPWs are useful to develop computational tools and to assess the nacelle 
installation interference drag for a typical civil transport configuration. 

In that respect, numerical results obtained at ONERA using the 
proprietary finite volume code elsA with Spalart-Allmaras turbulence 
model for the DPW-VI are presented by Hue [136]. The farfield drag 
extraction method employed by the authors allows to distinguish be
tween several physical drag components, helping to delineate the prin
cipal flow mechanism altering isolated components performance during 
coupled operation. At CL = 0.5, the total drag coefficient reported was 
138.5 dc, in close agreement with experimental data from the same 
institution [101], where model displacements were recorded and 
considered during CFD analysis in DPW6, as it is mainly the twist 
variation responsible for drag increment between stiff and deformed 
versions, because of variation of span load, pressure field and shock 
position. At outboard wing section, however, the comparison between 
CFD and wind tunnel was worse, with overprediction of aft loading 
found in experiments. In addition, this data appeared dependent on 
turbulence model formulation, linear Boussinesq hypothesis versus 
Quadratic Constitutive Relation (QCR) [137] for turbulent stresses. 
Analysis of drag breakdown from Wing Body (WB) to Wing Body Nacelle 
Pylon (WBNP) configurations showed that the overall increase found 
was 21.8 dc. Of this increment, almost 17 dc come from the friction drag, 
due to increased wetted surface when the pylon and throughflow nacelle 
are installed under the wing. The remaining 5 dc are due to viscous 
pressure drag, defined as the part of the viscous drag that is not due to 
the friction, caused for instance by displacement or flow separation. A 
closer local inspection reveals that the spanwise lift distribution has 
locally changed near the engine station, but in a way that the sum is 
almost untouched. In particular, the shock wave position in the inboard 
side is mostly affected, with an anticipation of 10–15% of chord at 
28.3% of span. Fig. 13 illustrates the spanwise distribution of drag 
components, making evident that apart from local increase of friction 
drag near the engine, two bumps are produced in the inboard side for the 
viscous pressure drag, amounting to +5 dc. Minor separation is also 
present at pylon trailing edge, while a side-of-body (SOB) separation at 
wing-fuselage junction is predicted by standard turbulence models, but 
not found in experiments. The extent of this separation bubble was also 
sensitive to the turbulent stress formulation and must be reviewed in 
future elaborations. 

For the powered-off nacelle, therefore, the major effect related to 
drag increase, excluding the higher friction on the larger wetted surface, 
is the modification of the flow path resulting in shock wave 

displacement, boundary layer thickening and consequent variation of 
the pressure field on the wing. In the powered-on condition, instead, 
there are two main effects to be considered: the change in drag caused by 
modification of the flow field around wing and nacelle and the change of 
thrust caused by variation in velocity and discharge coefficient of the 
nozzles. These two effects are usually studied separately. It must be 
recognised, however, that this is not completely physical, since any 
change in the engine operating point is reflected by a change in the 
streamtube ingested by the intake, causing spillage drag to appear and 
thrust variation. For the limitations of current computational ap
proaches and in standard practice, nonetheless, the intake and the 
exhaust are designed by different specialists and as such their analysis is 
uncoupled. Zhaoguang [138] reported equations to specify boundary 
conditions at fan face, based on isentropic expansion from freestream to 
highlight, and nozzle plane, based on engine total pressure and tem
perature ratio, when these two boundaries are imposed separately. He 
also studied the jet interference on DLR-F6 wing at different power 
setting. At cruise, the main change is a flow acceleration and pressure 
reduction on the wing lower side, close to the engine axis, causing a 
global reduction of 0.013 in Cl and increase by 0.005 of Cm. The major 
differences occurred in the high-lift configuration at take-off power, 
with the lift slope increased and the pylon outboard region pressure 
distribution most affected. Zhang [65] performed viscous calculation of 
powered nacelle for a twin regional aircraft at cruise Mach number of 
0.785, ensuring mass flow continuity between fan face and nozzle 
planes. Compared to an equivalent throughflow nacelle, a simultaneous 
lift loss and drag rise could be noted. The uncertainty on thrust loss due 
to nozzle velocity coefficient was estimated to be 2 dc, whilst the pylon 
drag was 4.9 dc. The jet interference with the wing lower side caused the 
appearance of increased suction, close to the engine axis. A region of 
local flow acceleration is visible in Fig. 14, comparing the throughflow 
with the powered case. 

3.3. Nacelle position and optimisation studies 

An important topic on engine integration is the optimal positioning 
of the wing-mounted nacelle, which has been addressed by several au
thors, assessing the sensitivity to drag and thrust with nacelle location. 
An interesting source describing the workflow, the activities and the 
methods for propulsion integration on Boeing 777 is the conference 
paper of Berry [139]. The author enumerated a number of aerodynamic 
and non-aerodynamic requirements driving the powerplant installation. 

Fig. 13. Friction (CDf ), viscous pressure (CDvp) and wave (CDw) drag spanwise 
distribution for WB and WBNP for NASA CRM at M = 0.85, Re = 5× 106. 
From [136]. 
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Among the first, the nacelle size and position affect wing shape, drag 
figures, local wing circulation, wing span loading and structure, strut 
contours and weight, vertical tail size, and noise emission. 
Non-aerodynamic criteria are related to ground operation and safety. 
The maximum engine size is limited also by ground, runaway, taxing 
and airport gate clearances. Sufficient roll clearance must be kept for 
crosswind landing and flat tires, while vertical ground clearance must be 
enough to avoid engine scraping in the event of nose gear collapse. The 
spanwise location must also consider passenger door escape slide, 
loading ramps, suction and blowing zones, turbine disk bursting zones, 
nose gear water spray cone. Fore/aft nacelle position influences wing 
aeroelastic response and structural elements sizing. Vertical position 
must cope with jet interference on the wing, the trailing edge deployed 
flaps and the horizontal tail plane. The actual bounding zone for nacelle 
installation is, therefore, limited by a series of constraints that can be 
introduced in the form of lateral bounds to the design variables for en
gine positioning analysis. 

Experimental and computational studies on the influence of engine 
position on installation drag were performed during the aforementioned 
EU initiatives of the ’90s, including VHBPR and UHBPR models. Rossow 
[118] reported an inviscid study of variation of nacelle location for a 
BPR = 11 and BPR = 23 engine on DLR-ALVAST body. The different 
dimensions of the models led to different choice of mounting distance, 
which is given throughout all this paper as from Fig. 15, computed from 
wing leading edge to nacelle trailing edge and with horizontal 
displacement positive in the downstream direction. For the VHBPR, 
reducing the horizontal distance from the wing resulted in a progressive 
upstream shift of the upper surface shock wave and reduction of flow 
acceleration on wing lower surface. These two effects compensate each 
other, such that the global lift was little affected. Overlapping of nacelle 
and wing (a positive x/c value) further reduced the effect on the upper 
wing, whereas the lower surface showed an enhanced interference, with 
a flow acceleration in the first 15% of chord, inboard of the pylon. The 

same behaviour on the lower side was continuously seen when the 
UHBPR was horizontally moved towards the wing leading edge. The 
wing suction side remaining unaffected, the flow acceleration on the 
lower surface and the adverse pressure gradient were not compensated, 
with the lift always penalised. The sensitivity of vertical position, 
instead, resulted much lower, possibly realising a closer coupling with 
the wing helping to respect ground clearance. These findings are 
confirmed in Ref. [9], although it is concluded that due to the influence 
of the exact nacelle shape and geometric factors, a general rule cannot be 
drawn. Nonetheless, the indication is that a forward movement can 
alleviate interference and vertical gap is of limited importance. Exper
iments and RANS verification for the same wing body using VHBPR 
turbofan highlighted a reduction of 2 dc in installation drag by aligning 
the nacelle trailing edge with the wing leading edge and a larger 
sensitivity at low Cl [121]. 

Oliveira [114] presented results of integration study for Embraer 170 
aircraft using 3D Euler solutions, deemed to be conservative in terms of 
pressure coefficient alteration caused by engine assembly. The jet 
interference on the lower wing surface were remarkable, causing two 
suction peaks at about 30% and 60% of chord, respectively, close to the 
pylon. The upstream movement of the engine had an opposite impact on 
the peaks, alleviating the first one but slightly increasing the second. 
This set an optimum value to minimise both of them, which are, instead, 
less sensitive to the vertical distance from the wing. Due to the change in 
wing circulation and nacelle upwash, in addition, a small toe angle is 
also necessary to align the relative flow to the highlight plane at cruise. 

Sibilli [140] reported the implementation of a propulsion system 
integration (PSI) module, applied to two new engine concepts from 
NEWAC EU project, a three-shaft direct-drive high bypass ratio turbofan 
with an intercooled core, and a two-shaft geared high bypass turbofan 
with actively controlled core. The numerical tool was devoted to 
quantification of net propulsive force influence of engine positioning. 
Nacelle and exhaust were designed according to engine specifications 
for size, BPR, mass flow rate, thrust and total status at nozzles. Nacelle 
was designed according to NACA standard procedures, while exhaust 
system considered geometric constraints and was manually refined 
through successive RANS CFD simulations. The nacelle generated were 
finally installed on NASA CRM, after a manual improvement of pylon 
design to eliminate shocks on its inboard side. The half aircraft model 
was simulated using steady RANS, with the κ − ω turbulence model and 
14 M nodes grids. The installation effect was then evaluated at different 
vertical and horizontal displacement of the nacelle. Confirming the in
dications from previous studies, the horizontal position had the largest 
effect on interference drag, which was alleviated by enlarging the up
stream gap with the wing. By using an engine performance modeller, the 
impact of engine distance on cruise fuel consumption was estimated to 
be 3.67% between the extrema for the intercooled engine, and 6.4% for 

Fig. 14. CP distribution for throughflow and powered nacelle for a twin-engine regional jet, at Ma = 0.75, Re = 2.4× 107, CL = 0.55. From Refs. [65].  

Fig. 15. Underwing nacelle positioning.  

A. Magrini et al.                                                                                                                                                                                                                                



Progress in Aerospace Sciences 119 (2020) 100680

17

the actively controlled core engine. 
Christie [21] studied the interference effect of nacelle position with 

respect to wing using CFD and proposed a modified near-field method to 
compute nacelle drag. A test matrix was derived to assess the installation 
effect on NASA CRM of two nacelles, one with diameter 3.133 m and the 
other with diameter 4.018 m, tested for three flight conditions and three 
positions, for a total of 18 cases. Simulations were carried out using a 
commercial solver with steady RANS and a 30 M node grid. A large 
variation in nacelle drag and a different trend was found for the two 
configurations at different flight conditions. The installation drag 
resulted to be negative in most of the cases, with only two positions 
where a large increase of airframe drag was caused by wing shock 
pattern alteration. This also led to change of pressure distribution and 
loss of lift. The author remarked that, for this reason, comparison should 
be done at equal lift coefficient, rather than equal angle of attack, as in 
practice the lift should be recovered by increasing the incidence and, in 
turns, the drag. In addition, using a propulsive system integration 
module developed to analyse mission fuel burn including installation 
effect, he found that the interference has a greater impact on fuel burn 
for larger engines. 

Stankowski [141,142] presented a computational framework for the 
assessment of engine installation effects, by analysing nacelle position 
and size and phase of flight. The first paper is devoted to the validation 
of the computational method for the drag prediction of the NASA CRM, 
while the second is focused on the effects of nacelle position. Two en
gines with different BPR were installed on NASA CRM. The first engine, 
denoted E1, was representative of a typical modern turbofan, with BRP 
= 10.4 and overall pressure ratio (OPR) of 50. The second, denoted as 
E2, had a BPR = 17.8 and OPR = 58 and featured a diameter 1.23 times 
larger than E1. According to engine performance and thrust requirement 
of 55686 N at M = 0.82 and 35000 ft of altitude for CRM, four flight 
phases were defined, in terms of engine operating conditions. The CFD 
tool was first validated for axisymmetric throughflow nacelle and then 
applied to NASA CRM. The simulations employed a commercial 
density-based solver, with the κ − ω SST turbulence model and 30 M 
nodes fine grid for WBNP configuration. The difference of computed 
drag at M = 0.83 and Cl = 0.5 between CFD and experiment was 8.4 dc 
for the fine mesh, whilst the installation drag was within 1 dc. The effect 
of engine position was evaluated on a nine points matrix, using force 
decomposition to highlight the different contributions to the drag and 
thrust. As expected, the interference on net thrust was mainly affected 
by the horizontal location. For E1, in all the positions the nacelle drag 
was reduced, from 2.6% to 5.1% of E1 standard net thrust at cruise. This 
gain was offset by increase of airframe drag at larger upstream distance. 
The trend indicated a detrimental effect where axial location was 
increased with simultaneous reduction of vertical distance. For E2, the 
net propulsive force variation across the test matrix was 1.3% of 

reference net thrust, compared to 1.7% of E1. Again, the nacelle drag 
improved in all the positions, with greater alleviation for upstream 
displacement, but worsening of airframe drag. The sensitivity to 
installation position was, overall, less than E1. Comparing the effect of 
engine size for the same nacelle trailing edge location, relative to wing 
leading edge, a noticeable modification of the flow field was observed, 
visible in the Mach number contours of Fig. 16. In particular, engine 
installation caused an upstream upper surface shock wave shift and 
appearance of a two shock pattern outboard of the pylon, with a more 
pronounced variation for E2. The mitigation of the suction peak brought 
a loss of lift in both the cases, followed by a decrease of lift-induced drag. 
On the lower side, due to the lower pressure ratio of bypass nozzle for 
E2, modest jet interference was observed. Overall, the installation effect 
was 33 dc and 45 dc for E1 and E2, respectively, with corresponding 
variation of 5 dc and 3 dc between the different positions. These data are 
in broad agreement with those previously found in experimental cam
paigns, although for engine with relative lower diameter. For the spe
cific case, E2 featured a beneficial positive thrust contribution on the 
exhaust surfaces offsetting the augmented nacelle drag, and a reduced 
interference sensitivity. The result, however, appears dependent on the 
engine thrust condition and the cowl design, and a generalisation might 
be incautious, although the large engine can be considered representa
tive of a future UHBPR. In terms of fuel consumption over a nominal 
cycle, the E2 benefited from a − 4.8%, compared to E1, when the effects 
of engine weight, installation, and throttle dependent interference were 
included. 

Within the same research group, and following the work of Stan
kowski, Otter [143] continued the analysis on exhaust installation ef
fect, using the same engines E1 and E2. The author analysed the 
sensitivity of velocity coefficient CV and discharge coefficient Cdisch to 
engine installation position, again on a nine point matrix over a similar 
range, and aircraft angle of attack. Example of pressure coefficient dis
tribution at different incidence is shown in Fig. 17. The largest engine 
exhibited a greater sensitivity of CV to axial position, up to three times 
bigger than E1. It was explained by a modification of the core cowl and 
core plug afterbody forces and the lower specific thrust. The change in 
ambient pressure where the nozzle discharges caused, instead, a varia
tion of core Cdisch, from − 2% to − 10% for E1 and from 0.75% to − 1% for 
E2. This has an importance in engine operating conditions, as either it 
will not be able to operate at the prescribed uninstalled point, or a 
modification of nozzle area will be necessary to reset the operative 
point. The bypass nozzle, which was choked, exhibited only a very 
limited sensitivity. In addition, over a range of incidence from 0∘ to 4∘, 
the core discharge coefficient Cdisch varied from 3.7% to − 13%. For E1, 
this variation was not monotonic with the angle of attack in certain 
positions, whilst in general E2 had a decreasing trend. The velocity co
efficient was found to have a more uniform increasing variation, instead, 

Fig. 16. Mach number contours for E1 (a) and E2 (b) engines at cruise. From Ref. [142].  
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starting from negative values at zero incidence and becoming positive at 
largest angle. This sensitivity highlights the necessity of considering 
installation and flight conditions for the design of the exhaust system, as 
thrust changes need to be compensated by varying the engine power or 
aircraft attitude. 

Ritter [144] studied a go-around case, where landing is aborted and 
the aircraft tries to rapidly recover thrust and altitude, using an infinite 
swept DLR-F15 wing section with high-lift devices and a 2.9 m diameter 
engine of BPR = 19, whose position was varied. The sensitivity analysis 
involved ten positions, with 50 mm steps in vertical and horizontal 
displacement and α = 0∘, 5∘, 10∘. An in-house CFD solver with 
Spalart-Allmaras turbulence model and a hybrid unstructured grid of 76 
M points were used. Moving the engine from the reference condition, a 
complex pattern for lift and drag change was recorded, without a general 
trend. Every fore/aft displacement led to a loss of lift, which was even 
higher for negative vertical movements. This vertical offset determines 
the level of interference between the jet and the high-lift devices, 
assuming in this case a more relevant importance, compared to the sole 
drag figures at cruise. The lift-to-drag ratio generally improved for wider 
coupling. 

The first attempts of automatic optimisation of nacelle shape and 
position were made with the use of Euler solvers. Koc [145] optimised 
the inboard wing shape, wing/pylon junction and nacelle vertical po
sition and pitch angle for the DLR-F6 wing body. The unstructured grid 
had 2.5 M cells and Hicks-Henne’s functions were used in conjunction to 
an adjoint solver and Sequential Quadratic Programming (SQP) opti
misation algorithm. As the baseline was characterised by a strong shock 
wave in the inboard pylon side at climb, where α = − 2.9∘ and M =

0.74, the inviscid optimisation allowed to suppress the loss and gain 
19.7% of drag or 16 dc, at fixed CL. 

Smith [146] reported a similar result, that is the elimination of shock 
wave in nacelle lower lip and trench region after inviscid optimisation of 
a throughflow nacelle and wing shape, with also substantial improve
ment of the upper wing shock pattern. The baseline geometry 

represented a single-aisle transport with a 34.38 m of span, an aspect 
ratio of 10.0 and cruise Mach number of 0.785. The engine featured a 
fan diameter of 2.1844 m and a BPR of 15 and it was placed with a 
vertical offset of 13.4% of local wing chord at nozzle lip from wing 
leading edge. The nacelle shape, pitch a toe-in angles were varied 
throughout the optimisation, in addition to the pylon shape. The final 
inviscid design was corrected for viscous effects and a wind tunnel 
model with a representative turbo powered simulator (TPS) was built 
and tested. Pressure Sensitive Paint (PSP) measurement highlighted 
good agreement with computational data, as shown in Fig. 18, con
firming that relevant interference phenomena are related to inviscid 
effects and pressure forces must be monitored when studying, testing or 
optimising WBNP configurations. Jing [147] used free-form deforma
tion (FFD) and particle swarm (PSO) for the optimisation of a 
throughflow nacelle vertical and horizontal position on DLR-F6 wing 
body at constant lift. The nacelle shape was kept unchanged and the 
pylon smoothly modified to account for each new position. The opti
misation was conducted at cruise, M = 0.75, using a RANS solver with 
κ − ω SST turbulence model and a multi-block structured grid. The 
optimal design for minimum drag coefficient exhibited a reduced flow 
acceleration in the inboard side of the pylon, a reduction of suction peak 
and a dimmed interference with the wing, leading to a 3.6 dc 
improvement. 

Epstein [148] set up an automatic optimisation environment for a 
multi-point optimisation of a long-haul aircraft with installed nacelle. 
The kink and tip section of the wing, previously designed stand-alone for 
minimum drag, were varied to minimise the installation drag. The 
wing-mounted throughflow nacelle geometry was kept unchanged, 
positioned close to the wing leading edge, at around 7% of local chord, 
and not overlapped with it. Three points were considered for the 
application of the genetic algorithm (GA): two at cruise, M = 0.845,
CL = 0.575 and M = 0.86, CL = 0.575, and one at take-off, M = 0.20. A 
pair of single point optimisation at cruise first achieved a drag reduction 
of 36.3 and 24.5 dc, respectively. This occurred by changing the wing 

Fig. 17. Pressure coefficient at discharge zone for E1 (upper) and E2 (lower) engine at different incidence. From Ref. [143].  
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sections only, without varying the distance from wing leading edge to 
the nacelle and thus the gulley height. A second weighted multi-point 
run, considering also the take-off, changed this result to 33.9 and 28.6 
dc. Analysis of the flow field showed that it was obtained by a more 
favourable upper side shock wave pattern and improvement especially 
closer to the trailing edge, where a second shock originally took place. 
The attenuation of the interference drag was evident even from the 
restored convexity of the drag polar over a wide range of lift coefficient. 

Lei [149] recently employed SQP optimisation algorithm and FFD for 
wing shape parameterisation at eleven spanwise stations, allowing also 
small changes on nacelle vertical, horizontal and toe-in position. An 
adjoint RANS flow solver based on Spalart-Allmaras turbulence model 
on a 16.8 M multiblock structured grid was employed on the NASA CRM 
at cruise. The under-wing mounted engine had a BPR of 8 and suitable 
boundary conditions were applied at fan face, bypass and core nozzle to 
simulate a powered flight. The optimised aircraft achieved a 
constant-lift global drag reduction of 11.4 dc, 9.1 of which coming from 
the engine and 4.0 from the wing. By closer inspection of the flow field, 
the upper wing shock wave appeared to have been largely smoothed by 
the optimiser. The negative jet interference on the wing lower surface 
was attenuated by a forward movement on the nacelle, which, combined 
with an increased wing camber, led to suppression of suction and 
reduction of the flow velocity in the nacelle-wing-pylon channel. 

Hooker [150] presented a thorough revision of an alternative over 
the wing nacelle (OWN) installation, as compared to traditional 
under-the-wing (UWN). Four engines with different bypass were 
considered: a separate-stream (SSTF) and mixed-stream (MSTF) 
turbofan with BPR = 5.5, a very high BPR of 9.0 and an ultra-high BPR of 
38.0. CFD simulations were carried out on a 12 M unstructured mesh 
and a NASA RANS flow solver. Each concept was representative of a 
different technology level, from typical low bypass to ultra fan, and was 
tested over 70 positions, including OWN LE, OWN TE and UWN 
mounting. Considering first the case of the SSTF, for OWN at cruise 
Mach of 0.85 the interference effect appeared severe, whilst for UWN a 

farther placement gave a lower or even negative interference, compared 
to the clean wing. This trend appeared the same for all engine sizes, with 
a notable diminished effect for MSTF. Overall, the key finding of the 
investigation was that for OWN TE the total interference drag was large, 
but the nacelle component, the difference between installed and isolated 
nacelle drag, was remarkably low, opening to possible optimisation of 
nacelle/pylon to reduce airframe drag. On the contrary, OWN LE had 
reduced wing drag, caused by an extended leading edge suction region 
producing a forward force. Based on these findings and a preliminary 
exploration, six pre-optimised configurations were selected for a second 
optimisation, including the pylon. The OWN TE UHBPR finally achieved 
a ML/D ratio of 16.7 at cruise, compared with 16.0 of UWN UHBPR, 
with also a 6.3% estimated reduction in EPNL noise, at the cost of a 
weight increase of about 1.4%. The study interestingly shows that, 
despite the greater difficulty for the design and the enhanced mutual 
effect of engine and wing flow field, by shape optimisation of WBNP it 
might be possible to reach over-wing solutions competing with tradi
tional under-wing mounting. More recently, Savoni [151] presented an 
OWN installation study for a 100PAX aircraft, confirming the need to 
consider nacelle, pylon and airframe shape modification for this 
configuration, given the large effect on the flow field brought about by 
engine integration, causing strong wing shock with induced separation 
on nacelle cowl and pylon. 

The summary of the studies presented is reported in Table 8. For each 
author, it is indicated the year of publication, the activity performed 
(shape optimisation or study of selected engine positions in a test matrix 
(TM)), the type of nacelle (TF = throughflow, PN = powered nacelle via 
boundary conditions) and, when available, the equivalent bypass ratio, 
the aircraft body on which the engine was mounted, the turbulence 
model, the grid size and type (U = Unstructured, MBS = Multi-Block 
Structured), and the mounting position as from Fig. 15. The table pro
vides a general overview on the evolution of numerical modelling of 
nacelle placement and shape optimisation of wing body/nacelle/pylon 
configurations. The first computational studies made use of inviscid 

Fig. 18. Comparison of pressure field from numerical simulation and wind tunnel PSP for optimised wing/nacelle. From Ref. [146].  
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solvers with unstructured grids. Although limited in accurately pre
dicting shock wave positions on the wing, which depend also on 
boundary layer thickness and displacement, and unable to measure 
friction drag, many authors have shown that the flow phenomena 
occurring near the engine-wing junction are dominated by inviscid ef
fects and substantial reduction of wave drag can be achieved even with a 
Euler-based optimisation. On the other hand, as resulting from nowa
days standard RANS calculations, pressure forces are about two order of 
magnitude higher than viscous ones, the latter scaling roughly with 
nacelle wetted surface. As regards the engine positioning, from a purely 
aerodynamic point of view, there are two indications coming from the 
numerical studies. The first one is that the horizontal position has a 
larger effect on the interference, compared to the vertical distance from 
the wing. The second, coming mainly from the earlier research, is that a 
farther upstream movement of the engine is beneficial to reduce the 
installation penalty. The validity of both theses for UHBPR, however, is 
questioned by more recent studies, showing that the interaction is such 
that several degrees of freedom can contribute to the mitigation of the 
installation drag. Besides there might be a different effect on the thrust, 
which is more sensitive to the discharge conditions for low specific 
thrust engines with core nozzle typically unchoked. Neglecting the 
orientation of the nacelle with respect to the wing, given by pitch and 
toe-in angles, the vertical and horizontal offset are determined by many 
other non-aerodynamic considerations, as reported previously. It might 
be interesting to examine the installation position of under-wing na
celles on existing commercial airplane. Christie [21] carried out a survey 
of these parameters for different airframe and engine manufacturers. His 
result is depicted in Fig. 19, where the approximate BPR of each engine 
has been added. The figure is sparse, but it is possible to recognize some 
homogeneous clusters. For instance, low bypass engines of ‘60s and ’70s 
were placed with horizontal overlapping with the wing (positive x/ c ) 
and small vertical gap. Airbus aircraft with Rolls-Royce Trent engines of 
BPR 7.5 ÷ 9.0 are roughly located in the range − 0.15 ÷ 0.0x/c and 
centred around z/c ≈ − 0.11. On Boeing B777 and B787, the same high 
bypass Trent engines, however, are vertically closer to the wing, 
crossing the bounds of the dashed exclusion regions, that was empiri
cally found in early experimental campaigns [115]. Pratt & Whitney 
geared engines of PW1000 family on Bombardier aircraft, instead, have 
similar horizontal location but larger z/c offset. In summary, it is not 
possible to recognize a specific trend for BPR, and rather the airframe 
manufacturer seems to be better correlated to the installation position. 

Despite the data were found from public available sources and might 
be not completely accurate, they give the hint that the outcome of the 
cited aerodynamic studies alone cannot determine a precise region for 
UHBPR installation. On the contrary, the difficulty in integrating big 
engines under the wing potentially reduces the aerodynamic design 
space extent, forcing them to occupy regions that have not been 
considered before. In addition, the enhanced interference and the new 
cycle parameters pose greater importance also in the exhaust area, being 
the net thrust more exposed to in-flight variations related to change of 
boundary conditions seen by the core and the bypass nozzle, which in 
turn affect the complete engine power setting and operating point. In 
this framework, potential improvements might come from the applica
tion of automatic optimisation tools coupled to high-fidelity numerical 
solvers. In the sections describing the advancements on nacelle and 
exhaust design, it was stressed that complex statistical methods and 
optimisation algorithms based on CFD kernels have become state-of-the- 
art tools. Moreover, studies on wing/nacelle/pylon shape optimisation 
have shown that to a certain extent it is possible to achieve better drag 
figures when changing the wing shape close to the engine junction and 
tuning the nacelle position and orientation, thus liberating some degrees 

Table 8 
Summary of studies on nacelle position or optimisation for high bypass engines.  

Author, year Activity Nacelle BPR Aircraft Body Turb. Mod. Grid Size - 
Type 

x/c  z/c  

Rossow, 1994 [118] Eng. Pos. on TM TF 23 DLR-ALVAST Euler 0.65 M U − 0.41 ÷ − 0.30  0.07 ÷ 0.11  
Rudnik, 2002 [9] Eng. Pos. on TM TF 11 DLR-ALVAST Euler +

viscous 
0.65 M - U − 0.052 ÷ 0.05  0.12 ÷ 0.19  

Brodersen, 2002 
[121] 

Eng. Pos. on TM TF 11 DLR-ALVAST S-A 8.5 M - U − 0.05 ÷ 0.0  0.12 

Oliveira, 2003 [114] Eng. Pos. on TM PN 5 Embraer 170 Euler 1.0 M - U − 0.28 ÷ − 0.05  0.08 ÷ 0.16  
Koc, 2005 [145] Opt. Wing, pylon, nacelle shape 

and pos. 
TF – DLR-F6 Euler 2.5 M - U – – 

Sibilli, 2012 [140] Eng. Pos. on TM PN – NASA CRM κ − ω SST  14 M - U − 0.25 ± 0.15  – 
Smith, 2013 [146] Opt. wing, pylon, nacelle shape TF 15 Custom Long 

Haul 
Euler 14.2 M - U – 0.134 

Jing, 2013 [147] Opt. wing, pylon, nacelle pos. TF – DLR-F6 κ − ω SST  – – – 
Hooker, 2013 [150] Eng. Pos. on TM + Opt. wing PN 9–38 Custom Long 

Haul 
RANS 12 M - U – – 

Epstein, 2016 [148] Opt. wing TF – Custom Long 
Haul 

RANS 1.3 M - MBS – – 

Christie, 2016 [21] Eng. Pos. on TM PN 11.2 NASA CRM κ − ω SST  30 M - MBS − 0.074 ÷ − 0.2  0.05 ÷ 0.116  
Stankowski, 2017 

[142] 
Eng. Pos. on TM PN 10.4–17.8 NASA CRM κ − ω SST  30 M - MBS − 0.058 ÷ −

0.39  
0.056 ÷ 0.169  

Otter, 2019 [143] Eng. Pos on TM PN 10.4–17.8 NASA CRM κ − ω SST  34.6 M - MBS − 0.05 ÷ − 0.35  0.07 ÷ 0.17  
Lei, 2019 [149] Opt. wing, nacelle pos. PN 8 NASA CRM S-A 17 M - MBS – –  

Fig. 19. Survey of nacelle installation position for commercial airplane. 
Modified from Ref. [21]. 
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of freedom in an inherently coupled design study. This is particularly 
true for non-standard aircraft configurations, like over-the-wing 
mounted nacelles and even more BLI propulsion, where fuselage, wing 
and intake must be modified at the same time. The level of accuracy that 
has been reached throughout the years for computational solvers and 
the availability of a wide variety of optimisation frameworks suggest 
that a simultaneous wing body/nacelle/pylon coupled design improve
ment is limited mainly by the high computing time needed and obstacles 
in full procedure automation, rather than the maturity of the theoretical 
and numerical tools. 

4. Experimental approaches for measurement of engine 
installation effects 

Despite the availability of powerful computational resources and 
turbulent flow solvers, there exist some simulation scenarios and some 
models limitations that make a numerical approach unsuitable or un
reliable. Eventually, experimental tests still represent an indispensable 
stage in aerospace engineering. Wind tunnel tests of engine-airframe 
integration are used, for instance, to assess the installation penalty, 
the forces acting on the structure and its deformations under powered 
conditions, the effect of the aerodynamic surfaces and the stability, the 
off-design behaviour, the ground effects, and the effectiveness of 
accessory subsystems like thrust reverser. During these experiments, 
engine simulation is a key factor. 

4.1. Similarity 

One of the most straightforward methods of simulating an engine is 
to simply replicate the nacelle geometry, leading to the flow-through 
nacelle concept. A flow-through nacelle basically only replicates the 
nacelle geometry and mass flux (capture ratio). The absence of any 
powered components means that it does not simulate larger than flight 
speed exhaust jets, shock structures and viscous mixing. An (externally) 
blown nacelle is used to more accurately represent the exhaust jet, but in 
turn it cannot replicate the inlet flow field. A powered engine simulator, 
i.e. a fan stage inside a scaled nacelle, is a more complete approach to 
simulating both engine inlet and exhaust flow physics. Again there can 
be various degrees of detail in the simulation of the engine (integration) 
aerodynamics in the wind tunnel. Similarity with the full scale is 
maintained by duplicating the geometry and the Reynolds and Mach 
numbers (a few additional similarity parameters exist but their 
mismatch and non-constancy is typically neglected). In wind tunnel 
campaigns with engine integration fousing on the aerodynamic aspects 
the most important geometric parameters are the external geometry and 
the exhaust exit areas. The replication of the flow field Mach numbers 
and mass fluxes requires retaining the fan stage total pressure (and 
temperature) ratio. In cases of aeroacoustic testing more stringent 
replication requirements must also be placed on the fan stage and in
ternal duct properties. 

The geometric scaling of an engine to wind tunnel size, whilst 
maintaining similarity parameter values, generally leads to increased 
rotational speeds and power densities relative to the full scale aircraft. 
Accommodating the relatively large power requirements in a compact 

space requires a compact power source. Therefore, traditionally engine 
simulators have been predominantly powered by compressed air tur
bines. These are small-scale high-speed turbines with compressed air as 
the working gas. The compressed air is typically supplied from com
pressed air plants built nearby the wind tunnel circuit. Hydraulic motors 
are also known to be used and more recently solid state electronics and 
electric motors also match the required power densities. Fig. 20 dia
grammatically shows a flow-through nacelle, an air-turbine powered 
simulator (TPS) and a turbofan engine. 

While typically the bypass duct flow is simulated well in wind tunnel 
engine simulation, the full scale engine core-flow is usually replicated to 
a lesser degree. The air-turbine’s main function is to supply the fan stage 
with power. To accomplish this task the driving turbine consumes 
relatively a lot more air (from the external source) than its full scale 
counterpart. The externally supplied cold gas is expanded in the turbine 
and is subsequently exhausted through a nozzle with a rather low 
temperature. Turbine design can be such that in some cases the core 
exhaust Mach numbers could match those of the full scale engine for a 
certain operating point, but in general they differ to a certain degree. De 
Wolf [153] discussed TPS technology and similarity using four concept 
engines with increasing bypass ratio (5, 9, 15 and 26). He also reported 
the difficulties in maintaining the similarity parameters for core flows of 
VHBR and UHBR engines in TPS simulation. The requirements led to 
very stringent if not unrealistic TPS turbine designs. The author pre
sented a number of options to arrive at more realistic turbine designs. It 
was recommended to maintain the geometric properties of the core and 
its exhaust in favour of maintaining the core nozzle pressure ratio. This 
led to unrepresentative high Mach numbers of the core flow, but 
maintained (approximately) the outer diameter of the jets and the cor
rect pressure distribution on the core cowl. Alternatively the core 
exhaust exit area can be increased but this is less favourable because the 
geometry and jet size get modified. Concerning exhaust jet speeds, full 
scale engines typically have core-to-bypass jet speed ratios slightly over 
but close to one (extending towards 1.5 for lower bypass ratios). For TPS 
units this ratio drops closer to 0.7 upon nozzle pressure ratio duplica
tion. In circumventing practical limitations of air-turbines core nozzle 
pressure ratios may be increased to beyond their full scale counterpart. 
This would in turn bring the core-to-bypass jet speed ratio closer to one. 
Therefore in many cases TPS engine simulation presents an inverted 
velocity profile relative to the full scale engine. If the internal jet flow 
phenomena have little influence on the airframe this may not present 
difficulties. 

Replicating the engine bypass exhaust properties with an engine 
simulator also connects with the inlet flow physics. In the case of air- 
turbine powered engine simulation the turbine drive-air intake occurs 
through an external supply rather than through the engine inlet. This 
leads to the fact that the engine simulator inlet mass flow rate (through 
the highlight area) is relatively too low by a factor F (core flow deficit), 
where 

F =
1

1 + 1
BPR  

since only the bypass flux is taken in through the inlet. This in turn 
generates a difference in the inlet pressure field with respect to the full 

Fig. 20. Illustration of a flow-through nacelle, an air-turbine powered simulator (TPS) and a turbofan engine. Taken from Ref. [152].  
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scale. Increasing bypass ratio reduces this issue bringing F closer unity. A 
particular solution to restore the inlet pressure coefficient distribution is 
by contracting the TPS inlet relative to the full-scale engine. The inlet 
shape is modified such that the pressure coefficient distribution on the 
inlet is recovered for a certain engine operating point. Laban [154] re
ported the inlet shape modification using optimisation of the coefficients 
of a sum of shape functions parameterising the radial decrease and a cost 
function which was the sum of squared differences of the pressure co
efficients distributions of the engine simulator inlet and the full scale 
engine inlet. 

4.2. Thrust and drag bookkeeping 

The simulator thrust itself is not a simulation parameter, however it 
must be accurately known for thrust and drag bookkeeping to determine 
engine installation effects. To this purpose, different configurations i.e. 
with engine(s) installed (wing-body-pylon-nacelle) and without engine 
(s) installed (wing-body) are applied in the wind tunnel. The installation 
drag is then assessed as the difference between these configurations: 

Δ Di =DWBPN − DWB.

Von Geyr [155] discussed the determination of these installation 
effect and also points out a further separation between pure installation 
(power-off) and power (jet) effects.  

Installation effects = [WingBody + Pylon + Engine at reference point] - 
WingBody                                                                                             

Power effects = [WingBody + Pylon + Engine at operating point] - [Wing
Body + Pylon + Engine at reference point]                                               

The reference point in the previous is the idle or flow-through nacelle 
operating point. The corresponding drag coefficients in the above are 
summed to obtain the total installation drag coefficient which typically 
amounts to 10-20 drag counts for a twin-engine transport aircraft at 
cruise (for a total drag coefficient of typically Cd = 0.020 − 0.030 
(200–300 drag counts)). 

In general the wind tunnel main (strain gauge) balance measures the 
overall forces and moments occurring on the model configuration. The 
drag of the wing-body configuration can therefore be measured directly, 
but the drag of wing-body-pylon-nacelle configuration is not directly 
accessible since the balance registers the combination of forces on the 
airframe and the net propulsive force of the simulator (transmitted 
through the pylon). At this point it becomes important to set up a thrust 
and drag bookkeeping scheme decomposing the complete domain and 
assign contributions to either thrust or drag. In the case where engine 

and airframe can be reasonably well separated this decomposition 
traditionally defines the thrust domain to consist of the pre-entry 
streamtube (extending from infinitely far upstream), the engine inter
nal flow and the post-exit stream tube (extending to infinitely far 
downstream). Contributions outside this domain (airframe, external 
nacelle, etc.) are attributed to drag [63]. As a consequence pressure and 
friction forces on the core cowl and the plug are accounted as thrust (this 
also goes for the pylon section immersed in the bypass flow). Fig. 21 
shows the decomposition into thrust and drag domains. 

The net propulsive force (Fnp) transmitted through the pylon (cutting 
the control volume) induced by the simulator in the wind tunnel (XW in 
the figure of [155]) is then written as the result of the momentum fluxes, 
the pressure and friction forces on the inlet plane, the external nacelle, 
the core and bypass exhaust exit planes and the cowling parts immersed 
in the exhaust flow. Application of momentum conservation on the 
pre-entry and post-exit stream tube volumes allow the net propulsive 
force transmitted through the pylon to be written as 

Fnp =m18u19 +m8u9 − m1u0 −
(
φpre +φext +φpost

)
.

The φ-terms are integrals of the pressure (difference) and the friction 
over the pre-entry stream tube, the external nacelle and the post-exit 
stream tube surfaces. This net propulsive force includes both thrust 
and drag terms. 

The gross thrust in the calibration facility is formed by the exhaust jet 
momenta (infinitely far downstream) and the post-exit streamtube force. 
The standard bookkeeping procedure tracks gross thrust values using 
discharge and velocity coefficients describing the deviation from ideal 
(isentropic) behaviour. A starting point for the determination of the 
engine simulator calibration coefficients is the assumption that they are 
principally dependent on the total-to-static (nozzle) pressure ratio 
(FNPR) and the relation is calibrated as such. The replication of the wind 
tunnel flow ram pressure ratio produces the equivalent wind tunnel flow 
Mach number. This can be accomplished through a special mounting of 
the isolated engine simulator in a controllable low-pressure vessel, 
called Engine Calibration Facility (ECF). Such a setup is shown in 
Fig. 22. 

This setup presents ambient total pressure and temperature condi
tions at the engine simulator inlet and a controllable static pressure at 
the exhaust. The controllable static pressure is realized by a large ca
pacity pumping system connected to the downstream end of the tank. 
Lowering of the exhaust static pressure presents a higher equivalent 
wind tunnel flow Mach number. The isolated engine simulator is 
mounted to a six-component strain-gauge balance allowing the regis
tration of the forces and moments occurring on the isolated engine 
simulator. The interface between the low-pressure vessel front and the 

Fig. 21. Domain decomposition for thrust and drag bookkeeping. Taken from Ref. [155].  
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engine simulator is an S-shaped rubber seal allowing for an air-tight 
sealing without presenting parasitic loads to the strain-gauge balance. 
A compensation mechanism avoids the remainder of net pressure dif
ferences on the seal. The isolated engine simulator is equipped with a 
bellmouth inlet, that serves to determine the inlet mass flow rate and 
presents uniform, distortion-free flow to the fan face and minimizes inlet 
total pressure losses. An air-turbine driven simulator is connected to a 
pressure and temperature controlled air supply line which crosses the 
strain-gauge balance using flexible couplings to avoid parasitic loads. 
The supply mass flow rate is measured through the use of a venturi in the 
sonic (choked) state. The low-pressure vessel is also equipped with 
venturis in the downstream end. The venturis can be individually 
opened or closed. This allows the determination of the mass flow rate 
exiting the low-pressure vessel as well. The calibration facility can be 
run in two modes. One mode is when the downstream end Venturis are 
choked, in which case there is limited vessel pressure control; another 
mode is when the downstream end Venturis are unchoked, in which case 
there is full control over the vessel pressure. Prior to engine simulator 
calibration the bellmouth inlet mass flow rate as a function of pressure 
ratio is calibrated with the low-pressure vessel downstream Venturis in 
choked mode. These calibrated Venturis present accurate mass flow 
rates. The calibration results in a bellmouth discharge coefficient CBM

d 
function which equals the fraction of the calculated isentropic bell
mouth mass flow rate and the actual mass flow rate. The isentropic 
bellmouth mass flow rate calculations are accomplished through the use 
of static pressure taps in the bellmouth throat and total pressure and 
temperature stations at its inlet plane. Typical accuracies on gross thrust 
values are 0.2–0.3% of the full thrust value [153,156]. Procedure de
scriptions can be found in Refs. [157–160]. 

With the gross thrust calibrated a thrust and drag separation can be 
made to assess the drag of the powered configuration. The experimen
tally obtainable installation drag can then be written 

ΔDi =DWBPE − DWB,

= φpre + φext + ΔDAC.

The ΔDAC term is the change in drag over the aircraft (wing-body) 
surfaces due to the installation. The viscous drag contribution in the pre- 
entry drag term φpre is negligible so that only the pressure integral over 
the pre-entry stream tube remains which is also termed additive drag. 
The additive drag together with the pressure contribution in φext 
(external nacelle pressure distribution) is termed the spillage drag [161]. 

Both De Wolf [153] and Von Geyr [155] pointed out some short
comings of the basic form of the thrust and drag bookkeeping scheme. 
The first point entails that upon moving from the calibration facility to 
the wind tunnel test section the presence of external flow and the 
proximity of the airframe can present different exhaust conditions. 
Specifically the local static pressure level at the exhaust exit plane can be 

slightly different from the free stream value infinitely far downstream. 
This leads to the effect of flow suppression i.e. a reduced mass flow rate 
and a decreased local nozzle pressure ratio. Secondly the post-exit 
stream tube shape itself can differ in the wind tunnel section relative 
to the static calibration leading to changes in the post-exit force. 
Moreover surfaces previously contained in the thrust domain during 
static calibration may have moved to the drag domain or vice versa. 
Modified exhaust conditions may in turn affect upstream conditions. 

Sabater [152] proposed possible improvements of the basic wind 
tunnel TDB by considering the post-exit force and re-expressing the 
FNPR as the ratio between the total pressure at fan nozzle outlet and the 
actual average static pressure at the same position, rather than the 
freestream static pressure. This difference is larger when considering 
installed engines, in which the wing presence is known to increase the 
back-pressure, compared to isolated conditions. This issue emerges in 
particular for UHBPR engines due to the close coupling to the airframe. 
With a standard calibration, the mentioned effects might be lost, the 
gross thrust being considered independent of the external flow field. 

4.3. Supplemental 

Burgsmuller [162] presented a general and qualitative overview of 
TPS testing. Some accuracy aspects were mentioned. A highlighted item 
in the paper was thrust vector deviations from the engine centre line. 
The deviation was stated to be geometry dependent and be easily 
mistaken for aerodynamic effects. The paper also highlighted ground 
plane effects that account for lift and pitching moment increases. In an 
early paper from Hall [163] and a later study from Mikkelsen [164], 
functional dependencies for discharge and thrust coefficients were dis
cussed for long radius ASME nozzles and Venturi ducts. The papers 
recommended future research into more representative nozzles or en
gines. Mikkelsen in Ref. [165] presented experimental performance data 
for the discharge and thrust coefficients for the AIAA dual separate flow 
reference nozzle. Comparisons with CFD were drawn as well. CFD to 
experiment differences ran from 0.35% to 0.67% for the discharge co
efficients, where engine manufacturers and wind tunnel testing typically 
requires 0.3% or less, and up to 0.03% for the thrust coefficients. The 
paper concluded that CFD and experimental results were complemen
tary and that both are required for effective performance 
determinations. 

Wright [166] demonstrated statistical error analysis of the velocity 
coefficient of a flow-through nacelle. A global third order fit (as a 
function of equivalent Mach number) was deemed sufficient. The 
importance of a curve fit was stressed by pointing out that the curve 
confidence intervals are smaller than those for the means of individual 
samples. Yoder [167] and Dippold [168] summarised results obtained 
for an AIAA workshop on propulsion aerodynamics. A comparison was 
drawn between experiments and CFD for discharge and thrust 

Fig. 22. Sketch of the engine calibration facility (ECF) at German-Dutch wind tunnels (DNW).  

A. Magrini et al.                                                                                                                                                                                                                                



Progress in Aerospace Sciences 119 (2020) 100680

24

coefficients of different types of (mostly conical) convergent nozzles and 
also an S-duct. One of the conical nozzles was also equipped with a 
splitter plate. Different turbulence models and grid sizes were used. CFD 
and experiment matched quite well for discharge coefficients. Thrust 
coefficients still showed differences of 1% or larger. Shock locations 
were also predicted rather well although finer grids were recommended 
to better resolve the shock structure. In addition static pressure and rake 
data were compared. A similar study was performed earlier by Thornock 
[169] comparing experiment and analytical expressions. Harris [156] 
described wind tunnel testing with TPS technology over the course of 
time. Various rigs, models and technological advances are described. 

Von Geyr [155] proposed precise definitions of engine simulator 
calibration coefficients in wind tunnel experiments and numerical 
computations (CFD). In addition perturbing effects on these coefficients 
from the external flow were discussed, and corrections proposed. These 
efforts were validated using wind tunnel data acquired in the EU ENI
FAIR program with three different engine simulators having increasing 
bypass ratio. The external flow Mach number was identified as being 
important in the thrust bookkeeping. Jet spreading and flow recom
pression effects led to post-exit pressure increase. This presented 
increased (unaccounted) gross thrust with higher external flow Mach 
numbers. For free flow Mach numbers below 0.25 the effect did not need 
to be taken into account. Burgsmuller [116] presented an overview of 
the work carried out in past European framework programmes. Three 
engine types namely a conventional turbofan, a VHBR and an UHBR 
engines were considered, as well as their positioning. Wind tunnel 
testing and CFD were performed in these efforts. The results showed that 
lift loss and drag increase due to engine installation become larger with 
increasing bypass ratio. McCall [170] highlighted some key results of 
wind tunnel tests with high bypass ratio engine nacelles in various 
configurations and sizes. Among other qualitative points, installation 
and interference drag trend lines as a function of fan diameter were 
presented. Installed testing included only flow-through nacelles. 

Doornbos [171] presented an overview of TPS testing procedures in 
the wind tunnel to obtain interference drag values for half-models. A 
comparison with blown nacelles was drawn as well. Tompkins [172] 
described a relatively modest modification of exhaust nozzles of an 
existing TPS unit to move from low bypass, high fan pressure ratio 
simulation to high bypass, low fan pressure ratio simulation. Isolated 
unit test results were presented. Hoheisel [161] discussed essential en
gine simulation parameters and focused on the thrust ratio (fan to tur
bine thrust) which typically receives less attention in the literature. 
Turbine powered simulator and full scale engine thrust ratios generally 
do not coincide. The article analysed the influence of thrust ratio on drag 
behaviour using theory, CFD and wind tunnel experiments conducted in 
the EU programs ENIFAIR (engine integration on future transport 
aircraft), DUPRIN (ducted propfan investigations) and AIRDATA 
(aircraft drag and thrust analysis). The authors also stressed the 
importance of TPS testing because of the jet effects on the drag behav
iour of aircraft configuration. Drag coefficient value increases with 
bypass ratio were presented and came close to 4% for UHBR engines 
relative to the wing-body configuration. The paper concluded that the 
thrust ratio is of no importance on the drag behaviour in cruise 
condition. 

Welge [173] described in quite some detail a TPS testing procedure 
for installed testing of the DC-10 aircraft with an intermediate wind-on 
assessment of the isolated engine simulator. Shea [174] reported a 
turbine powered engine simulation on a blended-wing-body aircraft in 
NASA’s NFAC. TPS calibration strategies were described together with 
propulsion-airframe integration results. Different control surface con
figurations were tested and also two heights of the engine simulators 
with respect to the airframe. The design and fabrication of this wind 
tunnel model were detailed in Refs. [175]. 

In conclusion, wind tunnel testing of installed engines through turbo- 
powered simulators has been an essential stage of aircraft development 
and has contributed to the successful improvement of aircraft 

performance. The vast experience acquired will be determinant for an 
accurate simulation of future UHBPR engines, for which, however, some 
modifications of current practices might be devised. Areas of interest can 
regard a more careful evaluation of the sensitivity of calibration co
efficients with respect to the external flow field, the possibility of using a 
more complete thrust/drag bookkeeping procedure, the TPS mass flow 
deficit effect on installation drag, the influence of non-duplicated core 
flow, and the possibility of building different engine simulator concepts 
based on electric-driven fan. 

5. Conclusion 

A series of challenges related to full exploitation of UHBRP engines 
has been presented, pointing out first how the increase of propulsive 
efficiency affects engine cycle design. The search for low specific thrust 
requires higher bypass mass flow rate and reduced fan pressure ratio, 
directly impacting the power split between engine components and its 
overall size. On the internal side, the need for a geared turbofan or 
variable geometry parts to allow matching of diverging requirements 
between engine components or sufficient margin from stall increases the 
complexity and weight of the propulsor. On the external side, novel 
nacelle geometric and installation technology is required to mitigate the 
appearance of distorted flow field over the wing and drag and weight 
penalty. The combination of low FPR, short intake, and unchoked 
nozzle, in addition, exacerbates the influence of boundary conditions on 
the engine working point, causing larger installed effects on engine 
matching. The progresses in computational modelling and power have 
allowed to develop accurate tools to quantify the installation effects and 
design the single components exploiting DOE and optimisation tech
niques for multi-objective problems. On the other hand, wind tunnel 
tests are still a building block of aircraft development and powered 
engine simulators are a complete way of reproducing flight conditions. 
However, in both fields a number of issues impose a discussion on the 
validity of standard practices, given the larger intersection between the 
domain of dependencies of the aircraft parts, that can be summarised in 
the correct implementation of boundary conditions. The studies on BLI 
propulsion push the development of adequate tools for prediction of 
engine response to ambient conditions and consistent thrust/drag 
bookkeeping, but even in classic underwing mounted engines this is 
becoming important in certain flight phases and possibly also when 
considering novel engine positioning. Similarly, in wind tunnel tests the 
assessment of the importance of parameters that cannot be duplicated 
should be revised, to confirm or update thrust extraction methods or 
calibration procedures, in line with CFD capabilities. In conclusion, the 
complexity of the interactions and their impact on the overall system 
performance invite to proceed towards closely coupled design and 
analysis methods, to allow full exploitation of the many benefits of 
UHBPR propulsive units. 
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