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This study evaluates the implementation of Menter’s �-Re� Transition Model within the CFX12 solver for

turbulent transition prediction on a natural laminar flow nacelle. Some challenges associated with this type of

modeling have been identified. The computational fluid dynamics transitional flow simulation results are presented

for a series of cruise caseswith freestreamMachnumbers ranging from0.8 to 0.88, angles of attack from�2 to 0�, and

massflow ratios from0.60 to 0.75. Thesewere validatedwith a series ofwind-tunnel tests on the nacelle by comparing

the predicted and experimental surface pressure distributions and transition locations. A selection of the validation

cases are presented in this paper. In all cases, computational fluid dynamics simulations agreed reasonably well with

the experiments. The results indicate that Menter’s �-Re� Transition Model is capable of predicting laminar

boundary-layer transition to turbulence on a nacelle. Nonetheless, some limitations exist in both theMenter’s �-Re�
Transition Model and in the implementation of the computational fluid dynamics model. The implementation of a

more comprehensive experimental correlation inMenter’s�-Re� TransitionModel, preferably the ones fromnacelle

experiments, including the effects of compressibility and streamline curvature, is necessary for an accurate

transitional flow simulation on a nacelle. In addition, improvements to the computational fluid dynamics model are

also suggested, including the consideration of varying distributed surface roughness and an appropriate empirical

correction derived from nacelle experimental transition location data.

Nomenclature

Cf = skin friction coefficient
Cp = pressure distribution coefficient
Î� = angle of attack
M = Mach number
mfr = mass flow ratio
N = N-factor for Tollmien–Schlichting wave amplification
Rt = turbulence viscosity ratio at domain inlet
Ret = transition Reynolds number based on transition onset

location x
Re� = transition Reynolds number based on momentum

thickness �
Tu = domain inlet turbulence intensity
Tu� = turbulence intensity downstream of domain inlet
V = freestream velocity, m=s
u = local velocity, m=s
xt = transition onset location, m
x = distance from leading edge in the direction of the

flow, m
x� = streamwise distance from domain inlet, m

� = turbulence intermittency
" = turbulence dissipation, m2=s3

� = boundary-layer momentum thickness, m
k = turbulence kinetic energy, m2=s2

� = freestream viscosity, kg=ms
� = freestream density, kg=m3

Subscripts

b = beginning of transition
e = end of transition
inlet = domain inlet boundary
LE = nacelle leading edge
t = transition onset

I. Introduction

A. Background

W ITH today’s ever increasing demand for air travel, the
environmental impact of aircraft is becoming a major

concern. As well as the challenges of noise pollution near airports,
there is also the issue ofCO2 emissions. The environmental effects of
emissions from burning fossil fuels are some of the most significant
issues in the aircraft industry. The Advisory Council for Aeronautics
Research in Europe (ACARE) has targeted a 50% reduction in
aircraft CO2 emissions, including a 20% reduction from engines
alone by the year 2020 [1].

In addition to significantly improving aircraft operation and jet
engine characteristics, a route to address the impact of emissions is to
reduce aircraft drag for a given lift, and more specifically friction
drag. One of the approaches to reduce aircraft drag is extending the
portion of the airframe overwhich there is laminar flow. Efforts in the
past have proven the potential of delivering extended laminar flows,
decreased turbulent friction and a decreased flow separation region.
These in turn make possible a lower drag coefficient, which offers a
large potential fuel saving and consequently economic savings and
improvements in environmental protection [2].

The majority of past research work into laminar flow technology
has been devoted to maintaining extended laminar flow on wing
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surfaces, using natural laminar flow (NLF) [3–6], active flow control
[3,5,7], or a hybrid (HLFC) between the two [8–10]. However, the
operational requirement of high subsonic cruising speeds requires
the use of wing sweep. This complicates the design, sincewing flows
are fully three-dimensional and mechanisms for boundary-layer
transition additional to Tollmien–Schlichting (T-S) waves are pres-
ent, such as attachment line contamination and crossflow instability.

However, laminar flow technologies are also applicable to aircraft
engine nacelles, and since nacelles are not required to generate lift
and have negligible leading-edge sweep, the difficulties encountered
in promoting and maintaining extended regions of laminar flow are
fewer than for wings [11]. In addition, the engine nacelle is ideally
suited to the early inclusion of extended laminar flow technology,
being relatively self-contained with the possibility of application to
existing airframes. In general, considering component surface area
alone, the potential for drag reduction on a nacelle will be smaller
than for a wing. Extended laminar flow should, however, be easier to
achieveon a nacelle [12].As engine bypass ratios increase, and hence
the nacelle diameter, the proportional effect of nacelle laminar flow
becomes more significant.

Some early studies have shown that large areas of laminar flow
over aircraft engine nacelles offer significant savings in aircraft fuel
consumption. In 1992, a European consortium managed by Rolls-
Royce, includingMotoren- und Turbinen-Union, Aero Engines, and
the German Aerospace Centre (DLR), began flight testing of a
natural laminar flow nacelle [13,14]. This program was later
extended byRolls-Royce andDLR toflight test a hybrid laminarflow
control nacelle featuring boundary-layer suction and insect contam-
ination protection. It demonstrated that, net benefits of up to 1.5%
specific fuel consumption (SFC) are predicted for NLF on small to
medium range civil transport aircraft. For HLFC on medium to
long haul civil transport aircraft, benefits of up to 2% in SFC are
possible [13].

Lamb et al. [11,15] conducted an experimental investigation to
determine the effects of installing flow-through laminar flownacelles
on a high-wing transonic transport configuration. They used the
Langley 16-ft transonic wind tunnel at freestream Mach numbers
from 0.70 to 0.82 and angles of attack from�2:5 to 4.0�. Their results
indicate that the ability to achieve laminar flow on the nacellewas not
significantly altered by nacelle/pylon/wing integration on sym-
metrical pylons, although nacelle longitudinal position and pylon
contour was shown to have an effect on the installed drag.

Favorable results have also been obtained in Younghans and
Lahti’s [16] investigation of high-speed proof-of-concept testing of a
scale natural laminar flow nacelle model. Both isolated and installed
laminar flow nacelle tests have been conducted in the Langley 16-ft
transonic wind tunnel.

Few publications on the topic of computational transition
prediction for laminar flow nacelles are available. However, in a
feasibility study on the design of a laminar flow nacelle by Radespiel
et al. [17], an extension of the 3-D DLR Euler code CEVCATS (Cell
Vertex Central Averaged Time Stepping Scheme) coupled with an
axisymmetric boundary-layer code was used to analyze the laminar
and turbulent boundary-layer flow around an isolated laminar flow
nacelle. A linear stability eN method was employed in conjunction
with this to predict the transition location. In another study on the
aerodynamic design of a natural laminar flow nacelle by Riedel et al.
[14], the same simulation method was applied to an isolated and an
installed natural laminar flow nacelle. This design was validated by
flight testing.

Most investigations in the past on nacelle surface transition
behavior focused on the design methodology for a laminar flow
nacelle and validation by wind-tunnel tests and/or flight testing.
However, the fundamental transition behavior on a nacelle surface,
including the effect of nacelle surface profile, flight operating
conditions (mission envelope) and surface imperfections has not
been investigated theoretically and computationally to any depth.
The fundamental understanding of these effects is crucial in any
optimized nacelle design which includes the use of laminar flow for
drag reduction. The rapid progress of computational fluid dynamics
(CFD) technologies makes the transition modeling of these complex

flow mechanisms and complicated geometric configurations pos-
sible today.

Therefore, a systematic computational investigation of engine
nacelle aerodynamics with emphasis on natural laminar flow has
been carried out within the Environmentally Friendly Engine project
and the results compared with experimental data from a natural
laminar flow wind-tunnel test investigation. A long duct mixed flow
nacelle designed to provide an extended region of natural laminar
flow was evaluated using a CFD software package, CFX12, which
included Menter’s �-Re� Transition Model. Both cruise and off-
design conditions have been considered and the effects of flight
conditions and surface imperfections on transition have been
explored.

A brief review of available transition prediction methods, with
emphasis on Menter’s �-Re� Transition Model is presented in the
next subsection. In Sec. II, the methodology used in this study is
presented in detail. Then, the validation results analysis and
assessment are shown in Sec. III. A summary and conclusions are
presented in Sec. IV.

B. Available Transition Modeling Methods

Predominant transition mechanisms include crossflow instability,
Tollmien–Schlichting (T-S) waves and bypass transition. The
mechanism which triggers the transition depends on the freestream
turbulence level, the pressure gradient along the laminar boundary
layer, the surface profile, the surface roughness and the freestream
Mach number. In addition, acoustic disturbances and structural
vibration can also be important. The most common transition
mechanism on a vehicle in flight at high Reynolds number and low
freestream turbulence levels (Tu< 0:6%) is natural transition due to
the growth of unstable T-S waves. If the turbulence levels, pressure
gradients, or local flow unsteadiness is large, the process of natural
transition is bypassed leading to rapid boundary-layer transition
known as bypass transition. For high angle of attack cases on swept
wings, the 3-D velocity profile causes crossflow transition. Flow
separation in the laminar boundary layer leads to a very rapid growth
of disturbances and to transition, which is called separation-induced
transition.

There are three main methods used to model transition in industry
[18]. The first is the application of low-Reynolds-number turbulence
models [18–25]. These are based on transport equations, for
example, turbulent kinetic energy k and turbulence dissipation ",
using wall-damping functions of an underlying turbulence model to
trigger the transition onset, which makes it compatible with modern
CFD codes. The main shortcomings of this method are that it cannot
reliably capture the influence of the many factors that affect
transition, and it is only applied to bypass transition and therefore not
suitable, in general, for external aircraft aerodynamic flows.

The second approach is the eN method. It is based on local linear
stability theory and the parallel-flow assumption to calculate the
growth of the disturbance amplitude from the boundary-layer neutral
point to the transition location. Once the disturbance amplitude ratio
exceeds the specified N-factor, transition is assumed to start. For
isolated airfoils, the eN method has been shown to produce very good
transition predictions of wind-tunnel measurements [26]. However,
the eN method has limitations in that it cannot be used 1) for generic
3-D flows where the streamline direction is not aligned with the grid,
and the need to track the growth of the disturbance amplitude ratio
along the streamline cannot be satisfied, 2) to account for nonlinear
effects, e.g., high freestream turbulence or roughness, since it is
based on linear instability theory and 3) with Navier–Stokes
equations because typical CFD codes are not accurate enough to
evaluate stability equations, and therefore it is not computationally
efficient [18].

The third method to predict transition is to use experimental
correlation. The correlation usually relates the freestream turbulence
intensity (Tu) and the local pressure gradient to the transition
momentum thickness Reynolds number (Re�t). A typical example is
Abu–Ghannam and Shaw’s correlation [27], which is based on a
large number of experimental observations. The correlations can be
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found for many different transition mechanisms and can take into
account parameters such as freestream turbulence intensity, pressure
gradients, and surface roughness. The method has been shown to be
sufficiently accurate. However, one difficulty applying this transition
method in industry is that it is not compatiblewith three-dimensional
flows and unstructured/parallel CFD codes because it uses nonlocal
transition criteria formulation [19].

The basic mechanism of boundary-layer transition under various
flow conditions can be studied using direct numerical simulations
and large eddy simulations for low to moderate values of Reynolds
number. Unfortunately, due to their prohibitive computational cost,
such techniques are not feasible for high Reynolds numbers and
complex geometries encountered in most industrial aerodynamic
flows. In such cases, numerical models based on the solution of the
Reynolds-averaged Navier–Stokes (RANS) equations are still
needed.

Recently, two new approaches based on RANS equations were
proposed: one by Walters and Leylek [28] and the other by Menter
et al. [19].

Walters and Leylek [28] developed and implemented a newmodel
for bypass and natural transition prediction based on the RANS
equations. It uses an eddy-viscosity RANS framework which is
easily implemented into existing in-house or commercial CFD
codes. There are two major concepts embodied in Walters and
Leylek’s approach. The first is the use of a new transport equation to
represent the growth of nonturbulent, streamwise fluctuations in the
pretransitional boundary layer, an idea that builds upon the work of
Mayle andSchulz [29]. The second is the incorporation offluctuation
growth due to a splat mechanism, as proposed by Volino [30].
Walters and Leylek’s [28] transition model has been validated by test
cases of fully developed channel flow, flat-plate boundary layer with
varying levels of freestream turbulence, and a modern, highly loaded
turbine airfoil with significant variation of freestream turbulence. It is
suggested that this approach has promising potential for transitional
flow prediction in engineering application [28].

Menter’s �-Re� Transition Model [19] has been implemented in
the commercial CFD code CFX12, which was used for transition
simulation on the natural laminar flow nacelle in this study.

Menter’s model, known as the �-Re� Transition Model [19], is
becoming increasingly accepted for transition prediction in academia
and industry. The model involves solving a modified version of the
shear stress transport (SST) k-! turbulence model together with two
additional transport equations for turbulence intermittency, �, to
trigger transition, and for transported transitionmomentum thickness

Reynolds number, ~Re�t. The transport transition Reynolds number
requires specification of the transition onset momentum Reynolds
number in the freestream Re�t, based on an empirical correlation
given by Langtry and Menter [18].

Menter’s �-Re� Transition Method uses local variables for
prediction and therefore is compatible with the modern CFD tech-
niques such as unstructured grids and massively parallel execution.
In addition, it does not negatively affect the convergence of the solver
[18]. It has been validated over a number of aerodynamic cases,
including 2-D airfoils, three-element flaps, a 3-D transonic wing and

a full helicopter configuration [18]. The good agreement with the
available experimental data indicates that this model is a significant
step forward in engineering transition modeling [19], and it is
suitable for external aerodynamic applications. Currently, this model
accounts for the transition due to freestream turbulence intensity,
pressure gradients and separation. The main limitations are lack of
consideration of crossflow instabilities, streamwise curvature,
freestream turbulent length scale, and high-speed flow correlations
(compressibility effect). Further details of the transition model are
described in [19]. The development of the code for a range of
engineering applications is presented by Malan et al. [31].

II. Methodology

A. CFD Model

1. Geometry

Thegeometry of the studied nacelle is shown in Fig. 1. The internal
geometry of the nacelle is only represented as far as the fan face. The
internal shape of the exit duct is not represented. The external profile
of the nacelle between the highlight and the location of themaximum
diameter was modified with the aim of extending the region of
laminar flow. A scaled nacelle model was employed in wind-tunnel
tests and in the CFD simulation.

2. Domain

A three-dimensional rectangular computational domain was
created, and the nacelle model was placed inside the domain repre-
senting the setup of the wind-tunnel tests. The upstream boundary
(domain inlet) was located at 5 chord lengths from the leading edge to
avoid excessive decay of the domain inlet turbulence intensity (Tu).
The outlet of the domain was located 7 chord lengths away from the
nacelle trailing edge.

In any wind-tunnel test program, the interference effects from
tunnel walls, model supports, and any other obtrusive hardware
could affect the flow. In the work of Lessard [32], the effect of model
support and wind-tunnel walls were investigated on a high lift
Technology Concept Airplane both computationally and exper-
imentally. The main conclusion from this work is that for predicting
overall performance characteristics such as forces and moments,
modeling the aircraft in free air was sufficient.

In thewind-tunnel working section, the sidewalls are perforated to
minimize the wall interference effects on the internal flow. In the
CFD representation, solid side walls with enlarged domain dimen-
sions (5 chord lengths at each side) were employed to simulate this
feature. The rear part of the model supports has been modeled in the
CFD model by extending the nacelle trailing edge to the outlet
boundary. However, the vertical model postsupport (sting) in the
wind-tunnel test section was not included.

3. Mesh and Boundary Conditions

A structured multiblock hexahedral mesh was employed in the
domain. An O-grid mesh was applied around the nacelle body. The
mesh is clustered around the nacelle leading edge, and the wall
normal distance to the first data point corresponds to a y� value less
than 1. A wall normal expansion ratio of 1.10–1.12 was employed.
The number of nodes in the streamwise direction is chosen to ensure
that the aspect ratio of parallel spacing to normal spacing was less
than 500. The surface mesh is shown in Fig. 2.

The boundary conditions used were: total pressure and tem-
perature at the domain inlet; freestream static pressure at the outlet;
pressure outlet conditions at the fan-plane boundary, to ensure the
target mass flow rate is achieved; far-field conditions at the sidewall
boundaries; and nonslip condition on the nacelle surface.

A detailed grid-independence study based on transitional flow
simulations as a function of both streamwise and normal node
number has been performed. This showed that a mesh of 8.6 million
hexahedral cells is required to achieve grid-independence and is
therefore suitable for transitional flow predictions.Fig. 1 Geometry of laminar flow nacelle.
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4. Solver

The commercial CFD code CFX12, a parallel, implicitly coupled
pressure-based solver that is tuned for industrial CFD applications,
was employed in this study in conjunction with Menter’s �-Re�
Transition Model.

The flow is assumed to be compressible and transitional. Total
energy is set for heat transfer modeling because the high Mach
number (�0:8) results in significant kinetic energy effects. The
high-resolution scheme is used for advection terms and turbulence
numerics. This adaptive numerical scheme locally adjusts the
discretisation to be as close to second-order as possible to ensure
maximum accuracy, while ensuring the physical boundedness of the
solution. It is determined that the transition onset location is very
sensitive to the advection scheme for the turbulence and transition
model equations [19]. Therefore a bounded second-order upwind
scheme was chosen for solving the flow equations.

The computational analysis uses theRANS equationswith the k-!
SST turbulence model. The SST turbulence model is employed for
high-accuracy boundary-layer simulation. It is a hybrid method that
couples the standard k-" and k-!models in an efficient manner, with
the k-! model used in the near-wall region and the standard k-"
model in the far-field region, blending them together at the interface
between the regions. It includes the modeling of transport of shear
stress via a modified definition of the turbulent viscosity. Menter’s
�-Re� Transition Model was employed for transitional flow pre-
diction with the constants for the turbulence intermittency equation
and the transition momentum thickness Reynolds number equation
are set as follows:

c�1 � 0:03; c�2 � 50; c�3 � 0:5

�� � 1:0 c�t � 0:03; ��t � 2:0

Steady-state solutions were sought with a maximum residual
criterion of 1 � 10�4.

B. Identification of Transition Location in the CFD Simulation

Prediction of transition using CFD simulation produces two
values, one for the beginning and the other for the end of the
transition process. In contrast, experimental data generally indicate
the transition location as being closer to fully turbulent flow. A
schematic of the laminar-turbulent transition in the boundary layer on
a flat plate at zero-incidence is shown in Fig. 3. The exact beginning
and ending transition locations are poorly defined because of the
complex mechanism of transition. Nevertheless, the transition
location is most often defined as being located in regions 2–4.

In the CFD simulation, there are several output variables that can
be used to identify transition: turbulence intermittency �, local
turbulence intensity (TI), turbulence dissipation rate (TDR), skin
friction Cf, and changes in the pressure distribution.

InMenter’s �-Re� TransitionModel, turbulence intermittency � is
the critical variable used to trigger the switch between laminar and

turbulent treatment in the CFX solver [19]. It predicts that the
turbulence intermittency will start to increase at a very early stage of
the transition region, in regions where the boundary-layer profiles
would still be laminar, as shown in region 2 in Fig. 3. TDR and TI
start to increase with the onset of turbulence intermittency in the
boundary layer and that is controlled by critical value ofRe�, which is
related to the strain rate. Therefore, in the CFD simulation, the initial
increase in turbulence intermittency was used to identify the earliest
sign of transition within the boundary layer.

The boundary between the final region of transition and fully
turbulent flow is not sharply defined by any of the above output
variables. It is generally accepted that the end of transition is defined
as the location where the maximum value of Cf occurs, which is
toward the end of region 4 in Fig. 3.

Therefore, two transition boundary lines around the nacelle cir-
cumference, corresponding to the beginning and the end of
transition, can be obtained from the CFD solution.

C. Correction of CFD-Predicted Transition Location

In the CFD simulation, the turbulence intensity specified at the
domain inlet can decay quite rapidly with respect to streamwise
distance and domain inlet viscosity ratio Rt. The decay can be
expressed as follows in terms of domain inlet Tu and streamwise
distance x� downstream of the domain inlet [33]:

Tu � � Tu

�
1� 3�V�Tu2

2�Rt
	 x�

��
0:5	��� �
(1)

� and �� are empirically determined coefficients set as follows:
�� 0:09 and �� � 0:0828.

Typically, the larger the viscosity ratioRt the smaller the turbulent
decay rate. However, if Rt specified is too large (Rt > 100) the skin
friction can deviate significantly from the laminar value. For this
reason it is desirable to have a relatively low domain inlet viscosity
ratio (Rt � 1–10) [33]. In the present study, Rt � 10 is used.

The decay is illustrated in Fig. 4 for the datum case withM� 0:8,
�� 0�, mfr� 0:71, and Tuinlet � 0:37% showing that the turbu-
lence intensity downstream of the inlet (Tu�) has decreased to
0.114% at the nacelle leading edge (denoted by the black solid line).

Experimental and numerical investigations for a flat plate have
verified that freestream turbulence intensity has a significant effect on
transitional boundary-layer flow. As Tu increases (but remains under
1%) the transition onsetmomentum thicknessReynolds numberRe�t
decreases rapidly and consequently the transition location moves
upstream. This implies that in the CFD predictions, the decayed
freestream turbulence level at the nacelle leading edge results in an
overprediction of the laminar flow extension. Therefore, it is

Fig. 2 Nacelle surface mesh.

Fig. 3 Schematic of laminar-turbulent transition in the boundary layer

([39]).
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necessary to apply a correction to counteract the decay of turbulence
intensity from the domain inlet.

One common technique is to estimate the domain inlet value of
turbulence intensity such that at the leading edge of the nacelle the
turbulence intensity will decay to the desired value, which, in this
case, is 0.37%.However, fromEq. (1), this approach requires either a
very large domain inlet viscosity ratio Rt (see the two examples with
Rt � 60 and 100 in Fig. 4), or the domain inlet boundary to bewithin
one chord length of the nacelle leading edge. The shortcomings of
having a large Rt means the skin friction can deviate significantly
from the laminar value, as was discussed previously above.When the
distance between nacelle leading edge and the domain inlet is short,
errors will be introduced into the CFD model, due to pressure wave
reflection and interference between the domain inlet boundary and
the nacelle body.

Instead, an empirical correctionmethod is adopted here, which can
be expressed as follows:

fTransition Locationgaftercorrection
� Cb;e 	 fTransition LocationgCFDPrediction

(2)

Cb;e denotes both Cb and Ce as appropriate empirical correction
factors for the beginning and the end of transition, respectively,
expressing the effect of Tu on transition onset location xt i.e., onRet.

Alternative empirical correlations have been proposed by Abu–
Ghannam and Shaw [27], Suzen et al. [34], Mayle and Schulz [29],
Menter et al. [19] and Hall and Gibbings [35]. All relate transition
onset momentum thickness Reynolds number Re�t to freestream Tu.
Menter et al.’s correlation for the beginning of transition and Hall
and Gibbings’ correlation for the end of transition were used, as
expressed in Eqs. (3) and (4), respectively

Re�t � 803:73
Tu� 0:6067��1:027 (3)

Re�t � 320� exp
7:7 � 0:4475Tu� (4)

For Tu� 0:37%, and TuLE � 0:114%, the correction of Re�t for the
beginning of transition is 0.732, and for the end of transition is 0.906.
The Reynolds number Ret based on transition onset location xt is
proportional to the square of Re�t, which gives the corresponding
correction factors of Cb � 0:536 and Ce � 0:821.

It should be emphasized that the correction factors employed here
are from the empirical correlations for a flat plate model with zero
pressure gradient, and they are not calibrated for nacelle cases.
Nevertheless, they still can be used to demonstrate the effect of decay
of freestream Tu on the transitional boundary-layer flow on the
nacelle surface.

Hereafter, the two transition boundary lines, obtained from the
CFD predictions, are corrected using this approach. The exper-
imental data are expected to be located between these two corrected
transition boundary lines, lying closer to the end of transition
boundary line.

D. Challenges in CFD Transition Simulations

In the process of conducting transitional flow simulations on the
laminar flow nacelle, a number of challenges have been encountered
and discussed below.

All the results shown in this section are based on a preliminary
study for the case with a Mach number, M� 0:8, angle of attack,
�� 0� and mass flow ratio, mfr� 0:71. Simulations have been
performed for both fully turbulent and transitional flow, and for both
steady and transient flow regimes.

1. Body Surface Smoothness

One requirement for an accurate and successful transition
simulation is the smoothness of the model of the surface, which is
dependent upon two factors: the CAD model smoothness and the
mesh smoothness. A high-quality natural laminar flow nacelle CAD
model with more than adequate smoothness for our needs was
employed in this study. An appropriate model tolerance in mesh
generation is crucial to ensure a smooth surface mesh representing
the smooth surface geometry. Preliminary CFD transitional flow
simulations were performed with two different meshes, each created
in ICEMCFDwith model tolerances of 1 � 10�3 m and 1 � 10�7 m,
respectively. Figure 5 shows the CFD-predicted results of surface
pressure distribution CP and skin friction Cf on the nacelle surface.
Oscillations can be observed on the CP and Cf curves with the
rougher model with a tolerance of 1 � 10�3, as shown in Fig. 5a.
These oscillations were eliminated when a smoother model with
tolerance of 1 � 10�7 was applied, as shown in Fig. 5b.

Fig. 4 Decay of domain inlet Tu as a function of streamwise distance x�

and domain inlet viscosity ratio Rt.

Fig. 5 Effect of surface mesh smoothness on transition simulation: a) tolerance 1 � 10�3 m, and b) tolerance 1 � 10�7 m.
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2. Intake Flow Separation

The transitional flow simulation on the laminar flow nacelle
exhibited boundary-layerflow separation in the nacelle intake,which
can be inferred from both the skin friction and the plateau in surface
pressure distribution. This is shown in Fig. 6, in which theCP andCf
at the nacelle crown section for both the transition and fully turbulent
simulations are presented. In the transitional flow simulation
separation of theflowwas also observed invelocity streamlines in the
nacelle intake flow.

An additional issue encountered within the transitional flow
simulation is that the targeted maximum residual criterion cannot be
met. The moving separation bubble in the nacelle intake flow causes
a local lack of maximum residual convergence.

A transient simulationwas performed to address this issue, and the
results at different time steps were compared with the steady-state
simulation at the crown, keel, inboard, and outboard sections of the
nacelle surface. A comparison of the stagnation points coordinates
on the four specific sections on the nacelle between the steady-state
simulation and transient simulation at one time step, as shown in
Table 1, indicated that the difference is within one cell scale. Similar
results were obtained at other time steps. The comparison of skin
friction is shown in Fig. 7. For brevity, only the skin friction at the
crown section is presented here. The difference between the results of
the steady-state simulation and the transient simulation at one time
step is very small, with only a minor difference in the intake flow.
Similar results were obtained at the other three sections and also at all
other time steps.

The results demonstrate that the small area of unstable flow and
resulting lack of tight convergence of the maximum residuals do not
significantly change the overall transition behavior on the nacelle
outer surface. Therefore, the steady-state simulation with local lack
of maximum residual convergence was considered acceptable to be
used in the remaining work.

III. Validation and Discussion

A key parameter in the validation of transitional boundary-layer
flow is the domain inlet Tu. The approximate relationship between
turbulence Tu and N factor can be expressed as [36]:

N ��8:43 � 2:4 ln 
Tu�; for 0:1%< Tu< 1% (5)

This correlation overpredicts laminar flow extent for Tu levels of less
than 0.1%.

An N factor of 5 has been assumed for the calculation. The
corresponding turbulence intensityTu� 0:37%was used in all CFD
simulation cases.

A. CFD Validation Cases

The CFD simulation cases chosen for consideration, as shown in
Table 2, are based on the availability of experimental data for
validation. Case 1 is referred to as the datum case and case 2 as the
transonic case.

B. Validation Results

In the wind-tunnel experiments, static pressure measurements
were taken at three nacelle radial planes: 23, 90, and 157�, where the
radial planes are measured positively from the crown section (0�) to
the inboard section (90�). Comparisons of these with the CFD
predictions are presented in this paper. In addition, the corrected
transition boundary lines from CFD prediction are also compared
with experimental data.

The CFD-predicted surface pressure distribution Cp, and the
corresponding experimental data for the datum case relative to the
fractional nacelle chord length are shown in Fig. 8. The CFD-
predicted skin friction coefficient Cf is also presented.

For the external flow, from the leading edge to about 45% of the
nacelle chord, the CFD prediction is in close agreement with the
experimental data at all three radial planes. It is known that
the growth of unstable T-S waves is sensitive to the boundary-layer
profile. In a favorable pressure gradient the velocity profile gets fuller
and the amplification of T-S waves in the streamwise direction is
reduced. With adverse pressure gradients the T-S waves amplify
more rapidly leading to earlier transition [37,38]. In the datum case,
the sharp change in pressure coefficient Cp on the external surface
predicted by CFD corresponds to the transition location indicated by
the sudden increase in skin friction coefficient Cf. This implies that
the adverse pressure gradients lead to onset of transition. However,
this localized change in Cp gradient is not noticeable in the
experimental data as the pressure tapping pitch is not adequate to
capture this detail. Figure 8 also shows differences in the aft part of
the external flow. This is possibly due to the model postsupport
(sting) not being present in the CFDmodel. The sting has some effect
on the local pressure on the nacelle surface [32]. However, the
pressure differences in the downstream flow is away from the
transition onset location, whichmeans it will only affect the turbulent

Fig. 6 Boundary-layer flow separation in nacelle intake flow.

Table 1 Comparisons of stagnation points between steady-state and transient simulation

Transient simulation Steady-State simulation Difference

Crown (0.005944, 0.120322, 0) (0.005946, 0.120317, 0) (2e � 6, 5e � 6, 0)
Keel (�0:004871, �0:11414, 0) (�0:005006, �0:114920, 0) (1:35e � 4, 7:8e � 4, 0)
Inboard (0.000593, 0, 0.116623) (0.0006, 0, 0.116609) (7e � 6, 0, 1:4e � 5)
Outboard (0.00015, 0, �0:11794) (0.00015, 0, �0:11794) (0, 0, 0)

Fig. 7 Comparison of skin friction Cf between steady-state and
transient simulation.
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boundary-layer flow, not the laminar and transitional boundary-layer
flow, and hence the transition location.

For the nacelle intake, Fig. 8 shows significant difference between
the predicted and experimental results. This is due to the spinner
being present in the experimental setup but omitted in the CFD
model. The spinner reduces the cross-sectional area of the intake and
consequently reduces the local pressure.

A comparison between the CFD-predicted and the experimental
pressure distributions are shown in Fig. 9 for mass flow ratios of 0.65
and 0.75 and in Fig. 8 for a mass flow ratio of 0.71. For brevity, only
the data at the 23� radial planes are presented in Fig. 9. Similar results
are seen at the other two locations tested. The CFD predictions agree
with wind-tunnel test data, and the predicted transition locations
coincide with the steep gradients in the pressure, for a range of mass
flow ratios.

Figure 10 shows that the major effect of varying mass flow ratio is
on the surface pressure coefficient, Cp, close to the nacelle leading
edge. As themass flow ratios are reduced the pressure becomesmore
negative in the externalflow regions close to the nacelle leading edge.
This gives a stronger adverse pressure gradient and consequently an
earlier transition to turbulence, as shown in their transition location
Cf curves.

Comparisons of experimental and predicted transition locations
for caseswithmassflow ratios of 0.75, 0.65, and 0.60 are presented in
Figs. 11–13, respectively. The CFD-predicted boundary lines for
both the beginning and the end of transition are illustrated along with
the transition boundary lines defined during the chemical sub-
limation tests performed in the natural laminar flow nacelle wind-
tunnel program.

Figures 11–13 show that, in general, the CFD prediction trends
agree with the experiments. The laminar flow extent is less over that

Table 2 CFD validation program for

cruise cases

Case number Mach number �, � mfr

Case 1 0.8 0 0.71
Case 2 0.88 0 0.71
Case 3 0.8 �2 0.71
Case 4 0.8 0 0.75
Case 5 0.8 0 0.65
Case 6 0.8 0 0.60

Fig. 8 Comparison of CFD-predicted Cp and Cf with the experimental

Cp data for the datum case (M � 0:8, �� 0�,mfr� 0:71).

Fig. 9 Comparison of CFD-predicted Cp and Cf with the experimental

Cp data for two mfr cases: a) M � 0:8, �� 0�, mfr� 0:65, and

b) M � 0:8, �� 0�, mfr� 0:75.
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part of the nacelle where the maximum profile depth is the thinnest
(0–90�) compared with where the maximum profile depth is the
thickest (180–270�). The maximum nacelle profile depth is thinnest
at the plane of the pylon, which coincides with the inboard section.
The maximum nacelle profile depth is thickest between the keel and
outboard sections. It is also noted that at the thinnest part of the
nacelle the transition boundary from the wind-tunnel tests either
maintains a mean position between the two CFD prediction
boundaries (Fig. 13) or is located near the nacelle leading edge
(Figs. 11 and 12). This shows the sensitivity of transition to the cross-
sectional profile at the thinnest nacelle sections.

These results show that, in general, Menter’s �-Re� Transition
Model is capable of capturing the effect of mass flow ratio on
transition in the presence of transonic flow.

Contours of isentropicMach number on the nacelle surface for the
transonic case with M� 0:88, �� 0�, and mfr� 0:71 is shown in
Fig. 14. Strong shockwaves and laminar boundary-layer separation
occurred at 10–20% chord around the whole nacelle. The strongest

Fig. 10 Comparison ofCFD-predictedCp andCf with the experimental
Cp data for a series of mfr cases.

Fig. 11 Transition location validation for cruise case M � 0:8, �� 0�,mfr� 0:75.

Fig. 12 Transition location validation for cruise case M � 0:8, �� 0�,mfr� 0:65.
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shockwaves appear around the keel section with a maximum surface
isentropic Mach number of 1.13, which results in earlier transition.

The corresponding transition boundary lines and the comparison
of the CFD-predicted pressure distributions with the experimental
data for the same transonic case are shown in Figs. 15 and 16
respectively. The comparison shown in Fig. 16 of the CFD-predicted
pressure distributions with the experimental data at three radial
planes shows good agreement. However, as discussed above, the
transition location from the test data on the thinnest part of the nacelle
is more sensitive to the upstream flow parameters, with an abrupt
reduction of the laminar flow extent. The large discrepancy between
the CFD prediction and experimental results, as shown in Fig. 15,
may imply that the grid around the nacelle leading edge is not fine
enough to capture any small shock in that region: no shocks are
evident in the Cp distribution of the CFD solution (see Fig. 16b).
Above a Mach number of 0.8, the unstable flow, shock waves and
separation intensify the sensitivity of the boundary-layer transition to
the local flow instability where the maximum profile depth is
thinnest. Therefore, a refinedmesh around the nacelle leading edge is
required for correct transition prediction using Menter’s method.

Fig. 13 Transition location validation for cruise case M � 0:8, �� 0�,mfr� 0:60.

Fig. 14 Contour of isentropic Ma on nacelle surface for Mach number

case M � 0:88, �� 0�,mfr� 0:71.

Fig. 15 Transition location validation for cruise caseM � 0:88, �� 0�, mfr� 0:71.
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However, where the maximum profile depth is thickest, with more
favorable conditions for laminar flow, the experimental data show
that there is no laminar flow break down at the nacelle leading edge.

Both the CFD prediction and experimental results show an
improvement in laminar flow extent at this higher Mach number.
High subsonicMach numbers have a complex effect on the transition
location. In the absence of shockwaves and laminar flow separation,
the higher Mach numbers cause downstream movement of the
transition location. However, in the presence of shockwaves or
laminar flow separation, or both, the T-S waves are significantly
amplified, which hastens transition. The final results, therefore, are
the combination of these two contrary effects.

A comparison between the CFD-predicted and the experimental
pressure distributions are shown in Fig. 17 for an angle of attack of

�2� and in Fig. 8 for an angle of attack of 0�. For clarity, the Cf data
for �� 0� have been included in Fig. 17.

At both sections presented, the CFD predictions forCp agree with
the experimental data. At radial plane 23� a negative incidence angle
moves the stagnation point outwards toward the external surface,
resulting in extended laminar flow, as shown in Fig. 17a. Conversely,
there is reduced laminar flow at radial plane 157�, as shown in
Fig. 17b.

The results of this study indicate that Menter’s �-Re� Transition
Model, as implemented in CFX12, is capable of predicting the
transitional flow behavior of nacelle cases with a small angle of
attack, in which the crossflow velocity is much lower compared with
the streamwise flow velocity, and the T-S disturbance still dominates
the transition in the boundary layer.

C. Assessment of Prediction Capability of the Menter’s �-Re�
Transition Model

In general, the CFD simulations agreed with the experiments in all
cases for Mach numbers ranging from 0.8 to 0.88, mass flow ratios
ranging from0.60 to 0.75, and angles of attack ranging from�2 to 0�.
Thevalidation results indicate thatMenter’s �-Re� TransitionModel,
as implemented in CFX12, is appropriate to consider for transition
predictions on nacelle surfaces and when the turbulence levels are
low (Tu< 1%). Nevertheless, there are still some limitations in both
theCFDmodel and the implementation ofMenter’s �-Re� Transition
Model in the nacelle cases, which, to some extent, cause the
discrepancy between CFD results and experimental data on natural
laminar boundary-layer transition.

1. Limitations in Menter’s �-Re� Transition Model

Menter’s �-Re� Transition Model is a correlation-based model,
and theflowphysics of the transition process are expressedwithin the

Fig. 16 Comparison ofCFD-predictedCp andCf with the experimental

Cp data for the transonic case (M � 0:88, �� 0�,mfr� 0:71).
Fig. 17 Comparison ofCFD-predictedCp andCf with the experimental

Cp data for an incidence case (M � 0:8, ���2�,mfr� 0:71).
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experimental correlations provided to the model [19]. The present
model formulation is a starting point for the inclusion of additional
effects and flow regimes [19], such as roughness, freestream turbu-
lent length scale, streamline curvature, crossflow transition, and
compressibility.Many of these additional parameters are particularly
applicable to nacelles, for example, compressibility effects, surface
roughness, and streamline curvature, which are not included in the
current formulation of Menter’s �-Re� Transition Model.

From thevalidation cases discussed in this study, it can be seen that
aboveMach 0.8,Menter’s �-Re� TransitionModel workswell where
the nacelle maximum profile depth is thickest. However, where the
nacelle maximumprofile depth is thinnest, where the boundary-layer
transition is more sensitive to the local unstable flow, a refined mesh
is required to capture any small shock waves which might influence
the transition.

For the incidence angle cases with velocity in all three coordinate
directions, Menter’s �-Re� Transition Model is only capable of
predicting transition behavior provided the crossflow velocity is
much lower compared with the streamwise flow velocity, which
means that the T-S wave instability is still the dominant transition
mechanism.

Menter’s �-Re� Transition Model behaves equally well for all the
mass flow ratios tested in this study. However, the method shows
sensitivity to the cross-sectional profile, in particular where the
nacelle is thinnest and transition can “jump” to the leading edge.

2. Other Limitations of the CFD Model

The wind-tunnel model intentionally included some minor
surface roughness over some portions of the nacelle. This roughness
was not included in the CFD model. The CFX12 solver has updated
its rough wall treatment with correlations for the effect of roughness
on transition onset based on a fixed geometric roughness height
[33]. Current work is extending the modeling to include surface
roughness.

A second influential factor is the decay of domain inlet turbulence
intensity, which also has significant effect on transition boundaries.
A more accurate empirical correlation relating turbulence intensity
and transition Reynolds number for nacelle application is required.

A third factor is the configuration of the experiments in the wind
tunnel, especially the model postsupport (sting), which is not
included in the CFDmodel. Investigation of the interference effect of
the model postsupport (sting) on the flowfield by Lessard [32]
showed that it has an influence on the local flow physics. The
discussion in the validation of datum case shows that the model post-
support (sting) does have an effect on the nacelle surface pressure
distribution further downstream in the turbulent boundary layer. A
spinner was also present in thewind-tunnel tests and only included in
some of the off-design CFD modeling. However, the spinner only
influences the flow in the intake and has negligible effect on the
external flow.

In addition, wind-tunnel noise and vibration, which may have
influenced the experimental test results, are not taken into account in
this study.

IV. Conclusions

In this study,Menter’s �-Re� TransitionModel, as implemented in
CFX12 solver, was used for transition prediction on a natural laminar
flow nacelle. The implementation of the model was discussed in
detail, including themesh generation and application of the boundary
conditions, CFD model creation, and the numerical solver.

Some challenges associated with this type of transitional flow
simulation have been identified and discussed. The CFD model
surface smoothness is a crucial influential factor for an accurate and
successful transition simulation. The small area of laminar boundary-
layer separation in the nacelle intake and resulting lack of tight
convergence of the maximum residuals does not change the overall
transition behavior on the nacelle external surface. This means the
steady-state simulation is suitable for transition prediction on the
nacelle.

The identification and correction of transition location in the CFD
simulationwas also discussed in this study. Turbulence intermittency
and skin friction have been identified to be the critical indicators for
the beginning and the end of transition, respectively. The CFD-
predicted transition locations were corrected to counteract the effects
caused by the decay of domain inlet turbulence intensity.

CFD simulations were performed for a series of cruise cases with
Mach numbers ranging from 0.8 to 0.88, angles of attack from�2 to
0�, andmassflow ratios from0.60 to 0.75. TheCFD results were then
compared with the surface pressure distributions and the chemical
sublimation defined transition boundaries obtained in the wind-
tunnel tests. In general, the CFD simulations agreed with the exper-
iments. This indicates that, under most flow conditions considered in
this study, Menter’s �-Re� Transition Model as implemented in
CFX12 is appropriate in predicting boundary-layer transition on
nacelle surfaces at typical cruise conditions.

However, the deviation of the CFD predictions from the experi-
mental data in some cases indicates that Menter’s �-Re� Transition
Model formulation as implemented in CFX12 is still limited for its
application in nacelle cases. Above a Mach number of 0.8, the
sensitivity of transition to the cross-sectional profile observed in
experimental results indicated a need for a highly refinedmesh. Also,
Menter’s �-Re� Transition Model formulation is only capable of the
prediction of transition in three-dimensional boundary-layer flow as
long as the crossflowvelocity ismuch lower than the streamwise flow
velocity, and the T-S disturbance transition still dominates. This is
shown by the incidence case (���2�) considered in this study,
which gives good comparison with the experimental results.

Suggestions for further improvement in Menter’s �-Re�
Transition Model are consideration of the effects of crossflow
transition and compressibility. Some of the discrepancies are also
related to the modeling approximations in the current study, such as
neglecting surface roughness, the spinner, and the model post-
support (sting).
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