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Effect of Reynolds Number on Upper Cowl Flow Separation
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and
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This paper describes testing on subsonic inlet cowlings for high-bypass-ratio turbofan engines, conducted in a
low-speed pressurized wind tunnel. These new data bridge the gap between earlier low Reynolds number model
data for cowl flow separation and full-scale flight conditions. Innovative model test approaches were employed
and are described. New cowl flow separation data matched previously obtained data at comparable Reynolds
numbers. Higher Reynolds number data, up to flight value levels, behaved in an orderly fashion and were
suitable for improving currently available theroretical descriptions of the phenomena governing engine in-
operative cowl flow separation.

Nomenclature

= shape factor
= surface curvature
= mass flow ratio
= pressure
= radius
= Reynolds number
= surface distance
= velocity
= distance normal to surface
= angle of attack
= displacement thickness
=' momentum thickness
= surface angle
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Subscripts
DHL =hilite diameter
E = engine face
HL =hilite
INLET = inlet
L = local
MAX = maximum
P = peak
SEP = separation
T = total, stagnation
TH = throat
0 = freestream
1 =S/DHL = 0.009
2 = S/DHL = 0.060

Introduction
A ERODYNAMIC design conditions for high-bypass-ratio

XjLcommercial transport aircraft nacelles are typically the
low-speed takeoff and landing conditions as well as the high-
speed cruise conditions. The low-speed design condition in-
volves both the requirement for high-angle-of-attack opera-
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tion during takeoff (Fig. 1) as well as the potential for low
mass flow ratio associated with an inoperative engine. The
lower inlet lip aerodynamic shape is usually determined by the
high-flow, high-angle-of-attack condition that has been shown
to be relatively insensitive to Reynolds number,1 while the up-
per external cowl shape has been determined to be Reynolds
number dependent. The upper inlet external cowl is simul-
taneously exposed to conditions of high angle of attack and
low mass flow in the event of an inoperative engine burning sec-
ond segment climb after takeoff. This creates a region of high
surface Mach number that, if not carefully considered during
the aerodynamic design phase, can lead to cowl flow separa-
tion downstream of the inlet lip leading edge. This flow
separation can cause an aircraft drag increase that is on the
order of 3-5% of total aircraft drag. If the aircraft is thrust
limited during this flight segment, which is usually the case for
two- and three-engine aircraft, the engine thrust must be in-
creased and the vertical tail size may also require upward siz-
ing. Even in the case of a four-engine aircraft, where thrust is
not as critical, an inoperative engine during second-segment
climb can cause external cowl separation, which induces air-
craft buffetting that might be misinterpreted as wing buffet-
ting. This is undesirable for flight safety considerations.
Therefore, the nacelle designer is charged with producing an
external cowl upper lip shape that does not separate while
operating within the aircraft flight placard (Fig. 2). The effect
of cowl flow separation on the onset of wing stall is not con-
sidered here because the objective, as stated, is to design a
cowl shape that will not separate prior to the onset of wing
stall.

The nacelle designer must usually make design judgments
based on subscale Reynolds number testing, even when
pressurized wind tunnel facilities such as LeFauga2 are
available, since full-scale model simulation is not generally
feasible due to size or cost limitations. The question of how to
extrapolate these results to full scale is a critical one for the
designer. Utilizing the subscale results per se can result in a
nacelle diameter and weight penalty, as well as an isolated and
installed drag penalty. To avoid such penalties, the designer
must have criteria for extrapolating the subscale results to full
scale. A supplemental test program was, therefore, conducted
by General Electric at LeFauga in late 1982 to assess the
subscale Reynolds number question. The 15% scale model
data obtained in 1981 were augmented by 33% scale model
date to provide full-scale Reynolds number simulation for the
external cowl with engine-inoperative simulation. Due to the
facility's piping limitations, full-scale Reynolds number data
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Fig. 1 Typical aircraft incidence during takeoff.
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Fig. 2 Typical nacelle external flow separation boundaries for
second-segment takeoff climb.
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Fig. 3 Inlet flowfield for windmill condition at zero angle of attack.

for the lower lip operability testing could not be obtained for
the 33% scale model. It should be noted that the larger model
size was selected to permit some overlap with the 15% scale
model test results as well as full-scale Reynolds number
simulation. A further objective of the 33% scale model testing
was to obtain sufficiently detailed data to further advance
understanding of the separation phenomenon.

The Aerodynamic Problem
When an engine is inoperative (windmilling) during initial

climb, flow separation on the upper cowl surface can cause an
unacceptable drag increase, preventing the aircraft from

M0 = ' . 2 5
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a INLET = 20.6°

Fig. 4 Inlet flowfield for windmill condition near separation angle of
attack.

meeting prescribed climb gradients. The conditions governing
the onset of this type of flow separation must be determined
and understood, in order to develop inlet (cowl) designs that
exhibit attached flow within the aircraft operating envelope.

Mass flow ratios associated with a windmilling turbo fan
engine are typically in the 30-35% range. The capture stream
tube and associated stagnation streamlines that characterize
the nacelle flowfield during the windmilling condition are
shown schematically in Figs. 3 and 4 for 0 and 20 deg angle of
attack, respectively. Figure 4 depicts the inlet flowfield near
the external flow separation. Specifically, the stagnation point
at the top vertical center line lies well inside the internal lip.
The external flow, originating at the stagnation point, moves
forward toward the hilite, accelerating to transonic velocities
on the inlet external surface immediately downstream of the
hilite. The flow then decelerates to near-freestream velocities
farther down the inlet cowl. Associated boundary-layer devel-
opment is laminar near the stagnation point and then, if the
freestream Reynolds number is sufficiently high, may transi-
tion before reaching the hilite. Downstream of the hilite,
where the suction peak occurs, the onset of massive separa-
tion/stall at the critical inlet angle of attack can be caused by
1) laminar separation bubble bursting, 2) turbulent boundary-
layer separation, or 3) a combination of the two phenomena.

For a number of years, laminar separation bubble bursting
has been studied in conjunction with wing and cascade
leading-edge stall. Roberts3 has developed a semi-empirical
technique for the description and calculation of the develop-
ment and bursting of laminar separation bubbles in airfoil sec-
tions. He postulates that, if the surface of the airfoil is smooth
and the freestream turbulence low, the laminar boundary-
layer can separate due to the pressure gradient aft of the
velocity peak. Transition occurs in the separated shear layer
and the flow reattaches to the airfoil surface as a turbulent
boundary layer. This flow phenomenon is termed a short
laminar separation bubble (Fig. 5). A sufficient increase in the
angle of attack can cause the turbulent free shear layer to fail
to reattach. According to Roberts,3 this is short bubble
bursting and is the cause of abrupt/massive leading-edge stalL

When the freestream Reynolds number based on the airfoil
chord length is sufficiently high (greater than 3 x 106) and the
airfoil nose is sufficiently blunt, then, according to Van Den
Berg,4 turbulent boundary-layer separation is the cause of
leading-edge stalls. Therefore^ external separations for the test
conditions presented in this paper are not a result of laminar
bubble bursting, but rather are of turbulent boundary-layer
separation.

Although the foregoing suggests a general understanding of
the flow behavior near the leading edge of airfoils and three-
dimensional inlets at the onset of external flow separation,
theoretical calculations of these aerodynamically complicated
processes are not sufficiently advanced to permit application
to general three-dimensional inlets. Thus, the inlet/nacelle
designer relies heavily on separation boundaries determined in
subscale model tests. As new and more detailed data are
taken, it will be possible to develop semi-empirical techniques
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Fig. 5 Schematic of laminar separation concept.
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Fig. 6 LeFauga Mach number/Reynolds number envelope.

and to modify the computational algorithms suited for pre-
dicting separation in three-dimensional external (internal) inlet
flowfields.

Subscale Model Tests
Facility

All testing described herein was conducted at the ONERA
Centre LeFauga-Mauzac.2 The variable desity Fl tunnel has a
4.5 x 3.5 m test section with a maximum velocity of 120 m/s
and a stagnation pressure that can be varied between 1.0 and
4.0 bars. The stagnation pressure variability is Mach-number
dependent, as indicated in Fig. 6.

Specific features that made this facility attractive for the ex-
ternal flow separation studies were the Reynolds number
ranges achievable, the continuous sweep of the angle-of-attack
mechanism, and the on-line data acquisition/reduction capa-
bilities.

15% Scale Model Test
Inlet/nacelle development testing conducted by the General

Electric Company at LeFauga in 1981 included a 15% scale
model of an axisymmetric inlet geometry (Fig. 7a). Geometric
details of the lip region are shown in Fig. 7b. The photograph
of the model (Fig. 8) identifies a set of external total pressure
rakes used for detecting the onset of separation. The rakes did
not affect the onset of separation because of their design and
location. Subsequent testing without these rakes produced
identical lip separation behavior. Instrumentation also in-
cluded limited wall static pressures in the lip region.

An example of how both types of instrumentation identified
external flow separation is given in Fig. 9. Note, that both the
lip wall static pressure and the external rake total pressure in-
dicate the same value of flow separation angle, substantiating
massive separation over the entire upper cowl surface.
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Fig. 7a 15% scale model geometry schematic.
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Fig. 7b 15% scale model lip geometry details.

Fig. 8 15% scale model at LeFauga.
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Fig. 9 Experimental technique for
determining external flow separation.
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Fig. 10 External flow separation data for 15% scale model.

Separation boundaries were established for a range of
freestream Mach numbers and Reynolds numbers (Fig. 10).
Strong Reynolds number dependence is exhibited. This same
level of dependence has been witnessed before for other inlet
designs1 and was expected. The question of how to extrapolate
these results to full scale is critical. When the analytical tech-
niques available in 1981 failed to provide a clear understand-
ing of the Reynolds number trends exhibited by the 15%
scale model data, it was decided to develop experimental
means to bridge the gap between the 1981 data base and full-
scale flight.

33% Scale Model Test
The concept of testing a large inlet model at LeFauga was

prompted by the need to fill the Reynolds number gap in the
data base. As shown in Fig. 11, the 33% scale model can attain
full-scale Reynolds number data at both Mach 0.20 and M
0.25 conditions. Other considerations affecting the decisions
were, of course, flow system capability, model cost, model
construction difficulties, and, finally, the ability to operate
this large model (with its attendent large aerodynamic loads)
on the existing 15% scale model support system.

The mechanical problems were overcome with significant
help from ONER A. The model test was conducted in late
1982. Figure 12 illustrates the technique ONERA devised to

counterbalance the large aerodynamic loads at the angle of at-
tack. Note the cable that stretches from the model lower sur-
face through the test section floor. The cable can also be seen
in the photographs of the 33% scale model (Fig. 13). The
mechanical arrangement worked as designed and permitted
the gathering of separation data over the complete range of
the test variables.

To increase the aerodynamic information and, ultimately,
understand the flow phenomena governing external cowl flow
separation, the test techniques were modified. The first change
was to add additional static pressure taps in the lip region. The
second was to eliminate the external total pressure rakes. Since
the lip wall static pressures and rake total pressures had con-
sistently given identical values of the flow separation angle, it
was felt that the redundancy could be removed from the test.

Finally, a change in procedure permitted continuous sam-
pling of key lip wall static pressures so the variation of the Mach
number distribution during a sweep could be recorded. This
provided substantially more insight into the lip aerodynamics
leading up to and including external flow separation. A sample
of how the lip Mach number data were then reduced on-line is
shown in Fig. 14. Note how all pressure tap locations, external
and internal, indicate the separation phenomenon at exactly the
same inlet angle of attack. The sweep rate was generally about 1
deg/s, essentially steady state, but could be changed if desired.
Data were obtained with steady-state, close-coupled
transducers.

A summary of the external flow separation data for the 33%
scale model is shown in Fig. 15. The data are well be-
haved. They show Mach number dependence similar to the
15% scale model data, but lose Reynolds number dependence
as they approach a Reynolds number of 10 x 106 (based on
model hilite diameter). Figure 16 combines both the 15 and
33 % scale model data. A good match of these two sets of data is
exhibited. The data fill the gap between the small-scale data and
full-scale Reynolds numbers. The characteristics of each Mach
number curve should be suitable for extrapolating other
subscale data to full-scale Reynolds numbers.

Data Correlation and Analysis
The well-behaved, detailed lip Mach number data obtained

during the 33% scale model test provided a data base for sim-
ple correlation studies and comparisons with available basic
inviscid/viscous flow analyses.

Analyses currently employed by the General Electric Com-
pany for designing/evaluating three-dimensional inlet/nacelle
configurations are described in Refs. 5-7. These analytical
techniques properly handle inviscid, compressible, three-
dimensional flowfields as well as boundary-layer development
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Fig. 12 33% scale model installation schematic.

TO AIRFLOW SYSTEM

in the absence of shocks and separation. When the onset of
flow separation is coupled with the formation of a three-
dimensional laminar separation bubble, for instance, a semi-
empirical technique such as proposed by Roberts3 would be
needed to achieve a complete theoretical solution. If the flow
separation is due to turbulent boundary-layer separation
alone, then correlation and analytical techniques currently
available may be suitable.

Data obtained for the 33% scale model, although more
detailed than the 15% scale model data, were not adequate to
define the onset of a very short laminar bubble or any of

the upstream or downstream laminar/transitional/turbulent
boundary-layer characteristics. The primary purpose of the
tests described herein was to obtain external flow separation
boundaries at full-scale Reynolds number. Although many
flow details were not obtained, the wall Mach number data
provided a basis for assessing certain basic analyses as well as
permitting data correlations.

Wall Mach number data in the lip region were compared to
the inviscid theory of Ref. 6 for three inlet angles of attack of
0-20.6 deg (Fig. 17). Excellent agreement with the inviscid
theory was obtained everywhere except for a relatively small
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Fig. 13 33% scale model at LeFauga.
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Fig. 14 Improved wall Mach number data acquisition technique.

discrepancy near the peak Mach number point. The theoreti-
cal value of 1.00 was somewhat lower than the experimental
value of 1.05. This may be considered acceptable, since viscous
effects, such as boundary-layer displacement thickness, were
not taken into account. It should be noted that the 20.6-deg
data were taken 0.1 deg prior to flow separation.

To further understand how well the inviscid theory is able to
predict the peak Mach number from zero angle of attack to
the angle of attack at separation, two sets of data were com-
pared with the inviscid theory. Results of this comparison are
shown in Fig. 18. Theory and data differences are small at low
values of inlet angle of attack for both sets of Reynolds
number data, but the differences start to increase at higher
values. At separation, the difference between theoretical and
experimental Mach numbers is 0.05 for the lower Reynolds
number data and 0.11 for the higher values.

A correlation of the ratio of peak wall Mach number to
downstream Mach number (S/DHL = 0.06), with both free-
stream Mach number and Reynolds number, was attempted to
test whether the external Mach number gradient prior to
separation behaved in an orderly manner. Figure 19 shows the
result of data correlated at incipient flow separation condi-
tions. The data show distinct Mach number and Reynolds
number dependence. Note the expanded vertical scale that
shows all of the data to fall between the wall Mach number
gradient values of 2.09 and 2.33.

Since the external Mach number gradient correlation of Fig.
19 looked promising, a similar type of correlation using the
ratio between the velocity at a model station just downstream
of the hilite (5/DHL = 0.009) and the freestream velocity was
tried. For the same data points as in Fig. 19, the velocity gra-
dient correlation tended to mask the Mach and Reynolds
number effects (Fig. 20). Scatter in the data generally fell
within ±1% of the mean value of 3.70. The scatter represents
uncertainty in angle of attack of ±0.5 deg for a Mach 0.25,
6.3 x 106 Reynolds number case. This correlation is excellent
considering the ranges of Reynolds numbers, Mach numbers,
mass flow ratios, and angles of attack.

An attempt was also made to begin the key analysis of
viscous flow from the internal stagnation point to eventual
transitional/turbulent boundary-layer separation downstream
of the suction peak. To obtain the basic viscous solution, the
inviscid pressure distribution from Ref. 6 was combined with
the Harris-Blanchard7 boundary-layer program. The com-
puter program of Ref. 7 solves compressible laminar, transi-
tional, or turbulent boundary-layer equations for two-
dimensional or axisymmetric perfect gas flows. A key input to

FLIGHT REYNOLDS
NUMBERS

4 6 8 107

ReDHL ~ REYNOLDS NUMBER

FLIGHT REYNOLDS
NUMBERS

o 15% MODEL DATA
a 33% MODEL DATA

ReDHL ~ REYNOLDS NUMBER

Fig. 15 External flow separation data for 33% scale model. Fig. 16 External flow separation data summary.
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Fig. 19 Wall Mach number gradient data at external flow separation
conditions.

the program solution is the location of boundary-layer transi-
tion. For the geometry and flow conditions of this study, the
guideline of using a momentum thickness Reynolds number
equal to 140 was used.4

A sample calculation using this transition criterion for the
20.6 deg 6.3 x I O6 Reynolds number test case was performed.
Values of key boundary-layer parameters in the lip region are
shown in Fig. 21. Both displacement thickness and momentum

thickness grow rapidly aft of the hilite, suggesting that
displacement thickness correction to the inviscid surface shape
must be made when close agreement between theory and data
is needed. This test case did not predict turbulent boundary-
layer separation. Solutions were then obtained at this
Reynolds number for increasing values of inlet angle of at-
tack. Separation was predicted for a. - 24.0 deg, 3.4 deg higher
than the value indicated by the 33% model data. A similar ex-
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ercise for the higher Reynolds number condition resulted in a
5.4 deg over prediction, A key reason for this disagreement is
the underprediction of the external pressure (Mach number)
gradient (see Figs. 17 and 18). This underprediction may be
due to inadequate compressibility corrections in the analysis6

and/or a need to correct the inviscid surface for the boundary-
layer displacement thickness. Predicted separation angles
agreed much better with the data when experimental pressure
distributions were used (Fig. 22).

Substantial progress has been made in understanding/
predicting the external flow separation characteristics of the
33% scale model of this study. Techniques and procedures
developed (Figs. 19 and 20) should be qualitatively applicable
to other inlet/nacelle geometries. Quantitative application
would require verification via additional inlet data correla-
tion.

Future effort will be directed toward improving invis-
cid/viscous analytical techniques and checking correlations
with existing data for both axisymmetric and three-dimen-
sional inlets. This should provide a design tool for predicting
external cowl flow separation.
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Fig. 22 Comparison of turbulent boundary-layer separation predic-
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Conclusions
1) Flight Reynolds number dependence of upper cowl flow

separation has been experimentally determined by testing a
33% scale inlet model in a pressurized low-speed tunnel.

2) The data exhibited orderly behavior, matched with
previously obtained 15% scale inlet model data, and trends are
suitable for extrapolating other small-scale data to flight
Reynolds numbers.

3) New test techniques generated detailed lip Mach number
distributions at inlet angles of attack leading to external flow
separation.

4) Analysis of detailed inlet lip data suggests that turbulent
boundary-layer separation is the probable cause of external
flow separation for the lip geometry and Reynolds number
range of this study.
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