
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 4, July–August 2001

Actuator Duct Model of Turbomachinery Components
for Powered-Nacelle Navier–Stokes Calculations
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An actuator-duct model was installed into the WIND Navier–Stokes code. With this model, the � ow through
fan rotors and fan exit guide vanes can be simulated without specifying a blade geometry. Flow turning, total
pressure, and total temperature changes across blade rows are controlled by body forces added to the Navier–

Stokes equations. This model provides an affordable and relatively accurate prediction of a three-dimensional
� ow� eld through rotor and stator blade rows. A NASA stage 35 compressor and a NASA 220 0 test rig � ow were
analyzed to quantify the abilityof the actuator-ducttheory to represent bladerows. Favorablecomparisonsbetween
predicted and measured total pressure, total temperature, and swirl demonstrated that the actuator-duct model is
a promising approach for predicting rotating machinery � ow� elds. The effect of the rotor on inlet � ow separation
was determined by comparing the predictions of a � ow-through nacelle with the predictions using the actuator
duct to simulate the rotating fan. The comparison shows that the presence of the rotor increased separation-free
angle of attack over the � ow-through nacelle that is consistent with experimental observations.

Nomenclature
F = body force
FNPR = fan nozzle pressure ratio
h = blade-to-bladegap staggered spacing
K = body force coef� cient
P = pressure
rpm = revolutions per minute
T = temperature
V = velocity
® = blade metal angle
½ = density

Subscripts

inf = free stream, reference stage
rel = relative stage
n = normal to � ow direction
p = parallel to � ow direction
r = radial coordinate
t = total stage
x = axial coordinate
µ = pitchwise coordinate

Introduction

C OMPUTATIONAL � uid dynamics (CFD) has revolutionized
the aerodynamicdesign process of propulsion system compo-

nents of commercial airplanes over the last two decades. Despite
the continual improvements in numerical simulations, considerable
computationalresourcesare still required to model the fan rotor and
guide vane stator as part of a complete powered-nacellesimulation.
It is important to include the effect of the fan rotor and stator on the
inlet and nozzle design.
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For subsonic inlet design,an inlet � ow separationat high angleof
attack or yaw operating conditions is one of the critical design con-
siderations. The conventional method to determine if inlet � ow is
separated and to generate inlet distortion starts with a � ow-through
nacelle model that does not include the effect of a fan rotor. The
effects induced by the rotor on the inlet � ow include blockage,
swirl, and suction. A test was conducted by NASA and Pratt and
Whitney1 to evaluate the impact of the fan on inlet separation with
an advanced ducted prop 17 rig con� guration. A comparison be-
tween the results of � ow-through and powered nacelles from that
experiment indicates that the presence of the fan increased sepa-
ration angle of attack by 3–4 deg over the � ow-through nacelle.
The inlet design based on the � ow-through model to keep the � ow
attached at operating conditions with high angle of attack or yaw
might be too conservative.

To determine inlet distortion and operating margin correctly, it is
important to include the rotor effect in the inlet design and � ow anal-
ysis process. Recently, some experimental and CFD studies were
conducted using screens and rods located at the fan face to simu-
late the effect of a rotor in the � ow-through model.1;2 An actuator
disk with a Navier–Stokes code was also used to simulate the � ow
through the fan rotor.3 The actuatordisk model is two-dimensional,
does not include the effect of swirl, and usually requires the total
pressure and total temperature change across the fan as input to the
model. Another approach is the direct CFD simulation with the ac-
tual blade geometry, using the Navier–Stokes equations.4;5 This ap-
proach requires enormous computing resources, which makes this
approach impractical based on the present computing resources.
With an actuator duct, the effect of blockage, swirl, and suction
due to the fan rotor can be included with reasonable computing
costs. The � ow turning, total pressure, and total temperaturechange
through the rotor and stator blade rows can be simulated without
the actual blade geometry. This approach can provide a reasonably
accuratebut ef� cient fan rotor model for inlet � ow calculationswith
inlet distortion at high angle-of-attackor crosswind operating con-
ditions. In addition, this model can provide a more realistic � ow
condition, which includes swirl effects, for the nozzle and nacelle
pylon design. With the actuator-duct model, the three-dimensional
� ow� eld of a complete high-bypass duct system that includes the
inlet, fan bypass duct, fan nozzle, and primary nozzle can be afford-
ably and accurately predicted.
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The objective of this study is to quantify the accuracy of the
actuator-duct logic6 developed by the Massachusetts Institute of
Technology for predicting the � ow through a high-bypass propul-
sion system. The problem being examined is the level of system
modelingneeded to enablean adequatepredictionof inlet separation
angle of attack with the presence of fan. A key part of this study is
the installation of the actuator-duct theory into the WIND Navier–
Stokes code.7 Assessment and validationof this actuator-duct logic
were performedusing the experimentaldata from the NASA 22 rig
con� guration.8

Actuator-Duct Logic
In the conventionalactuatordisk model, a plane/disk of disconti-

nuity is used to represent a blade row. The aerodynamic � ow prop-
erty changesacross the blade row are assumed to be concentratedat
the disk. In this actuator-duct logic, the � ow property changes are
spread over regions of cells that span a blade region. The aerody-
namic effects of a blade row are modeled through1) the assumption
of in� nite blades and the axisymmetric � ow in each in� nitesimal
blade passage and 2) body force added as the source terms of the
Navier–Stokes equations. In this model, the blade force on a cas-
cade section is separated into forces that are parallel and normal to
the sectionmean-line. In the cylindricalcoordinatesystem, the body
force componentsof thebladenormalandparallelforcesin the axial,
tangentialand radial directionsare expressed in the following form:
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In the above expressions,Kn and K p are the body force coef� cients
in thedirectionsnormalandparallelto theblademean-line.Vrel is the

Fig. 1 Computationalmesh for NASA stage 35 compressor.

blade relative velocity. Vx , Vµ , and Vr are the velocity components
in the axial, tangential,and radial directions.The letters ® and h are
the blademetal angle and the blade-to-bladegap staggered,spacing,
respectively. Further details of the body force formulation can be
found in Ref. 6.

Before determining the body forces, body force coef� cients at
every grid point within the blade zone are needed. Body force coef-
� cients, which represent blade characteristics, are calculated from
a known � ow� eld around the blade. The � ow� eld can be generated
either from test data or a direct CFD solution based on actual blade
geometry. With a known � ow� eld around the blade, body forces
are obtained by integrating forces over the computationalcell, then
body force coef� cients are calculated from Eq. (1).

Actuator-Duct Installation
In this study, the actuator-ductlogic was installed into the WIND

code. WIND7 is a Navier–Stokes code supported by the National
Project for Application Oriented Research in CFD (NPARC) Al-
liance, which consistsmainly of the NASA Glenn Research Center,
the Air Force Arnold EngineeringDevelopmentCenter,and Boeing.
The body forces are implemented as source terms in the right-hand
side of the governingequations. The source terms derived from the
body forcesare activeonly within the blade zone. In general, adding
the source terms explicitly to the right-hand side of the equations
would cause instability in the WIND code. To stabilize the solution,
source relaxation factors were introduced in the transient stage.

A NASA stage 35 compressor con� guration9 was used to ver-
ify the installation of the actuator duct. This compressor was used
because its geometry is relatively simple and the data are available
for the comparisons. The body force coef� cients for the rotor and
statorwere basedon measurementsat the midspanand tip locations.
Within the rotor and stator blade zones, body force coef� cients at
every grid point were set to the same values (i.e., Kn 4:20 and
K p 0:04). An Euler calculationwas performed with WIND using
the actuator duct at the 100%-speed operating condition. Figure 1
shows the computational mesh of the stage 35 compressor. The
predicted swirl angle, total pressure, and total temperature pro� les
were comparedwith test data at the rotor and stator trailing edges in
Fig. 2. All the qualitative � ow features were predicted by the actua-
tor duct with swirl introducedby the rotor and reducedby the stator.
The predicted total pressurematched the measurements in midspan
and tip locations at both the rotor and stator trailing edges. The
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Fig. 2 Comparisons of Pt, Tt, and swirl angle pro� les between
actuator-duct predictions and data at rotor and stator trailing edges.
R1 = r ¡ rhub and R2 = rcasing ¡ rhub.

deviations of total pressure near the hub end-wall surface may be
due to basing the body force coef� cients on the midspan and tip lo-
cation measurements. The actuator-duct calculation overpredicted
the total temperature at the rotor and stator trailing edges, but the
overall trends of the total temperature and swirl agreed well with
the measurements.

It is believed that the predictionof the stage 35 compressor could
be improved with a more sophisticated body force coef� cient pro-

� le, such as a nonuniform coef� cient pro� le in the radial direction.
In the current study, there was no attempt to improve body force
coef� cients for the stage 35 compressor to better match the data,
because this calculation was a check of the correct actuator-duct
installationinto the WIND code. This case showed that the installa-
tion was correct.The calculationsof the NASA 22 rig periodic fan
exit guide Vane (FEGV) and the three-dimensional22 rig, to be re-
ported in the next section, will be used to demonstrate the accuracy
of the technique.

Actuator-Duct Logic Assessment
The assessment of the actuator-duct logic consisted of two parts.

In the � rst part, a Navier–Stokes analysis of the NASA 22 rig
FEGV geometry as shown in Fig. 3 was performed for a single peri-
odic passage with the blade geometry. Next, the result of the calcu-
lation was used to compute body force coef� cients for the actuator-
duct model, which was then used to perform a set of Navier–Stokes
analyses without blade geometry. The assessment of the actuator-
duct logic was carried out by comparing the predictions of the ac-
tuator duct with the predictions of the CFD calculation with the
actual guide vane blade geometry. In the second part, a Navier–
Stokes calculation using the actuator-duct logic was performed for
the three-dimensionalNASA 22 rig con� guration consistingof an
inlet, fan duct, and fan nozzle. Flow turning, total pressure, and
total temperature changes across the rotor and guide vane blade
rows were simulated using the actuator duct. The predictions were
compared with experimentalmeasurements.

There are a few elements common to all of the calculations dis-
cussed in the following sections. First, the Integrated CAD Engi-
neering and Manufacturing (ICEM) code was used to generate all
of the multiblock grids used. Next, the computational analysis was
performed using the WIND Navier–Stokes code with the Spalart–
Allmaras one-equation turbulence model. During the calculations,
the L2 norm of the residual and the mass � ow rate in the fan duct
were monitored.The solutionwas deemedconvergedwhen the mass
� ow rate did not change with respect to the iteration number.

NASA 220 0 Rig Periodic FEGV Calculation
with Guide Vane Geometry

Before the calculationsusing the actuator duct were attempted, a
direct CFD calculationwas carried out for a single blade passageof
the actualFEGV geometry.These single-bladepassagecalculations
will be used later to generate the body force terms for the actuator-
duct calculations,and to compare with the actuator-ductpredictions
of total pressure, total temperature, and swirl angles.

Two guide vane con� gurations were used in this calculation:
a fan-1 con� guration, with 45 vanes, and a fan-2 con� guration,
with 51 vanes. The computational domain contains one guide vane
passage with a periodic boundary condition at the circumferential
boundary. The computational meshes were generated with the � ne
grid packed around the nozzle and guide vane surfaces to resolve
the viscous boundary layer. Approximately 3.5 million grid points
were used. For each con� guration, calculations were made at three

Fig. 3 NASA 22 0 0 rig fan-1 con� guration.
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Table 1 Con� gurations and operating conditions
for NASA 220 0 rig periodic FEGV calculation

Operating ConditionNumber of
Con� guration guide vanes rpm FNPR

Fan-1 45 7710 1.23
8740a 1.30a

9900 1.33
Fan-2 51 6950 1.23

7870a 1.30a

8300 1.33

aDesign operating condition.

Fig. 4 Comparison of wall static pressure along fan duct inner wall
for fan-1 at 8740 rpm and fan-2 at 7870 rpm.

different operating conditions, as summarized in Table 1. The in-
� ow total pressure, total temperature, and swirl angle pro� les were
speci� ed at the nozzle in� ow plane (i.e., station 12.5).

The predictions using the blade geometry were compared with
the test data (fan nozzle wall static pressure) before they were used
to derive the guide vane body force coef� cients. Figure 4 shows
that the predicted static pressure distributions along the fan duct
correspond favorably with the measurements. This demonstrates
that the CFD predictionwith the actualguide vanegeometry has the
required � delity for assessing the actuator-ductaccuracy.

NASA 22 0 0 Rig Periodic FEGV Actuator-Duct Calculation

The NASA 22 rig periodicFEGV con� guration calculationsus-
ing an actuatorduct are presentedin two sections.In the � rst section,
generation of the body force coef� cients used to represent FEGV
blade characteristics is described. The second section presents an
assessmentof the actuator-ductlogic in simulating � ow turning and
loss through the FEGV. The predicted� ow� elds for the calculations
that used the actuatorduct were comparedwith those from the direct
CFD calculation with the guide vane geometry.

Generation of Body Force Coef� cients

In this FEGV calculation, the guide vane body force coef� cients
were generated using the CFD predicted � ow� eld as presented in
the preceding section. Ideally, the actuator-duct prediction should
match the result of the blade-geometry–basedCFD calculationif the
guide vane characteristics were represented correctly by the body
force coef� cients.

The procedurefor generatingbody force coef� cients from a CFD
solutionis a reverseprocessof determiningbodyforcesfromEq. (1).
Using this procedure, body forces at each computationalgrid point
within the blade zone are calculatedfrom a given three-dimensional
� ow� eld. An axisymmetric � ow� eld is � rst generated from a three-
dimensional � ow� eld by averaging the � ow parameters in the cir-

Fig. 5 Computational mesh for NASA 220 0 rig periodic FEGV calcu-
lation using actuator duct.

cumferential direction. The body forces are extracted from this cir-
cumferentially averaged � ow and are therefore also axisymmetric.

With those � ow parameters and body forces, the body force co-
ef� cients at each computational point within the blade zone can be
obtained from Eq. (1) because the blade geometry is known. The
resultant body force coef� cients are uniform circumferentially. In
these calculations, the FEGV body force coef� cients for the fan-1
and fan-2 con� gurationswere generated using the CFD solutionsat
design operating conditions, and those coef� cients were applied to
the calculations at other operating conditions.

Computation with Actuator Duct

Figure 5 shows the computationalmeshused for the22 rigFEGV
con� gurationfor the actuator-ductcalculationwith a totalgrid-point
numberof around 0.3 million. The computationaldomain is wedge-
shaped, with � ve grid points in the pitchwise direction. Compared
with the mesh used in the calculation with the guide vane geom-
etry, the complexity in grid generation was signi� cantly reduced
because the geometry detail of the guide vane does not need to be
resolved.In addition,the totalnumberofgridpointswas reducedand
therefore the calculation turnaround time was reduced. A periodic
boundary was speci� ed on the � rst and last circumferential planes.
Fine grid was packed at the fan duct surfaces to resolve the bound-
ary layer. Within the blade zone, the Navier–Stokes equations were
solved with body forces as source terms. Outside the blade zone, the
Navier–Stokes equationswithout the body force terms were solved.

Similar to the preceding CFD calculations, total pressure, to-
tal temperature, and swirl pro� les were speci� ed at the duct in-
� ow planes. Figure 6 shows the comparisonsof total pressure, total
temperature, and swirl angle pro� les between the actuator duct and
CFD predictions. The agreement of total pressure and temperature
are very good at the guide vane trailing edge. The predicted swirl
angle using the actuator duct is slightly lower than the CFD pre-
diction with the actual guide vane geometry by an average of 2–

3 deg. At the fan nozzle exit, there are some discrepanciesbetween
predicted Pt and Tt pro� les between the actuator duct and guide
vane–geometry results, as shown in Fig. 6. The total pressure and
total temperature pro� les from the guide vane–geometry calcula-
tions show the effect of secondary � ow and wake mixing due to the
presence of the guide vane. Those � ow details cannot be resolved
using an actuator duct because the body force coef� cients used in
the current study are uniform circumferentially.

In addition to the total pressure, total temperature (Pt, Tt), and
swirl pro� les, the mass-averaged total pressures and total temper-
atures were also compared between the actuator duct and guide
vane–geometry results. Figures 7 and 8 show the comparisons of
the mass-averagedPt at the guide vane trailing edge and fan nozzle
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Fig. 6 Comparison of Pt, Tt, and swirl pro� les between actuator-duct
and CFD predictions at guide vane trailing edge. Fan-2 at 7870 rpm.
R1 = r ¡ rhub and R2 = rcasing ¡ rhub.

exit. Between the in� ow plane and the guide vane trailing edge, the
actuator duct predicted an average loss 0.2% higher than the guide
vane–geometry predictions for the fan-1 con� guration. There is no
explanation of why the agreement at the guide vane trailing edge is
better for the fan-2 con� guration than for the fan-1 con� guration.
Between the guide vane trailing edge and the fan nozzle exit, the
actuator-duct model predicted total pressure losses lower than the
guide vane–geometry predictions for both con� gurations because
the loss due to secondary � ow and wake mixing was not resolved

Fig. 7 Comparison of mass-averaged Pt for fan-1 con� guration.

Fig. 8 Comparison of mass-averaged Pt for fan-2 con� guration.

using the actuator duct. The predicted Pt loss between the guide
vane trailing edge and nozzle exit is higher for fan-2, probably be-
cause the fan-2 con� guration has more guide vanes than the fan-1
con� guration and therefore the loss due to mixing is higher. For to-
tal temperature,bothactuator-ductpredictionsand predictionsusing
the guidevane–geometryshowno changesbetween the in� ow plane
and the fan duct exit.

The resultsfor the 22 rig FEGV demonstratedthat the body force
coef� cients generated from the � ow� eld of the design condition
(rpm) can be used for the off-design conditions to predict the � ow-
� elds that agree with the CFD predictions. In a future study, body
force coef� cientsgeneratedfrom the � ow� eld of the off-designcon-
dition (rpm) will be used for the other operating conditions to iden-
tify sensitivityof the coef� cients to the operatingcondition. In addi-
tion, a more sophisticatedmode, such as a nonuniform coef� cients
pro� le in the circumferential direction, can be used to include the
loss due to secondary � ow.

Three-Dimensional NASA 220 0 Rig Con� guration

In this section, the three-dimensional NASA 22 rig con� gura-
tion, as shown in Fig. 9, which includes inlet, fan duct, and fan
nozzle, was used for the calculation. The primary objective of the
calculation is to validate the actuator-ductlogic to simulate the � ow
through the fan rotor with high inlet distortion.The predicted � ow-
� elds were compared with test data for different operating condi-
tions with different fan speeds (rpm) and inlet angles of attack. In
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addition, a calculation was performed with a � ow-through nacelle
con� guration based on the NASA 22 rig. The predictions were
compared with those of the three-dimensional22 rig to determine
the effect of the rotor on the inlet separation angle of attack.

For the NASA 22 rig, the number of rotor and FEGV blades are
18 and 45, respectively. Flow through the rotor and the FEGV was
simulated using an actuator duct without the blade geometry. The
total number of grid points of the three-dimensional 22 rig mesh
used for the calculation is around 7 million. The calculations were
made for a freestream Mach number of 0.2 with different angle-
of-attack and fan speeds. Table 2 shows a matrix of the operating
conditions used in this study.

In the calculations, the core duct mass � ow rates were speci� ed
at the core duct out� ow boundary for the 0 deg angle-of-attack

Table 2 Operating conditions for
three-dimensional 220 0 rig calculations

Fan speed Angle of attack
(rpm) (deg)

8740 0, 28, 32, 34, 35
7740 0, 30, 34, 35, 36
5010 0, 31, 32, 33

Fig. 9 NASA three-dimensional 220 0 rig con� guration.

Fig. 10 Predicted total pressure pro� le and velocity vector for 8740 rpm at 0 deg angle of attack.

cases; the static pressures at the core duct out� ow boundary were
then calculated from these converged solutions.The resultant static
pressureswere then used as boundaryconditionsfor the high angle-
of-attack calculations, because the mass � ow rates measurements
were available only for the 0 deg angle-of-attack conditions.

The FEGV body force coef� cients were generated from the CFD
prediction that used the blade geometry at the 8740 rpm condition,
as shown in the preceding section. For the fan rotor, the � ow� eld
around the blade was reconstructed,based on the experimentaldata
at the 8740 rpm condition with 0 deg angle of attack, using the
streamline curvature approach.Then the fan rotor coef� cients were
calculated using Eq. (1) after the body forces were obtained by
integrating forces over the computationalcell. The rotor and FEGV
body force coef� cientswere then used in thecalculationsat different
rotor rpm and inlet angle of attack.

The actuator-duct logic was assessed by comparing the CFD pre-
dictions with test data.8 The predicted total pressure pro� les before
and after the rotor (station 2 and station 12.5, as shown in Fig. 9)
were compared with the measurements. In addition, comparison of
the inlet separationangleof attack was made between the prediction
and the test data.

Calculation of 0 deg Angle-of-Attack

Figure 10 shows the predicted total pressure and velocity vector
for 8760 rpm at the 0 deg angle of attack. All the � ow features of
the � ow through the fan rotor and stator have been predicted. The
total pressure increases as the � ow passes through the fan rotor. It
also shows that swirl was introduced by the rotor and was reduced
by the stator. Figure 11 shows the comparisonsof the total pressure,
total temperature,and swirl pro� les at a locationdownstreamof the
fan rotor (station 12.5) for the 8740 rpm condition. In general, the
agreements between the predicted and measured pro� les are very
good. The predicted fan duct mass � ow rates were also compared
with the test data. The WIND code with the actuator duct predicted
fan duct mass � ow rates higher than the measurements by 0.5 and
0.7% for the 8740 and 7740 rpm conditions, respectively. For the
lowest fan speed (5510 rpm), the predicted fan mass � ow is about
1.9% higher than the measurement. This discrepancy is probably
due to rotor body force coef� cients having been generated based
on measurements at a high fan speed (8740 rpm) that may be very
different from the � ow� eld at low rpm (5510 rpm). The difference
may also be due to the pressureused at the core duct out� ow bound-
ary. The outlet pressure was calculatedbased on the mass � ow rate
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Fig. 11 Comparisonof prediction and measurement at station 12.5 for
8740 rpm at 0 deg angle of attack.

at 8740 rpm condition because it is the only measurement available
for all conditions. It is noted that all the measured mass � ow rates
have been corrected for the blockage of the instrumentation rake
upstream of the fan, which reduced rig air� ow in the experimentby
approximately 3%. The current CFD calculations did not include
the geometry of the instrumentation rake.

High Angle-of-Attack Calculation

The predicted total pressure pro� les upstream and downstream
(stations2 and12.5)of the fan rotorwere comparedwith the testdata

for angle of attack. In addition, the predicted inlet separationangles
of attack were compared with the measurements. The inlet sepa-
ration angle was determined by monitoring the wall static pressure
alongthekeeland the totalpressuredistortionin the diffuser.The to-
tal pressuredistortionusedas one of the � ow parametersin the test to
determine inlet separation is de� ned as (.Pt /max .Pt /min/=.Pt /inf.
In the test, .Pt /max and .Pt /min were obtained from the total pressure
rake located about 4 upstream of the fan rotor face (station 2). In
the analysis, the total pressure distortion was calculated using the
predictedtotal pressureat the computationalgrid points that were at
approximatelythe same locationsas the total pressureprobeswhose
measurementswere used to computedistortion.Figure 12 shows the
predicted � ow� eld for the 8740 rpm condition at a 35 deg angle of
attackwith the boundary layer separatednear the hi-light. It is noted
that an incipient separation occurred just downstream of the loca-
tion of peak Mach number at the 34 deg angle of attack. Figure 13
compares predicted and measured wall static pressuredistributions.
It shows that the test data for the 34 deg angle of attack fall between
the predictions of the 34 and 35 deg angles of attack because the
prediction indicated attached � ow, although a separation occurred
in the test for the 34 deg angle of attack.The predicted total pressure

Fig. 12 Predicted velocity pro� le for 8740 rpm at 35 deg angle of
attack.

Fig. 13 Predicted and measured wall static pressure distributions at
keel, 8740 rpm.
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Fig. 14 Total pressure distortion at station 2.

distortion shown in Fig. 14 indicates that the inlet � ow separated
at approximately 34–35 deg at the 8740 rpm condition, and be-
tween 35 and 36 deg for the 7740 rpm condition, as shown by the
sudden increase of total pressure de� cit. For the 5010 rpm condi-
tion, no large total pressurede� cit in the diffuseroccurredbefore the
33 deg angleof attack. In the calculationsfor the 8740and 7740 rpm
conditions, the incipient separation occurred about 1–2 deg before
signi� cant inlet � ow separation. It is very likely that the � ow will
separate for the 5010 rpm conditionat approximately34–35 deg an-
gle of attackbecausethe incipientseparationoccurredin thediffuser
at 33 deg.

Figure 14 shows that the WIND code with the actuator duct pre-
dicted a separation angle-of-attack variation consistent with the
measurements for the different fan speeds. The fan speed affects
the separation angle of attack in two ways: 1) increasing rotor rpm
increases the � ow turning speed around the hi-light and therefore
decreasesthe separation-freeangleof attack;2) increasingrotor rpm
tends to decreasediffuser separationby a near-wall pumping effect.
This may be the reason that the incipient separation occurs in the
diffuser for the 5010 rpm condition, but the separation begins near
the hi-light for the 8740 rpm condition in the CFD predictions.

It is noted that thepredictedseparationanglesof attackare consis-
tently higher than measurementsby about 2–3 deg, which is consid-
ered a good agreementbecauseof the high uncertaintyin measuring
separation angle of attack in the experiment. In the CFD calcula-
tions, a turbulent boundary layer was speci� ed on all the nacelle
surfaces because no tripping device was used in the test, and the
locations of the laminar-turbulent transition were unknown. It is
possible that the � ow separated in the laminar region in the test, but
the CFD predictedattached � ow becausea turbulentboundary layer
was used in that region. The agreement of the separation angle of
attack between prediction and measurement may be improved with
the use of a reliable transition model in the CFD prediction.

Figure 15 compares the total pressure pro� les at station 2 for
the 28 deg angle-of-attack case in which both prediction and mea-
surement showed attached � ow in the diffuser. Figure 16 shows the
total pressure pro� le at station 12.5 at a circumferential location:
µ 225 deg, which is 45 deg clockwisefrom the keel (µ 180 deg).
These predictionscompare favorablywith the measurementsat both
stations. Similar comparisonsfor 34 and 35 deg angles of attack are
also made in Figs. 15 and 16. Figure 15 demonstratesthat the 34 deg
angle-of-attackmeasurement (separated) has better agreementwith
the calculation at the 35 deg angle of attack (also separated).

Rotor Effect on Separation Angle of Attack

The calculations for a � ow-through 22 rig nacelle were con-
ducted to determine the impact of the fan rotor on inlet separation
at high angle-of-attack conditions. The results of the � ow-through

Fig. 15 Comparison of total pressure at station 2, keel location,
8740 rpm.

Fig. 16 Comparison of total pressure at station 12.5, = 225 deg,
8740 rpm.

nacelle were compared with the previous predictions, which used
an actuator duct to represent the effect of the fan rotor (powered
nacelle). A modi� ed 22 rig con� gurationwith a constant-areaduct
attached downstream of the fan duct was used in the � ow-through
nacelle calculation. The mass � ow rate from the previous calcula-
tion with rotor effect was used as the out� ow boundary conditionat
the end of the constant-areaduct. The calculations were performed
for the 8740 rpm condition with angles of attack of 32 and 35 deg.

Figure 17 show the velocity distributionsof the � ow-through na-
celle for 8740 rpm at 35 deg. For the � ow-throughnacelle, incipient
separation occurred at 32 deg, but the boundary layer remained at-
tached for the powered nacelle. As the angle of attack increased to
35 deg, the separationbubble extended to the region downstreamof
fan rotor for the � ow-through nacelle, as shown in Fig. 17, and the
separationbubble reattachedat the locationupstreamof fan face for
the powered nacelle, as shown in Fig. 12. The comparison of the
predictedtotal pressuredistortionshown in Fig. 18 indicatesthat the
presence of the rotor increased the separation-free angle-of-attack
over the � ow-through nacelle. With the actuator duct, the CFD cal-
culation predicted that the effect of the rotor on separation angle
of attack is qualitatively consistent with the observation from the
experiment.
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Fig. 17 Predicted velocity pro� le of � ow-through nacelle for 8740 rpm
at 35 deg.

Fig. 18 Total pressure distortion at station 2.

Conclusion
In this study, � ow turning and total pressure and temperature

changes across the fan rotor and stator were simulated using the
actuator duct without the actual blade geometry. This model allows
an affordable,accuratepredictionof the three-dimensional� ow� eld
throughthe rotor and statorblades.Assessmentand validationof the
model, which was carried out with a NASA Stage 35 compressor
and a NASA 22 rig con� guration,yields the followingconclusions:

1) The actuator-ductmodel was installed into the Navier–Stokes
WIND code correctly.

2) The results indicate that the actuatorduct is well suited for cer-
tain engineeringapplications,such as inlet and nozzle � ow analysis,
of high-bypasspropulsionsystems.The resultsof the inlet � ow were
qualitativelyconsistentwith experiments on the effect of the fan on
the angle of attack which separation occurs. This should eventually
result in improving subsonic inlet designs.

3) Using the actuator-ductmodel,grid generationcomplexitywas
signi� cantly reduced compared with grid generation requirements
when including actual rotor or stator geometry.

4) The numbers of the grid points required are fewer with the
actuator-duct model and therefore the calculation turnaround time
was reduced.

5) This actuator-duct technology enables a convenient, ef� cient,
and relatively accurate way to include the effect of rotating and sta-
tionary axial-� ow turbomachinaryhardware in propulsionairframe
integration.
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