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Abstract. The effect of flow angularity on an S-duct inlet
with icing is computationally investigated. Flow angularity
is simulated through angle-of-attack, and sideslip in addi-
tion to asymmetrical ice accretion on the inlet lip. A com-
mercial CFD code, STAR-CCM+ is used for the steady-
state computations with the shear-stress transport (SST) k-
! turbulence model. Symmetrical and asymmetrical glaze
ice shapes are computationally simulated on the inlet lip.
The symmetrical glaze ice uniformly covers the entire cowl
lip; whereas the asymmetrical glaze ice is simulated on a
1=4 sector of the inlet lip and is positioned on top, bottom
or side of the inlet lip. The results indicate that flow an-
gularity, whether in angle-of-attack or sideslip, aggravates
the low performance of inlets with icing. The total pressure
recovery suffers an additional �2% loss and the inlet mass
flow rate drops by �7% when the inlet is at C20ı angle of
attack, as compared to zero angle, for flight Mach number
of 0.34. The extent of loss in total pressure and a drop in
mass flow rate depends on the asymmetrical icing location
as well as the inlet angle-of-attack and sideslip. In addition,
the ice-induced flow blockage is identified as a critical inlet
performance parameter, since the symmetrical (360ı) glaze
ice with its wider flow blockage creates a lower total pres-
sure recovery than the asymmetrical (90ı) glaze ice at all
angles of attack or sideslip.
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1 Nomenclature

Letters & Symbols
A Area (m2)
a Semi-major axis of ellipse (m)
b Semi-minor axis of ellipse (m)
D Diameter (m)
L Length (m)
LWC Liquid water contents (g/m3)
MVD Mean volume diameter (mm)
M Mach number (�)
p Pressure (kPa)
R Radius (m)
T Temperature (ıC)
V Velocity (m/s)
yC Non-dimensional wall distance (�)
X, Y, Z Cartesian coordinates (�)

Greek Symbols
˛ Inlet angle of attack (deg.)
ˇ Inlet sideslip angle (deg.)
� Circumferential angle (deg.)
� Density (g/m3)

Subscripts
cl Centerline
ef Engine face
o Original glaze
s Static
se Secondary flow
sh Sharp glaze
t Total
th Inlet throat
1 Free-stream

Superscript
N Area-averaged

2 Introduction

Ice accretes on the surfaces of the aircraft flying through
clouds of super-cooled water droplets. Ice accretions not
only on wings, but also on engine inlets and empennage se-
riously impact aircraft stability and control. A total of 803
aviation accidents and incidents from 1975 to 1988 were
caused by in-flight icing problems ([1]). Therefore, detailed
experimental and numerical studies have been carried out to
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investigate the icing effects on the performance of airfoils
and wings ([2–6]). However, less research is conducted on
ice accretion on engine inlets, although the effects are haz-
ardous to engines and aircraft. In particular, the ice accre-
tion on the aircraft inlet lip can alter the shape of the cowl
lip and may cause significant performance degradation of
the engine inlet and compressor stall margin.

Acker et al. ([7]) first conducted a flight test to investi-
gate the icing effects on a turbojet engine, and they found
ice accretion on the engine inlet resulted in reduction of en-
gine thrust ranging from 9 to 26 percent. Also, the com-
bined loss of efficiency of the compressor and inlet diffuser
were approximately of the same order of magnitude as the
thrust loss. In addition, Gelder et al. ([8]) studied the to-
tal pressure distortion of a full-scale unheated supersonic
nose inlet in the subsonic icing conditions. Their study
showed that in the icing condition of LWC D 1:3 g/m3 with
MVD D 16mm, and in the test condition of M1 D 0:27,
total pressure distortion increased from about 6 percent
in clear air to 12.5 percent after 2 minutes of icing time.
Concurrently, the area-averaged total pressure recovery de-
creased from �98 to 94.5 percent. Bidwell et al. ([9]) cal-
culated the impingement efficiencies and ice shapes for an
axisymmetric inlet by using the LEWICE3D ice accretion
program ([10]). In their work, the shapes of a typical rime
and glaze ice on the axisymmetrical inlet lip were numeri-
cally defined in the icing conditions; ˛ D ˇ D 0ı, V1 D
75m/s, LWC D 0:2 g/m3, Ts1 D �29:9ıC (243.3 K), ic-
ing time D 30 minutes and ˛ D ˇ D 0ı, V1 D 75m/s,
LWC D 0:695 g/m3, Ts1 D �9:3 ıC (263.9 K), icing time
D 30 minutes for rime and glaze, respectively. Also, the
effects of the Bidwell’s rime and glaze ice shape on the per-
formance of the M2129 diffusing S-duct inlet were compu-
tationally investigated by Jin and Taghavi ([11]). In their
investigation, the (area-averaged) total pressure recovery of
the M2129 inlet decreased by 3.2 percent at M1 D 0:23

when the glaze ice was simulated on the inlet lip in the case
of zero angle of attack, while only 0.2 percent-reduction oc-
curred with the rime ice shape. The glaze ice characterized
by two ice horns induced a strong inlet lip separation and
lower total pressure recovery. On the other hand, the effect
of the rime ice with a more streamlined shape had a rela-
tively minor effect on the inlet performance.

A diffusing S-duct inlet configuration is commonly used
for the modern aircraft due to its advantages in the instal-
lation of a propulsion system. A simple S-shape duct in-
duces a secondary flow pattern that causes flow separation
at the first bend. Also, a diffusing S-duct has an additional
burden of potential flow separation due to the streamwise
adverse pressure gradient in the diffuser. These secondary
flow pattern and flow separations contribute to the problem
of engine face distortion, in particular, total pressure dis-
tortion. The level of total pressure distortion that an inlet
creates at the engine face affects the stability of the com-
pressor and engine performance. Also, when ice accretes

on an inlet lip, the original flow quality, i.e., total pressure
recovery and low distortion, in an S-duct inlet can be sub-
stantially deteriorated due to the altered shape of the inlet
lip. For instance, a sharp inlet lip at the ice-free condition
induced a higher total pressure loss at the engine face, as
compared to a blunt (ellipse) inlet lip, due to lip separation
([12]).

Moreover, in practical flight conditions, aircraft maneu-
ver creates angles of attack and sideslip on the fuselage,
wings, and engine inlets. The flowfield characteristics in
an S-duct inlet thus depend on the inflow direction during
the steady flight with an angle of attack and during an air-
craft maneuver. An experimental study by Guo and Seddon
([13]) used a rectangular S-duct inlet and showed that the
total pressure recovery and mass flow rate in the duct were
adversely affected by incidence angle. The reduction of to-
tal pressure recovery was due to a larger vortex (secondary
flow) formation and flow separation at the duct bend at a
relatively high angle of attack. In addition, we know that
the extent of flow separation at the incidence angle depends
on the inlet lip geometry and flow condition, such as the
flight Mach number ([13]). Therefore, we expect that the
angle of attack or sideslip, along with the change of inlet lip
geometry due to ice accretion adversely affect the engine
face distortion level and inlet performance.

In the present study, the effects of the circumferentially
symmetrical and asymmetrical ice shapes on an S-duct in-
let performance at inlet angles of attack or sideslip were
investigated. The flight (freestream) Mach numbers of
M1 D 0:13 and 0.34 were tested and the Reynolds num-
bers based on the throat diameter of the clean inlet were
Re D 1:74�106 to 4:05�106. The angles of attack of˙10ı

and˙20ı were considered for the study with theC20ı rep-
resenting the most severe flow environment for the S-duct
with a downward bend. The angle of sideslip was chosen to
beC10ı andC20ı (instead of˙10ı and˙20ı) due to duct
plane of symmetry. Although in real flight conditions that
involve angle of attack or sideslip in icing conditions, ice
accretion is both asymmetrical and time dependent ([9]); we
have modeled the asymmetry of ice accretion through 90ı

sectors around the cowl lip, and our simulation assumes that
the ice shape and size is time independent, i.e., constant.

3 Numerical Methodology

The M2129 S-duct inlet has circular-cross sections with a
diffusing S-bend and two constant-area parts, as shown in
Figure 1. The detailed geometry of the inlet, in particular
the diffusing S-bend part, was based on a study of Willmer
et al. ([14]) and Gibb et al. ([15]). The entrance and outlet
of the inlet are defined by throat and engine face, respec-
tively, as shown in Figure 1. The constant-area parts extend
from the S-bend to the throat and engine face by 2 Dth and
1 Dth, respectively. In addition, the area ratio of the engine
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Figure 1. The M2129 S-duct inlet.

Figure 2. Numerical data for the glaze ice shape
(˛ D ˇ D 0ı) ([9]).

face to throat is approximately 1.4, and the total inlet length
is about 7 Dth. The inlet size was set according to the diam-
eter of an axisymmetric inlet from Papadakis et al. ([16]).
The geometry and size of the inlet lip were also based on
[16]. The shape of the inlet lip is elliptical and the ellipse
ratio of the external and internal lips is a=b D 4:0 and 2.5,
respectively (as shown in Figure 1).

The glaze ice shape investigated in this study was based
on the Bidwell’s ([9]) 2-dimensional ice shape on an ax-
isymmetric inlet lip which was numerically predicted by
LEWICE3D code as shown in Figure 2. The icing con-
ditions were: ˛ D ˇ D 0ı, M1 D 0:23, V1 D 75m/s,
Ts1 D 263:9K, LWC D 0:695 g/m3, MVD D 20:36mm,
and icing time D 30 minutes ([9]). For the present study,
the Bidwell’s ice shape was slightly modified to define the
sharp-glaze ice case where the thickness of the lower-glaze
ice horn expected to affect the inlet flow was reduced to
make a sharp horn (see Figure 3). In Figure 3, a circle
was drawn to contact the maximum thickness portion of
the lower-ice horn and the highlight of the inlet lip. Based

Figure 3. Decrease in glaze ice horn thickness.

Figure 4. Mesh generation for the sharp-glaze ice.

on this circle, a smaller circle was drawn with 30 per-
cent decrease in radius, and using the smaller circle the
sharp-glaze ice geometry was defined. The radii of the
original- and sharp-glaze ice horn were Ro D 14:2mm and
Rsh D 10:4mm, respectively. The sharp-glaze ice geom-
etry serves as the most severe case in inlet icing research.
Figure 4 shows the mesh generation around the sharp-glaze
ice geometry on the inlet lip of the M2129 S-duct inlet us-
ing the GAMBIT 2.2.30 software ([17]). The roughness
effect of the real glaze ice surface as not considered; as
the observations focused on the effect of the ice geome-
try, in particular glaze ice horn on inlet performance. In
addition, as shown in Figures 3 and 4, the rear part in the
upper-glaze ice horn, which formed on the outside of the
inlet lip and exerted no influence on the duct internal flow,
was further simplified. Figure 5 shows the 3-dimensional
modeling and mesh generations for the different glaze ice
shapes. The symmetrical shape indicated the glaze ice ac-
cretion that occurred symmetrically on the inlet lip. How-
ever, for the asymmetrical shapes, the glaze ice was only
simulated on a certain portion of the inlet lip with an exactly
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(a) Clean (b) Symmetrical glaze (c) Asymmetrical glaze – top
(� D 315ı–45ı)

(d) Asymmetrical glaze –
bottom (� D 135ı–225ı)

Figure 5. 3-dimensional modeling and mesh generation for the different glaze-iced inlet lips using GAMBIT.

Figure 6. Definition of circumferential angle (�).

90ı extension in the circumferential direction. Since the 3-
dimensional modeling of all glaze ice shapes was achieved
by extending the 2-dimensional ice shape in the circumfer-
ential direction of the inlet lip, all ice shapes had the same
side profile, which was the sharp-glaze ice. In addition,
the asymmetrical shapes were categorized into top-, bottom-
and side-glaze ice, according to the locations of ice accre-
tion: � D 315ı–45ı, 135ı–225ı, and 45ı–135ı, respec-
tively, based on the definition of the circumferential angle
(� ) shown in Figure 6. Both the symmetrical and asymmet-
rical ice shapes were assumed to simulate the ice accretion
phenomena. The constant shape and size of ice accretion
were assumed to hold for all angles of attack, sideslip an-
gles, and freestream Mach numbers. Also note that the inlet
frontal area was reduced by 21 percent with the simulated
symmetrical glaze, whereas the asymmetrical case of 90ı

azimuthal extent decreased the inlet area by a quarter, or
�5%.

All simulations and calculations were carried out by a
commercial CFD code, STAR-CCM+ 2.10.013 ([18]), in-
stalled in the computing cluster at the Information and
Telecommunication Technology Center (ITTC) at the Uni-
versity of Kansas. For the parallel computations, each sim-
ulation case was distributed among eight to twenty pro-
cessors according to the mesh sizes. Each node has two
Intel Xeon EM64T processors at 3.2 GHz and 4,096 MB
of RAM. The farfield (freestream) boundary condition was
used for all the outer boundaries to simulate the freestream

Figure 7. Mesh generations for outer and inner boundaries
of M2129 S-duct inlet (clean inlet).

condition at infinity. The farfield boundaries that encom-
pass the inlet lip region were radially extended by about
the length of 20 Dth into x-, y-, and z-direction upstream
to prevent the boundary effects on the simulation regions
of interest. The inner and outer surfaces of the duct, and
the cowl surface, including the iced lip region, were defined
by the solid wall boundary condition, and no heat transfer
was considered. In addition, several cross-sectional stations
inside the duct, including the engine face, were used as con-
trol stations to assess the flow quality and inlet performance
in icing conditions.
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Figure 7 shows the mesh generations for the outer and
inner boundaries around the S-duct inlet. Using the GAM-
BIT software, the structured meshes for the iced inlet lip,
S-duct with inner regions, and farfield boundary were gen-
erated for a total of 66 volumes. As shown in Figure 4, the
mesh density around the glaze ice was increased in order
to properly capture the anticipated flow separation from the
ice horn. The number of mesh nodes in the duct section
was 230�160�100 in the axial, circumferential, and radial
direction, respectively for the clean and icing cases. There-
fore, the total numbers of mesh cells for all parts including
the iced inlet lip and the farfield region were approximately
3.7, 5.2, and 5.5 million for the clean, symmetrical-glaze,
and asymmetrical glaze cases, respectively. The mesh res-
olution in the near-wall region of turbulent boundary lay-
ers, represented by yC, is a critical issue in the computa-
tional simulations. In particular, a study on the mesh reso-
lution showed that the accurate prediction of the flow sepa-
ration and distortion in the M2129 S-duct inlet depended on
the proper choice of yC ([19]). Therefore, the all yC wall
treatment option in STAR-CCM+ was chosen to have rea-
sonable results in the turbulent boundary layers at different
freestream Mach numbers. By applying the wall treatment,
the limitation of meshes with low and high yC can be im-
proved, and a more realistic turbulent flow modeling can
be achieved in the near wall region of the iced inlet lip and
duct.

To properly simulate the subsonic-viscous flow in the
M2129 inlet, multiple turbulence models were tested and
compared to experimental measurements ([20]). It was con-
cluded that the Shear Stress Transport (SST) k-! model
([21]) showed the best performance for the baseline M2129
inlet, although the other turbulence models also produced
relatively good results. The use of k-! turbulence model-
ing in S-shape diffusers with vortex separation and com-
pressible flow in transonic diffusers is also supported by
other researchers ([22–24]). The turbulence intensity and
viscosity rate were set as 1% and 10, respectively, for the
freestream turbulence level. The coupled-implicit solver for
the steady-state condition was utilized for the flow simula-
tions, and the second-order upwind scheme was applied to
spatial discretization. Since this simulation was carried out
by the steady-state computation, time discretization error
was not created. Also, the density change option using the
ideal gas law was exercised in the computations since com-
pressibility effects were expected due to flow acceleration
inside the S-duct.

The freestream total pressure at sea level, pt1 D

101 kPa, was imposed on the farfield boundary condition.
In addition, the static pressure and temperature of the
farfield boundary condition were changed according to the
flight Mach number. The freestream static pressure, ps1,
ranged between 93.3 kPa and 99.9 kPa and static tempera-
ture, Ts1, varied between 260.6 K to 265.7 K for M1 D
0:13 to 0.34. The static temperature range corresponds to

the glaze-icing condition (Ts1 D 263:9K at M1 D 0:23)
according to Bidwell et al. ([9]). Other physical proper-
ties of air, such as viscosity and thermal conductivity, were
also defined according to the icing condition in [9]. The
simulations were run and monitored until the residuals for
continuity equation, x, y, z-velocity, energy equation, and
turbulence factors dropped below 10�4 to 10�5 where the
value of the area-averaged total pressure at the engine face
changed by less than 0.5 percent between runs.

4 Validation of Numerical Solution

4.1 Baseline M2129 S-Duct Inlet

The numerical solutions of STAR-CCM+ for the baseline
M2129 S-duct inlet were compared to experimental mea-
surement data by AGARD Working Group 13 ([20]). The
experimental analyses for the performance of only a base-
line (clean) M2129 inlet were available; however, no valida-
tion data has been found for the icing cases. Also, the com-
putational data for the baseline M2129 inlet using WIND-
US code from [25] were provided for the comparison. For
this validation, the size of the duct inlet was set based on
the geometrical data from [20] and [25]. According to the
modeling approach for the baseline M2129 inlet in [25],
only half of the geometry was meshed due to the symmetry
across the mid plane with the reflecting boundary condition,
and the inlet lip and farfield region were not included. Con-
sequently, the pressure-inlet and pressure-outlet boundary
condition was applied, and the static pressure at the engine
face was varied to obtain the throat Mach number range,
Mth D 0:1 to 0.77. Also, angles of attack or sideslip an-
gle were not considered (˛ D ˇ D 0ı). The main features
of computational setup, including the mesh size and turbu-
lent model, for STAR-CCM+ and WIND-US are listed in
Table 1.

In Figure 8 the comparison of total pressure recover-
ies by STAR-CCM+, experiment, and WIND-US is plot-
ted. The total pressure recovery, the area-averaged total
pressure at the engine face normalized to the freestream
total pressure (Nptef=pt1), measures the extent of the aver-
age irreversibility or loss in the inlet that is directly related
to (average) inlet adiabatic efficiency. In an S-duct inlet,
viscous flow separation at the first convex bend and sub-
sequent turbulent mixing is the main source of total pres-
sure loss. Also, as indicated in Figure 8, total pressure re-
covery decreases with increasing throat Mach number. The
enlarged flow separation and turbulent mixing with higher
Mach numbers in the duct create lower total pressure recov-
ery and higher engine face distortion. The STAR-CCM+
results accurately predict the experimental measurements
(as shown in Figure 8), with similar variation and level of
total pressure recovery with increasing throat Mach num-
ber. In particular, a relatively good agreement is obtained
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Code Ice Inlet lip Mesh type Meshed
Part

Mesh size
(Total cell
No.)

Boundary
condition

Turbulent
model

STAR-
CCM+ No

No
(baseline-
inlet)

Structured

Half Plane

180,000 Pressure
inlet –
Pressure
outlet

SST k-!

WIND-US
([25])

Unstructured 830,000 Spalart-
Allmaras

Table 1. Computational setups for STAR-CCM+ and WIND-US ([25]).

Case Code Inlet lip Mesh
type

Meshed
part

Mesh nodal No.
(Duct only)

Total cell No. (In-
cluding Far-field
region)

Coarse
Clean

FLUENT Yes
(Including
Farfield
region)

Structured
Half plane 140 � 40 (half)

�70�

651,200
Glaze 771,200

Fine
Clean STAR-

CCM+ Whole 230 � 160

(whole) �100�
3,722,300

Glaze 5,194,300

Table 2. Mesh generation for STAR-CCM+ and FLUENT (*Streamwise � circumferential � radial direction).

by STAR-CCM+ near Mth D 0:8, where the strong flow
separation and mixing are expected. The STAR-CCM+
result predicts a mean total pressure recovery of 0.958 at
Mth D 0:77, whereas the experimental result is about 0.96
at Mth D 0:78 ([20]). Also, compared to the WIND-US
data, STAR-CCM+ produces a well-matched characteristic
of mean total pressure recovery, although the mesh gener-
ation and turbulent modeling for both codes are different.
As noted in Table 1, the structured mesh with the SST k-!
model and the unstructured mesh with the Spalart-Allmaras
model were utilized in STAR-CCM+ and WIND-US code,
respectively. In addition, the difference in mesh size for
both codes (0.18 vs. 0.83 million) induces a minor effect
on the simulations of the inlet performance. The mean to-
tal pressure recovery by WIND-US is 0.957 at Mth D 0:78

([25]).

4.2 Iced M2129 S-Duct Inlet

As noted earlier, there are no experimental data available for
iced S-duct inlets. Therefore, the validity of STAR-CCM+
for the M2129 inlet was assessed through two mesh den-
sities and another CFD code, FLUENT ([26]). Both the
clean and symmetrical glaze cases were tested and the inlet
lip and farfield region were also meshed in order to simu-
late the ice on the inlet lip. The inlet size and inlet-lip shape
were set using the information available in Papadakis et al.
([16]), and no angle of attack or sideslip angle was applied
(˛ D ˇ D 0ı). Based on the symmetrical-glaze cases, the
total cell number of the coarse mesh was about 15 percent
of that of the fine mesh, since the mesh covered only half

Figure 8. Total pressure recovery (Nptef=pt1) in the baseline
M2129 S-duct inlet (˛ D ˇ D 0ı).

the geometry according to the symmetry plane with reduced
nodal number as shown in Table 2. The fine- and coarse-
mesh cases were solved by STAR-CCM+ and FLUENT, re-
spectively, applying the same turbulence modeling, the SST
k-!. Other computational parameters, such as boundary
conditions and solver choice, were set up as presented in
the “Numerical Methodology” section.

Figure 9 shows the effect of mesh density on total pres-
sure recovery for the freestream Mach numbers, M1 D
0:13, 0.25, 0.34, and 0.475. These approximately corre-
spond to the throat Mach numbers of Mth � 0.2, 0.4, 0.6,
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and 0.8, respectively, measured in the clean inlet throat. As
can be seen in the result, the total pressure recoveries from
the two-mesh density levels are in a relatively good agree-
ment at all Mach numbers, in particular for symmetrical-
glaze cases. The clean case shows more deviations, com-
pared to the symmetrical-glaze cases; however, the maxi-
mum deviation that occurs at M1 D 0:475 is only about
0.8 percent (Nptef=pt1 D 0:94 and 0.947 for the clean-
coarse and clean-fine mesh, respectively). Also, the dis-
crepancy caused by different computational dissipations be-
tween STAR-CCM+ and FLUENT seems to be insignifi-
cant.

The comparison of the inlet mass flow rates, calculated at
the engine face ( N�efAef NVef) is presented in Figure 10. Again,
obtaining similar results at each freestream Mach number
suggest that the effect of mesh density, as well as the code,
on the inlet mass flow rate is relatively small. In particular,
for the symmetrical-glaze case, the deviations of the coarse
mesh at all Mach numbers are within 5 percent. Therefore,
it can be concluded that STAR-CCM+ is still properly com-
puting the performance of the M2129-S duct inlet under the
icing effects, showing a relatively high-mesh independency.
For the following simulations, however, the whole geome-
try, instead of the half geometry, was modeled for the clean
and iced inlet cases due to the asymmetrical flow across the
duct symmetry plane when the sideslip angles were applied.
Also as noted in the “Numerical Methodology” section, fine
mesh was used for all simulations, in spite of the need for
more computational resources; approximately 3.7, 5.2, and
5.5 million cells were generated for the clean, symmetrical-
glaze, and asymmetrical glaze cases, respectively.

5 Results and Discussion

5.1 Symmetrical Ice Shape

Figure 11 gives the definition of the inlet angle of attack
and inlet sideslip angle. In the present study, inlet angles
of attack: ˛ D ˙10ı and ˙20ı, and inlet sideslip angles:
ˇ D C10ı and C20ı were tested. Figure 12 shows the
steady-state flowfield distributions of total pressure, static
pressure and Mach number in the plane of symmetry of the
M2129 S-duct inlet at the angles of attack or sideslip an-
gle, when the symmetrical glaze ice accretes on the inlet
lip. The freestream Mach number is M1 D 0:34 for all
cases. In the clean inlet at ˛ D 0ı shown in Figure 12(a),
the pressure gradient can be seen along with the flow de-
celeration and acceleration at the top (� D 0ı) and bottom
(� D 180ı), respectively, of the first bend of the S-duct in-
let. This typical flow pattern in a clean S-shaped inlet is the
result of the imbalance between the centrifugal acceleration
and radial pressure gradient at the first bend that induces
3-dimensional flow separation on the convex surface and
shows as swirl or the secondary flow pattern at the engine

Figure 9. Total pressure recovery (Nptef=pt1) by two mesh
density levels (˛ D ˇ D 0ı).

Figure 10. Inlet mass flow by two mesh density levels
(˛ D ˇ D 0ı).

Figure 11. Definition of inlet angle of attack (˛) and
inlet sideslip angle (ˇ).
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100 Wonjin Jin, R. R. Taghavi and S. Farokhi

(a) Clean (˛ D 0ı)

(b) Symmetrical glaze (˛ D 0ı)

(c) Symmetrical glaze (˛ D C20ı)

(d) Symmetrical glaze (˛ D �20ı)

(e) Symmetrical glaze (ˇ D C20ı)

Figure 12. Flowfield distributions of total pressure, static pressure and Mach number in the duct symmetry plane
at angles of attack or sideslip (pt1 D 101:1 kPa, M1 D 0:34). First column: Total pressure (pt=pt1).
Second column: Static pressure (ps=pt1). Third column: Mach number.
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Asymmetrical Flow Simulation of Icing Effects in S-Duct Inlets at Angle of Attack 101

face ([27]). However in the case of inlet with glazed ice, the
initial flow separation occurs from the glaze ice horn, and
the extent and size of the 3- dimensional flow separation at
the first bend is increased as seen in the glaze ice case at
˛ D 0ı in Figure 12(b). An adverse (static) pressure gra-
dient over the glaze ice horn causes the duct internal flow
to separate and thus the flow separation at the first bend of
the S-duct is enlarged. As expected, the case of ˛ D C20ı

poses the most severe adverse pressure gradient and flow
separation through the first convex bend in the S-duct as
shown in Figure 12(c), where massive 3-D separation ap-
pears on the bottom side, i.e., � D 180ı. Consequently, a
strong flow asymmetry and secondary flow pattern emerge
at the engine face. When the angle of attack is changed to
˛ D �20ı, the role of the lower and upper cowl lip is re-
versed. Here, the flow separates from the upper lip (� D 0ı)
of the symmetrical ice as indicated in Figure 12(d). Due to
flow separation from the upper lip, the core flow is swept to
the bottom of the duct, and eventually disappears near the
engine face where intense turbulent mixing creates a highly
distorted flow at the engine face. A comparison between
the angles of attack of C20ı and �20ı reveals a slightly
lower total pressure loss in the latter case as compared to
the former. The geometry of the S-bend that involves a
downward shift of the entrance flow to the engine face is
responsible for higher total pressure loss in ˛ D C20ı as
compared to ˛ D �20ı inflow angularity. The manifesta-
tion of higher total pressure loss may be observed in larger
flow separation zone, as shown in Figures 12(c) and 12(d).
Figure 12(e) shows the flowfield in the duct plane of sym-
metry, with sideslip flow angle of ˇ D C20ı. This severe
flow angularity in sideslip exposes the inlet side (� D 270ı)
with glaze ice to adverse pressure gradient and flow separa-
tion. Subsequent flow development in the duct exhibits 3-
dimensional mixing and flow distortion at the engine face,
similar to angle-of-attack cases.

The total pressure patterns at the engine face, as well as
the secondary flow fields, of the symmetrical glaze cases
at the angles of attack or sideslip angles are compared in
Figure 13. The secondary flow that induces the flow sep-
aration at the first bend of the clean S-duct inlet is further
amplified, azimuthally rotates through the second bend, and
affects the flow quality at the engine face in terms of inlet
distortion. The typical secondary flow pattern of the clean
cases shown in Figure 13, characterized by a double rotation
about the duct symmetry plane, is from the effect of the first
bend. In the clean cases, no significant change is observed
in the level of total pressure losses, as well as the size of the
counter-rotating vortices, under the effect of the angles of
attack or sideslip angles. This is contrary to an experimen-
tal result which showed a larger vortex pair at the engine
face at high incidence angle ([28]). The experiment showed
that, in an S-duct inlet, the counter-rotating vortex pair be-
came larger, due to the effect of an inlet lip flow separation
at high incidence angles. However, only the S-bend part of

the inlet was considered in the experimental study ([28]),
while the constant-area part is added to the upstream of the
S-bend section of the M 2129 inlet in the present study. The
performance of the S-duct inlet without the constant-area
part was sensitive to the inlet lip flow separation at high in-
cidence angles. On the other hand, in the present study, the
strength of the inlet lip flow separation at the high angle of
attack is somewhat attenuated by the existence of the for-
ward duct extension. However, the flow pattern outside the
region of the counter-rotating vortex pair is slightly changed
with varying the angle of attack or sideslip.

Unlike the clean cases, the symmetrical glaze induces
a notable change in the total pressure pattern and the sec-
ondary flowfield at the engine face with the angles of at-
tack or sideslip angles, as shown in Figure 13. Comparing
the symmetrical glaze cases in Figure 13(a) and (b), it is
clear that the secondary flow pattern at ˛ D 0ı is consid-
erably affected by the positive angle of attack; the region
of the large-swirling flow disappears at ˛ D C20ı. Also
at ˛ D C20ı, a more substantial total pressure loss takes
place at the bottom side of the engine face due to combined
effect of the flow separations, i.e., the flow separation from
the bottom portion of the symmetrical glaze ice at the posi-
tive angle of attack, and the stronger flow separation at the
bottom of the first duct bend, which is a typical separation
in an S-duct.

Figure 13(c) shows a change in flow pattern at negative
angle of attack. At ˛ D �20ı, the flow separation from
the top portion of the symmetrical ice induces a large total
pressure loss at the top side of the engine face. Also, the
core flow region almost completely disappears at the engine
face at ˛ D �20ı, indicating a serious total pressure loss at
the high negative angle of attack.

The sideslip case is shown in Figure 13(d). From this
figure, we note a right-left asymmetry in the engine face
distortion pattern at the positive sideslip angle. This unique
distortion pattern is the result of the flow separation from
the right side (as seen from behind the engine face) of the
symmetrical ice at the positive sideslip angle, and the flow
separation at the bottom of the first duct bend. The core flow
region also completely disappears with the sideslip angle of
ˇ D C20ı.

The effect of angles of attack or sideslip as manifested in
lower total pressure recovery (Nptef=pt1) and mass flow rates
( N�efAef NVef) as compared to the clean case is shown in Fig-
ure 14 and 15 respectively. The inlet mass flow rate in this
study is the index of the air-swallowing capacity of an inlet.
These figures show that all angles of attack or sideslip an-
gles contribute to the degradation of the performance of the
M 2129 S-duct inlet, combined with the icing effect in all
freestream Mach numbers. The levels of total pressure re-
covery, as well as the inlet mass flow, decrease with most of
the angles of attack or sideslip angles, and the decreases be-
come more substantial as the angle or the freestream Mach
number increases. At M1 D 0:34 we note that all the 20ı
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(a) ˛ D 0ı

(b) ˛ D C20ı

(c) ˛ D �20ı

(d) ˇ D C20ı

Figure 13. Total pressure (pt=pt1) contours and the secondary flow fields (Vse=V1) at the engine face at angles
of attack or sideslip angle (clean vs. symmetrical glaze, pt1 D 101:1 kPa, M1 D 0:34).
First column: Clean. Second column: Symmetrical glaze.
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Asymmetrical Flow Simulation of Icing Effects in S-Duct Inlets at Angle of Attack 103

Figure 14. Decrement in total pressure recovery (Nptef=pt1)
at different angles of attack or sideslip angles (symmetrical
glaze, pt1 D 101:1 kPa) as compared to clean inlet.

Figure 15. Decreases in inlet mass flow at different angles
of attack or sideslip angles (symmetrical glaze).

cases induce larger losses and mass flow reductions as com-
pared to the 10ı cases. Also, the greater decrease occurs at
the positive angle of attack than at the negative angle of at-
tack, and further decrease takes place at the negative angle
of attack than at sideslip angle at M1 D 0:34 for 20ı cases.
Therefore, the higher positive angle of attack, ˛ D C20ı,
poses the most severe flow angularity case for a glaze ice
inlet with an S-duct configuration, as noted earlier. Com-
pared to the clean cases, the decreases in the total pressure
recovery are approximately 6.8 and 8.5 percents at ˛ D 0ı

and C20ı, respectively, with the symmetrical glaze ice at
M1 D 0:34.

5.2 Asymmetrical Ice Shapes

The effect of the asymmetrical glaze ice shape at different
inlet angles of attack and sideslip was also investigated. The
asymmetry was created by placing 90ı sectors of glaze ice
on the top, bottom or side of the inlet lip, as shown in Fig-
ures 5(b), (c), and (d), respectively. In this study, the inlet
angles of attack of ˛ D ˙10ı and ˙20ı, and inlet sideslip
angles of ˇ D ˙10ı and ˙20ı were examined. With the
top-glaze ice accretion, the total pressure distortion pattern
and the secondary flowfields at the engine face with respect
to the angle of attack are presented in Figure 16. Again,
the freestream Mach number is M1 D 0:34 for all cases.
Another region of total pressure loss at the outer-top side of
the engine face, due to the effect of the top glaze, becomes
smaller with the positive angle of attack whereas it becomes
larger with the negative angle of attack, as expected. Fur-
thermore, the total pressure loss at the lower half of the
engine face, which is caused by a typical flow separation
from the duct bend, is also sensitive to the inflow angular-
ity. However, it is clear from these distortion contours that
higher levels of total pressure loss occurs with the negative
angle of attack since the 90ı glaze ice sector is placed at the
top.

Now, the bottom-glaze ice cases are presented in Fig-
ure 17. The region of total pressure loss at the bottom side
of the engine face is induced by the effect of the downward
duct bend plus the effect of the bottom-glaze ice accretion.
In addition, the size of the separation region is enlarged
when combined with the effect of the positive angle of at-
tack. However, the formation of the counter-rotating vortex
pair, which is originated from the duct bend, is gradually
weakened with the positive angle of attack as seen in Fig-
ure 17(b). The negative angle of attack also affects the dis-
tortion pattern at the engine face. The case of ˛ D �20ı

in Figure 17(c) suggests that the region size of total pres-
sure loss is significantly reduced, even compared to that
of ˛ D 0ı case in Figure 17(a), showing another counter-
rotating vortex pair at the top side of the engine face. How-
ever, the vortex pair does not induce a serious flow sepa-
ration at the top side as shown in the total pressure plot in
Figure 17(c). Therefore, it is concluded that the positive an-
gle of attack causes higher levels of total pressure loss when
the bottom-glaze ice is simulated on the inlet lower lip.

The effect of the sideslip angles on the side-glaze ice ac-
cretion is also investigated as shown in Figure 18. The side
ice accretion on the 90ı-sector, � D 45ı–135ı, was only
considered since the other side-glaze portion of � D 225ı–
315ı was exactly symmetrical with respect to the duct plane
of symmetry, as shown in Figure 5(d). The unique distortion
patterns, which are biased to the left side of the engine face,
are the result of the side-glaze ice. Also, the distortion pat-
terns vary as the sideslip angle changes, producing different
levels of swirl as seen in the secondary flow plots. How-
ever, the distorted region is larger with the more severe total
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(a) ˛ D 0ı

(b) ˛ D C20ı

(c) ˛ D �20ı

Figure 16. Total pressure (pt=pt1) contours and the sec-
ondary flow fields (Vse=V1) at the engine face at angles
of attack (asymmetrical glaze-top, pt1 D 101:1 kPa,
M1 D 0:34).

pressure loss at the negative sideslip angle (ˇ D �20ı), as
compared to the case of the positive sideslip angle.

The quantified results presented by (area-averaged) to-
tal pressure recovery and inlet mass flow rate with angle
of attack or the sideslip are summarized in Table 3. The
flow losses in total pressure and mass flow rate are com-
pared to clean S-duct inlet performance at each angle of
attack or sideslip. Again, the freestream Mach number is
M1 D 0:34 for all cases. Comparing the result of the sym-
metrical glaze case in Table 3(a) to those of the asymmet-
rical cases (of 90ı sectors) shown in Table 3(b) to (d), it is
clear that the losses in total pressure recovery and inlet mass
flow rate with symmetrical glaze ice are more substantial at
all angles. As indicated in Table 3(a) and (b), the level of
total pressure recovery further drops by �8% in symmet-
rical glaze condition as compared to the top-glaze cases,
i.e., Nptef=pt1 D 0:8979 and 0.9722 for the symmetrical-
and top-glaze cases, respectively, at ˛ D C20ı. The wider

(a) ˛ D 0ı

(b) ˛ D C20ı

(c) ˛ D �20ı

Figure 17. Total pressure (pt=pt1) contours and the sec-
ondary flowfields (Vse=V1) at the engine face with angles
of attack (asymmetrical glaze-bottom, pt1 D 101:1 kPa,
M1 D 0:34).

flow-blockage caused by the symmetrical ice accretion (as
compared to a 90ı-sector inlet lip icing) is deemed respon-
sible for the higher levels of total pressure loss and a re-
duction in inlet mass flow rate. As we have noted earlier,
the inlet frontal area was decreased by 21 percent with the
simulated symmetrical glaze, and decreased by only 5 per-
cent with the asymmetrical icing condition at the lip. Also,
flow separation from the ice horn, which is the source of
degradation in inlet performance, is more extensive when
the symmetrical ice accretes on the inlet lip.

For the top-glaze ice cases in Table 3(b), the negative
angles of attack produce more reduction in both the total
pressure recovery and inlet mass flow, and the reduction
is enhanced with increasing negative angle of attack. At
˛ D �20ı, the total pressure recovery and inlet mass flow
drop about 3.5 and 15 percent, respectively, from the cor-
responding clean cases. In contrast, the positive angles of
attack have a relatively minor influence on the inlet perfor-
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(a) Symmetrical
glaze

Angle of at-
tack or sideslip
angle, deg.

Total pressure
recovery, �

Decrease, % Mass flow rate,
kg/s

Decrease, %

˛ D 0 0.9116 �6:76 12.634 �29:9

˛ D C10 0.9057 �7:69 12.4059 �33:1

˛ D C20 0.8979 �8:49 11.8419 �36:6

˛ D �10 0.9098 �7:57 12.5545 �32:3

˛ D �20 0.9011 �8:42 11.928 �35:7

ˇ D C10 0.9091 �7:57 12.5064 �33:1

ˇ D C20 0.9038 �8:07 12.1910 �35:0

(b) Asymmetrical
glaze-Top (� D
315ı–45ı)

Angle of at-
tack, deg.

Total pressure
recovery, �

Decrease, % Mass flow rate,
kg/s

Decrease, %

˛ D 0 0.9731 �0:47 17.7968 �1:3

˛ D C10 0.9719 �0:95 17.8518 �3:8

˛ D C20 0.9722 �0:92 17.9541 �3:8

˛ D �10 0.9646 �2:00 17.0646 �8:0

˛ D �20 0.9496 �3:49 15.7753 �15:0

(c) Asymmetrical
glaze-Bottom
(� D 135ı–225ı)

Angle of at-
tack, deg.

Total pressure
recovery, �

Decrease, % Mass flow rate,
kg/s

Decrease, %

˛ D 0 0.9668 �1:11 17.2674 �4:2

˛ D C10 0.9569 �2:48 16.5858 �10:6

˛ D C20 0.9445 �3:74 15.5858 �16:5

˛ D �10 0.9772 �0:72 18.0819 �2:6

˛ D �20 0.9778 �0:62 18.1715 �2:1

(d) Asymmetrical
glaze-Side (� D
45ı–135ı)

Sideslip angle,
deg.

Total pressure
recovery, �

Decrease, % Mass flow rate,
kg/s

Decrease, %

ˇ D 0 0.9729 �0:49 17.7594 �1:5

ˇ D C10 0.9763 �0:74 18.1675 �2:8

ˇ D C20 0.9773 �0:59 18.3526 �2:1

ˇ D �10 0.9635 �2:04 17.0713 �8:7

ˇ D �20 0.9466 �3:71 15.7569 �16:0

Table 3. Total pressure recoveries (Nptef=pt1) and inlet mass flow rates with comparison to clean case at angles of attack
and sideslip angles (pt1 D 101:1 kPa, M1 D 0:34).

Brought to you by | University of Colorado - Boulder
Authenticated

Download Date | 12/28/15 6:03 PM



106 Wonjin Jin, R. R. Taghavi and S. Farokhi

(a) ˛ D 0ı

(b) ˛ D C20ı

(c) ˛ D �20ı

Figure 18. Total pressure (pt=pt1) contours and the sec-
ondary flowfields (V=V1) at the engine face at sideslip
angles (asymmetrical glaze-side, pt1 D 101:1 kPa,
M1 D 0:34).

mance. In addition, there is no considerable difference be-
tween the distortion levels caused by ˛ D C10ı and C20ı

with the top-glaze ice case. However we may conclude that
the top-glaze iced inlet duct is adversely affected by angle
of attack, as it suffers higher levels of total pressure loss and
engine face distortion.

The bottom-glaze ice cases are also summarized in Ta-
ble 3(c). Contrary to the top-glaze cases, higher levels of
loss are induced at the positive angle of attack; and the
maximum reduction occurs at ˛ D C20ı. The effect
of ˛ D C20ı was anticipated by the engine face distor-
tion pattern in Figure 17(b). An unanticipated result was
that a slight improvement was produced in total pressure
recovery (and mass flow rate) with negative angle of at-
tack, as compared to the case of zero inflow angularity. As
shown in Table 3(c), Nptef=pt1 D 0:9668 at ˛ D 0ı, and
Nptef=pt1 D 0:9778 at ˛ D �20ı. This result is also con-
firmed in Figure 17(c) which shows that the distorted re-

gion (caused by flow separation in the S-duct) is reduced at
˛ D �20ı. The rationale for this behavior is that the effect
of the bottom-glaze ice is diminished with negative angle
of attack, combined with the duct bend effect. The negative
angles of attack mitigate the strong flow separation from the
downward duct bend, allowing more core flow to reach the
engine face. Also, the lip flow separation from the bottom
glaze is attenuated with negative angles of attack. Compare
to the cases of ˛ D 0ı, the total pressure recovery and inlet
mass flow are increased by 1.1 and 5.2 percent, respectively,
at ˛ D �20ı, whereas at ˛ D C20ı those are decreased by
2.3 and 9.7 percent, respectively.

The side-glaze ice cases in Table 3(d) indicate that the
degraded inlet performance occurs at the negative sideslip
angles along with the side glaze, as predicted in Figure 18.
Furthermore, the total pressure recovery and inlet mass flow
rate decrease more at ˇ D �20ı than at ˇ D �10ı. Com-
pared to the ˇ D 0ı cases in Table 3(d), the total pressure
recovery is reduced by about 2.7 percent, and inlet mass
flow is decreased by 11.3 percent at ˇ D �20ı. However,
the effects of the positive sideslip angles are not critical, as
shown in Table 3(d).

Again, the most serious distortion levels occur at ˛ D
�20ı for the top-glaze, at ˛ D C20ı for the bottom-glaze,
and at ˇ D �20ı for the side-glaze ice case, as summarized
in Table 4. Note that the total pressure recovery and mass
flow rate of the bottom-glaze case at its worst inflow angle
(˛ D C20ı) is slightly lower than those of the other asym-
metrical icing cases at their worst inflow angles. However,
there is no significant difference between the total pressure
recoveries of the asymmetrical cases at their worst inflow
angle.

In conclusion, all inlet angles of attack and inlet sideslip
angles contributed to the degradation of the inlet per-
formance, combined with the effects of the simulated-
symmetrical-glaze ice shapes. In particular, higher positive
angles of attack resulted in more serious steady-state inlet
distortion. At ˛ D 0ı, the reduction of the mean total pres-
sure recovery by the symmetrical glaze ice was about 6.8
percent from the clean case at the same angle; however, it
further decreased to 8.5 percent at ˛ D C20ı, as shown in
Table 3(a).

The inlet performance was also sensitive to the inlet
angles of attack or sideslip angles with the simulated-
asymmetrical ice shapes; top-, bottom-, and side-glaze ice.
However, the influence of each ice shape on the inlet perfor-
mance became more significant at a specific angle, due to
the coupled effect of the angles, icing locations, and down-
ward duct bend. The most serious degradation in the in-
let performance occurred at ˛ D �20ı, ˛ D C20ı, and
ˇ D �20ı for the top-, bottom-, and side-glaze ice cases,
respectively. However, the ice-induced flow blockage was
still a critical issue for the inlet performance, since the sym-
metrical glaze induced substantially lower total pressure re-
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Case Most dis-
tortion an-
gle, �

Total pres-
sure recov-
ery, �

Mass flow
rate, Kg/s

Top-glaze ˛ D �20 0.9496 15.7753
Bottom-
glaze

˛ D C20 0.9445 15.5858

Side glaze ˇ D �20 0.9466 15.7569

Table 4. Total pressure recoveries (Nptef=pt1) and inlet mass
flow rates for asymmetrical glaze cases at the most distor-
tion angles (pt1 D 101:1 kPa, M1 D 0:34).

coveries, compared to the asymmetrical glaze cases (of 90ı

extent), at all angles of attack or sideslip angles.

6 Conclusions and Recommendation for Future Work

Flow angularity impacts an S-duct inlet with icing in to-
tal pressure recovery; mass flow rate and engine face dis-
tortion levels. In general, the inlet performance degrada-
tion increases with increasing levels of flow angularity and
asymmetry in ice accretion. Although ice accretion is a
time-dependent phenomenon, our simulation was based on
steady-state flow calculations. The asymmetry in ice ac-
cretion was simulated through 90ı sectors of glaze ice on
the cowl lip, which showed their sensitivity to inflow angu-
larity. For each case, we established the inflow angle that
caused the lowest mean total pressure recovery and reduced
mass flow rate and the magnitude of these losses.

The following list constitutes additional areas in icing
research that require attention:

� The effects of ice accretion should be extended beyond
the S-duct inlet lip. An experimental study showed that
ice accretion occurred not only on the external inlet
lip, but also along the interior side wall of an inlet duct
([29]).

� A wider range of inlet flow blockage levels must be
investigated to find the most critical icing limit on inlet
performance.

� Multiphase (gas-liquid) time-dependent flow is re-
quired to investigate the effect of ice accretion on an
S-duct inlet. It is known that the shape of ice accre-
tion on aircraft’s surface changes with time, as well
as freestream velocity (V1), static temperature (Ts1),
liquid water content (LWC), etc. ([9]).

� The effect of unsteadiness caused by vortex shedding
from the horns of inlet glaze ice should be investigated.
This phenomenon gives rise to time-dependent distor-
tion at the engine face, which is called inlet dynamic

distortion. The temporal sharp peaks of dynamic dis-
tortion, which last on the order of compressor through
flow time scale, lead to compressor stall and engine
surge.

� The effect of atmospheric gusts or atmospheric tur-
bulence on dynamic inlet distortion should be stud-
ied under icing conditions. The disturbances in the
freestream, including atmospheric gusts and turbu-
lence, can be another source of the inlet dynamic dis-
tortion ([30]).
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