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Abstract—The performance and stability of a low-bypass turbofan transonic axial compressor with a
nonuniform inlet flow is a significant concern in recent times. In both military and commercial air-
craft, serpentine ducts produce significant inlet swirl distortion. Moreover, the nonuniform inlet flow
frequently acts upon aircraft gas-turbine engines causing deteriorating effects on the aircraft engine.
High circumferential swirl flows and inlet flow angularity decrease the acrodynamic performance and
the stall margin and increase the rotor blade loading. The current paper is aimed at the investigation
of the flow field in the tip clearance region of low-bypass turbofan transonic compressor rotor under
nonuniform circumferential flow conditions through numerical simulation using Ansys CFX. The
mathematical models based on 1D Mean Line Code and Dynamic Turbine Engine Compressor Code
(DYNTECC) are used to analyze the nonuniform inlet swirl flow of the compressor rotor. The math-
ematical model is limited to compute the multistage compressor characteristics for the compression
system and the combustor of a turbine engine. For the single-stage swirl flow analysis current paper
focuses on the CFD based results. The results based on CFD show that co-swirl patterns slightly
improve the stability range of the compressor; counter-swirl flows diminish it.

Keywords: bulk flow, turbofan transonic compressor, stall margin, stability range, CFD analysis,
1D Dynamic Turbine Engine Compressor Code
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NOMENCLATURE
Por  |Inlet stagnation pressure U Blade speed
Tor |Inlet stagnation temperature ml()) Mass flow rate at rotor inlet
P, Inlet static pressure O Pressure loss in the blade row
T, Inlet static temperature Opin Minimum profile loss
i Rothalphy & Flow deviation angle

In analyzing the turbomachine operation both the absolute reference frame fitted to the frame of the
machine and the relative reference frame rotating together with the rotor of the machine are used. The
fluid velocities observed from the absolute reference frame are called the absolute velocities, while those

viewed from the relative reference frame are called relative velocities. The flow enters into the rotor with

an absolute velocity of an angle a;; subtracting vectorially the blade speed we obtain the inlet relative
velocity directed at an angle B,. Relative to the rotor blades, the flow turns to the direction f, at the outlet.
Adding vectorially the blade speed we obtain the absolute velocity at the rotor outlet directed at an angle a,,.

The nonuniform distorted inlet flow at the engine face has a broad range of ramification effects on
compressor stability and performance. A considerable change in the aerodynamic aircraft engine intake
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configurations has been seen since the introduction of stealth aircraft in the aviation industry. The uncer-
tainty of nonuniform inlet flow ingestion and swirl flow at the engine face has risen due to both civil and
military aircraft demands of increased turbofan bypass ratio and a decrease in the overall engine length.
Earlier, in assessing the compressor stability the inlet swirl distortion and flow angularity were not consid-
ered independently, since it was believed that they make only a slight contribution into the inlet flow in
the aerodynamic interface plane. At the same time, the flow swirl was previously considered as broadly
induced by inlet pressure distortion. The flow swirl was acknowledged as significant inlet distortion during
the development phase of Tornado fighter aircraft. However, in recent era the introduction of very high
bypass ratio turbofan engines and S-shaped intakes requires to investigate individually the swirling flows
with the total pressure distortion. The nonuniform circumferential and radial velocity components at the
aerodynamic interface plane are referred to as the swirl flow and the flow angularity, respectively. The
blade loading can be altered due to an increase or decrease of the local blade incidence angle relative to
the velocity components. Different swirl flows are categorized into four groups, i.e., bulk swirl tightly
wound vortices, paired swirl, and crossflow swirl. These classifications depend upon the swirl angle, i.e.,
the angle between the z and 6 components of the axial and tangential direction of flow, respectively. The
bulk swirl flow approaching the compressor has a constant swirl angle and rotates in one circumferential
direction. At the inlet, the bulk swirl has a single vortex, rotating in the rotor direction (co-swirl) or oppo-
sitely to the rotor direction (counter-swirl) [1, 2]

Many experimental investigations predominantly performed on Tornado aircraft demonstrated that the
use of inlet guide vanes can lessen the inlet flow distortion because of the tangential velocity component
that turns the inlet flow in the appropriate flow direction. Moreover, the use of variable guide vanes fur-
ther improves the inlet flow conditions at the desired angle. However, due to an increase in the engine
noise, weight, and length, as well as de-icing issues, the use of IGV at the engine front is not always rec-
ommended. The effect of distorted inlet swirl on low-pressure compressor performance of twin-spool,
two-stage turbofan engine was investigated earlier. The results of that investigation revealed that an
increase in the swirl angle decreases the compressor pressure ratio, mass flow rate, and isentropic effi-
ciency [3]. The geometric parameters of a Serpentine jet engine (S-duct) were investigated and strong vor-
tices developed in short length ducts were found to exist in the acrodynamic interface plane [4]. Twin and
paired swirl flows were studied on the basis of the compressor characteristic map using the parallel com-
pressor theory and swirl distortion was; it was found that there exists a strong relationship between the swirl
flow and the total pressure distortion. To investigate the effect of twin swirl, bulk swirl, and paired swirl
flows on the compressor performance in F106 turbofan engine, 1D mean line analysis, parallel compres-
sor theory, and 3D Euler analysis were used [5]. A three-dimensional Turbine Engine Analysis Compres-
sor Code model that solves compressible, time-dependent, and 3D Euler equations embedded with the
streamline curvature code was used to investigate the swirl flow effect on the multistage compressor per-
formance. This study showed that, due to co-swirl flow distortion, the compressor blade loading increased
significantly. However, the model used is limited to deal with transonic and supersonic flows, when the
rotor blade body force obtained from the turbine engine analysis compressor code is independent of the
streamline curvature [6]. A three-dimensional unsteady CFD code called CSTALL was utilized to analyze
the steady effect of circumferential distortion on the compressor performance. The researchers found that
even a single distortion can cause a compressor surge. Therefore, it was not enough to correlate the body
force term with the corrected mass flow [7]. Recently a 3D computational model has been utilized, where
turbulent heat transfer and viscous terms are added in the 3D Euler equations to overcome the weaknesses
of the turbine engine analysis compressor code and CSTALL models [8].

1. PHYSICAL PROBLEM

NASA transonic compressor Rotor 67 is a first stage rotor designed for two-stage fans. Due to its high
mass flow rate and designed pressure ratio, it has been widely researched in the aerospace industry. In [9],
laser anemometer measurements in a transonic axial flow fan rotor were performed in NASA Lewis
Research Center to propose the Rotor 67 geometry at designed tip clearance of 1.016 mm. In [1], swirl dis-
tortion was investigated and its adverse effect on the engine performance of turbofan compressor Rotor 67
was established. The case of 0.6 mm tip clearance was considered in the presence of bulk swirl flow and
flow incidence on the blade. These factors reduce the mass-flow rate, thus deteriorating the compressor
performance. So far, there is no published work incorporating a comprehensive analysis of the circumfer-
ential bulk swirl distortion and high flow angularity effects on the compressor Rotor 67 stability range and
stall margin.

In this research one-dimensional mean line compressor and Dynamic Turbine Engine Compressor
Code are adopted for an analysis of low bypass multistage compressor characteristics for the compression
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Fig. 1. Block diagram for 1D Dynamic Turbine Engine Compressor Code; (a) relative mass flow at the rotor inlet and
(b) flow through the bladed region.

system. For the low-bypass, high-speed first-stage rotor of the transonic two-stage fan, this paper focuses
on the CFD-based results. The fan is used extensively in both civil and military short-haul aircraft jet
engines. The ingestion of highly distorted and inclined bulk flow is most likely to occur in one-stage tran-
sonic compressor Rotor 67. Rotor 67 is investigated to produce a data collection, as a part of a larger proj-
ect, namely “System Identification Development for Analysis of Transonic Axial Compressor.” This study
considers circumferential bulk swirl distortion patterns at 5°, 7°, 10°, 15°, 20°, and 25° and high flow
angularity at 85°, 80°, 75°, and 70° because of their practical prevalence. This research study focuses on
the engine operability effects due to the distorted inlet circumferential swirl flow ingestion on the tran-
sonic compressor rotor without inlet guide vanes and stator blades.

2. COMPUTATIONAL SETUP

The transonic compressor NASA Rotor-67 is composed of 22 blades having 25.7 cm and 24.25 cm tip
radii at leading and trailing edges, respectively, as shown in Fig. 1. Three-dimensional coarse, medium,
fine, and superfine meshes are generated. For a grid analysis, computations were carried out with 0.4 mil-
lion to 1.6 million mesh nodes. The results show that the fine hexahedral grid with 0.96 million mesh ele-
ments has a decent compromise between computational and experimental results. The three dimensional
steady compressible Navier—Stokes equations were solved using the K-¢ turbulence model. At the rotor
outlet boundary the average static pressure is considered, while at the rotor inlet boundary the total pres-
sure of 101325 Pa, the total temperature of 288.15 K, and the flow direction specified for clean inlet flow
at designed RPM 16043 are preassigned. The occurrence of a constant swirl angle at the engine inlet is the
main characteristic of pure bulk swirl flow. Therefore, the inlet boundary condition is changed accord-
ingly to the following expression for co-swirl flow, counter-swirl flow, and flow angularity at desired cir-
cumferential or Cartesian coordinates.

V, = cosa
V.=0 . (2.1)
Ve =V tan(xo)

2.1. One-Dimensional Dynamic Turbine Engine Compressor Code Model

The one-dimensional form of the governing equations and finite-difference method to solve the
Navier—Stokes mass, energy, and momentum equations are employed simultaneously in the Dynamic
Turbine Engine Compressor Code model. It is used to compute the multistage compressor characteristics
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for the compression system and the combustor of a turbine engine. The Dynamic Turbine Engine Compressor
Code gives adequate results having a minimum of the compressor rotor data. The set of equations presented
below describes the flow in the compressor rotor blade region, and flow crossing the bladed region.

In Fig. 1, the first block diagram shows the flow through the compressor bladed region, when the inlet
parameters, such as the total inlet pressure P;, the total inlet temperature 7}, the inlet flow angle, and the
inlet Mach number are known quantities, which determine the static pressure P,, the static temperature 7, the
blade speed U, the inlet relative total pressure Py, the inlet relative total temperature T, and the relative

mass flow at rotor inlet m,? [10, 11]. Precisely the inlet relative total pressure Pir and temperature 7}y are
the total conditions of the flow that the rotating blade row sees [10]. Furthermore, the relative Mach num-
ber My, is understood to mean the Mach number based on the local speed of sound at the ambient tem-
perature. The coefficient of total pressure loss relative to the blade row @ is calculated by correlation
equations, as shown in the following block diagram 2 of Fig. 1

0
Py = P (H@ Mij[“), 2.2)
Tix = Ts(l +@ Mij, 2.3)
0 _ 0 NI 24
m, =m PIRA. 2.4)

Therefore,
|

P, (1 + —(Y; I)MRJ &)

p= 2.5)

1o
RT, (1 +QM§)

)
m:P( . j AMgYRT, (2.6)

-1
RT, (1 + —(Y; I)Méj

where A is the area perpendicular to the flow;

_t)
m = MR\/%@ + QM%) e 2.7)

To calculate the flow through the bladed region of the compressor rotor the area perpendicular to the
flow, the relative total pressure, and the temperature ratio are required. In an axial compressor, the length
of the blade and the annulus area between the shaft and the shroud decreases throughout the compressor
stage. Therefore, this increases the fluid density, as it is compressed, and a constant axial velocity is kept.

The transonic compressor has a three-dimensional flow field. Thus, the total pressure loss coefficient M
should be determined numerically. The numerical approach was used to calculate three pressure loss com-
ponents, i.e., the compressor blade profile loss @ ,, the secondary loss ©.. and the shock losses @, [12].
Therefore, we have

B, =0, + By, + Oy, (2.8)

sec

To calculate the blade profile losses, the flow deviation function and minimum profile loss @, are
calculated as follows [13]:

= f (&) ®in; (2.9)

tall

2
mm = ref fRe |: “min l'ef :|9 (210)
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Ry
R + Ry

The following equation is used to calculate the secondary losses in the blade according to the Howell
model [14]

Lnin = ich + (lstall - ich)

2.11)

2
B = c(&SB'J C). 2.12)
cosp,

The compressor blade shock losses in the primary and secondary flows are modeled using the follow-
ing nonisentropic equation [15, 16]

1

[ (Y+1)Ma; }%[ (y+1) }ﬁ
mmzl_(Y—UNh§+2 2WiPY .
(Y—l) 2 -1
1—[1+TMa1}

The relative compressor blade pressure loss is determined by the formula [17]
®, = —Ju) (2.14)
)
1-| 2=
B
From the above equation for the relative pressure loss, the relative total pressure is determined as follows:
ﬁﬂ—m,(ij@:l—m,(aj. (2.15)
B Rr) R B

0lr
Rothalpy is a thermodynamic quantity of a compressible fluid that remains constant over the stream-
lines. It is conserved over the rotor and stator blades but not over a compressor-stage

i=h—wu,. (2.16)
Here u4 is the tangential component of the absolute velocity. Furthermore, the particular form of the

rothalpy conservation equation depends on the multiple reference frame (MRF). The MRF is formulated
by relative and absolute velocity components. In terms of the relative velocity, the rothalpy becomes

V(piug) = =V (pwgugg) — V(pu) + V(ru) + V(AVT) + S. (2.17)
The temperature ratio in the flow passing through the rotor blade region becomes as follows:

Ty _y, Us=Ur (2.18)
Tir 2C, Ty

(2.13)

3. DISCUSSION OF THE RESULTS
3. 1. Validation

The CFD-based results for a single-stage transonic compressor rotor were first obtained under the
choking conditions and then, by means of gradually rising the outlet average static pressure, for the near-
stall conditions. Thus, the compressor rotor characteristic graph was determined. The near-stall point was
predicted at the last stable condition of Rotor 67. Figures 2a and 2b show the characteristic maps that pres-
ent the normalized mass flow rate versus the pressure ratio and the adiabatic efficiency of the compressor,
respectively, at the designed RPM and TC of 1.016 mm. The results illustrate good agreement between the
computational and NASA experimental results [9, 18, 19]. The computational results show a 0.3% differ-
ence in the mass flow rate under the designed conditions from the NASA experimental results, which is
reasonably encouraging.

3.2. Co-Swirl Flows

Figures 3a—3c show the characteristic map, the stall margin, and the stability range of the co-swirl
flow, respectively, at 5°, 7°, 10°, 15°, 20°, 25°, and 30°. These data allow one to determine the optimal operating
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parison.

conditions. The results show that the co-swirl flow increases the stall margin and stability range of turbo-
fan transonic compressors at a specific limit. Whereas, it starts to decrease them after 25° co-swirl flows.

Figure 4a shows the pressure blade loading at near stall point of 80% rotor blade span at designed RPM.
The scales chosen in each figure are kept the same for the better comparison and visualization of results:
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Fig. 4. Co-swirl flow behavior for near stall conditions: (a) pressure blade loading at 80% span, (b) relative Mach number
at 80% span, (c) spanwise plot of o and [ angles at the leading edge of the blade, and (d) velocity vector at 80% blade span.

here, points 0 and 1 correspond to the leading and trailing edges at the streamwise location. The curve
joining the higher pressure points corresponds the pressure side and that joining the lower pressure points
indicates the suction side of the compressor rotor blade. At the leading edge of the blade (LE), the peak
pressure load indicates the stagnation point, where the fluid is stagnant for a short period. The figure
shows that the compressor rotor blade has a maximum stagnation point at 5° co-swirl and it decreases at
higher swirl flows. At 5° co-swirl, at about 50% of blade chord a sudden increase in the static pressure at
the suction side of the blade is observed. At the same time, an increase in the swirl angle up to 25° co-swirl
leads to an earlier increase in the static pressure along blade chord, which causes the flow deceleration and
an increase of entropy.

Figure 4b shows the 80% spanwise distribution of the relative Mach number at LE at near stall point
and the designed RPM. The results indicate that at 5° co-swirl the Mach number is nearly 0.55, which
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decreases at higher swirl flows. A sudden drop of the Mach number can be seen at 25° co-swirl and above
near the leading edge of the blade chord. This shows the presence of shock waves at the higher inlet swirl
angles. Usually, the circumferential nonuniformity is considered as more severe, since it significantly
affects the incidence angle. In the absence of guide vanes, the flow entering the compressor is likely to
have some amount of swirl. This swirl may get amplified under certain conditions, leading to severe inflow
distortion.

Figure 4c shows the absolute angle a and the relative angle § along the span of various airfoils. The
results show that the former angle does not change considerably along the span with exception of the
region near the tip clearance. At the same time, due to the distorted inlet swirl flow, the relative angle f§
varies significantly. The relative angle p decreases due to an increase of swirl flow angle. This improves the
compressor stability and performance.

Figure 4d shows the formation of strong oblique shock waves at higher swirl angles near the blade lead-
ing edge, which results in a sudden drop of relative Mach number at the blade leading edge, as shown in
Fig. 4b, and flow separation.

3.3. Counter Swirl Flows

Figures 5a— 5c show the characteristic map, the stall margin, and the stability range of the counter swirl
flow at 5°, 7°, 10°, 15°, 20°, and 25° which allow one to determine the optimal operating conditions. The
results show that the counter swirl flow slightly increases the stall margin up to 10°, but with furthher
increase in the swirl angle it starts to decrease. As for the stability range of the turbofan transonic com-
pressor, this decreases due to the counter swirl flow.

Figures 6a and 6b show the pressure blade loading at 80% rotor blade span in the case of the counter
swirl flow at near stall point and at designed RPM and spanwise distributions of the relative Mach number
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at the leading edge of the rotor blade. The results show that the compressor rotor blade has a maximum
stagnation point pressure at 5° counter swirl and it decreases at higher swirl flows. At 5° counter swirl, a
sudden increase of the static pressure is observed at about 10% of the blade chord at the suction side of the
blade. At higher increase in the counter-swirl angle the static pressure increases farther along the chord,
which intensifies the flow near the blade tip and, therefore, decreases the entropy. Figure 6¢ shows the
distributions of the absolute angle oo and the relative angle B along the span for various counter-swirl
angles.

The results show that, due to the distorted inlet swirl flow, the relative angle p varies significantly. The
value of this angle increases with increase in the counter-swirl flow angle. This deteriorates the compres-
sor stability and performance.

Finally, Fig. 6d presents the formation of weak oblique shock waves at higher counterswirl angles of
blade LE, which results in an increase of the relative Mach number at LE, as shown in Fig. 6b. At the trail-
ing edge of the blade, low-velocity regions are dominant at higher counter swirl flows.
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3.4. Flow Angularity

Figure 7a shows the characteristic map in the case of flow angularity. The results show a decrease in
the mass flow rate at a higher incidence angle. This causes a decrease in the stage efficiency and the stall
margin. Figure 7b shows the pressure blade loading at 80% span of the blade. Here points 0 and 1 are
termed as leading and trailing edges at the streamwise location. The curve joining the higher pressure
points indicates the pressure side and that joining the lower pressure points indicates the suction side of
the compressor rotor blade. At LE the peak pressure load indicates the stagnation point, where the fluid
is stagnant for a short period. The results show the separation of flow from the boundary layer at a higher
incidence angle than usually. Furthermore, the formation of first shock waves at the leading edge of the
blade and ingested second shock wave at the trailing edge of the blade leads to boundary layer separation.
Figures 7c and 7d show the spanwise distributions of the relative Mach number at the leading edge of the
blade and the velocity vector at 80% span of the blade. The results indicate that at 85° angular flow the
Mach number is nearly 0.6 and it decreases at higher angularities, i.e., at 70°. At the same time, at the TE
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of the blade a decrease in the Mach number is observable at higher angularities. This shows the presence
of shock waves at higher angular flows. Figure 7d shows the presence of strong shock waves at 70° flow
angularity. This can lead to flow separation from the LE of the blade.

SUMMARY

The current paper focuses on the effect of inlet flow distortion on the performance and stability of the
turbofan transonic compressor rotor. Numerical simulations with circumferential bulk flow distortion
patterns and flow angularity are carried out. The following conclusions are drawn because of this study.

Dynamic Turbine Engine Compressor Code can use Mean Line Code and determine the compressor
stage characteristics without the use of characteristic maps.

The counter swirl distorted inlet flow decreases the stability range of the transonic compressor rotor. It
shifts the characteristic map of the compressor to the right and upward. At the same time, the co-swirl
inlet distortion increases the compressor stability and stall margin, as it shifts the characteristic map to the
left and downward.

In contrast to the co-swirl flow, the compressor rotor higher pressure ratio is achieved in counter swirl
flow because of the greater work done by the rotor. This also increases the relative Mach number and,
therefore, the counter swirl flow decreases the compressor stability.

In the case of inflow angularity, when the absolute angle is higher than the normal axial direction, the
separation of flow from the boundary layer is seen. Furthermore, the formation of shock waves at the lead-
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ing edge of the blade and ingested second shock wave at the trailing edge of the blade are observable. This
causes boundary layer separation.
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