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Abstract: Multi-stage axial compressors are essential component of aerospace propulsion system because the structure of
the exit flow field of an axial compressor directly influences the performance and stability of an aerospace engine. In this
research paper, the numerical simulations of the first 3 stages of a transonic multi-stage axial compressor were carried out
to study the characteristics of the exit flow field of the compressor under four operating conditions. The main focus of the
research was airflow deflection angle, patterns of radial velocity distribution, and its changes. Also, the influence of the
angle of inlets air direction and pressure on the outlet flow system on the unsteady conditions of inlet airflow were
considered. The findings show that when rotational speed reaches a level of 68 %, exit flow field of the axial compressor
degrades significantly. The operating conditions, the velocity and airflow angle is positively correlated with the rotational
speed as the rotational speed decreases. In comparison to the design condition, the peak velocity reduces by 2%, 3.7% and
7%, whereas airflow deflection angle deviations are less than 3°. Under non-uniform inlet conditions, as the airflow angle
at inlet reduced by 90° to 70°, the differences in peak and mean exit velocity do not exceed 2 % and the differences in peak
and mean airflow deflection angle do not exceed 1 %. A relatively small effect of alteration in a local pressure field on the
inlet pressure in a non-uniform environment produces a very significant impact on the local distributions. When inlet
pressure is changed between 1 atm and 1.05 atm, the value of the peak velocity changes by 0.98 percent and that of the
average velocity by 3 percent. Maximum difference in velocities is 6 %, and average airflow deflection angle has a
difference of 0.7 %, but its maximum deviation valued 1.9°. In general, the characteristics of the flow field on the exit of
the compressor demonstrate considerable changes under various operating conditions. The flow in the compressors with
low rotational velocities will be more unstable, which causes the flow separation and accumulation of fluid with low energy
and non-uniform pressure distribution. On the contrary, variable inlet conditions can have a relatively small impact on the
whole flow field, with significant local alterations, which can be used in the theoretical basis to optimized design and
performance assessment of compressors.
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l. INTRODUCTION numerical simulations helps achieve better blade design,
boost compressor efficiency and enhance the performance of

The axial-flow compressor is an essential element in the
aerospace power system [1]. The data from the compressor
outlet help determine the overall functioning of the engine
and also forms the initial point for research into the
aerodynamic and thermal performance of the combustion
chamber, turbine and other parts [2] [3]. It is also the
intended flow field for ground tests of the combustion
chamber inlet simulation device [4] [5].

When an aero-engine is running, the inlet conditions for
the compressor can vary more than predicted [6]. For
example, deviation of an inlet can change both the flow speed
and direction of the incoming air as it enters the compressor
which influences its efficiency and stability [7] [8].
Therefore, studying the compressor outlet flow field with
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the engine. It is also used as the target flow pattern for inlet
simulation at the combustion chamber during ground tests

[5].

Furthermore, the inlet conditions for the compressor
will not always be the same when the aero-engine is used in
practice. For instance, a change in the incoming air velocity
and direction by intake distortion [9] [10] [11] can influence
how well and effectively the compressor functions. To
improve blade design, boost compressor operation and
enhance how the engine runs, thorough research of the flow
field at the compressor outlet using computer simulations is
necessary [12] [13].
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Using different techniques, researchers globally have
investigated the flow pattern details in a range of pressurized
engines. [7] [14] carried out simulations using parallel
algorithms on 8.5-stage axial flow pressurized engine in both
steady and unsteady conditions. Only a 1-2% error was
found when the results were compared to data gathered from
experiments. [15] [16] by simulation, created a three-
dimensional view of the turbulent flow in the impeller of a
multi-stage pressurized axial gasifier. A high-precision, high-
resolution third-order ENN method was adopted to reproduce
excitement waves and turbulent features and used the LU-
SGS implicit solution to improve how quickly the system
analyzed the data, to build a dependable and efficient
approach for solving turbulent flow issues in a multi-stage
transonic axial pressurized gasifier

[17] performed a simulation of the Rotor 37 transonic
compressor stage and compared the results to experimental
measurements. The rotor 37 was the brainchild of NASA. A
part of the NASA Fundamental Aeronautics Program is the
assessment of various computational fluid dynamics (CFD)
code used by NASA and other industry, to developed and
design aircraft, spacecraft and engines types. Rapid
convergence and practical usefulness were found to be
benefits of using the Runge—Kutta method and finite
difference methods. [18] investigated into the application of
an 1l-stage axial flow compressor by simulating it and its
flow field using three-dimensional computer tools. They
tested these features at normal operating conditions, different
positions and several installation angles. The curves for flow
pressure ratio and flow efficiency were compared against
experimental results and no errors exceeded the allowed
values.

Pressured gas compressor intake, experiences a number
of disruptions that result in irregular intake airflow fields
[19]. These inlet changes, considerably affect the pressurized
air since there is not a steady total pressure and total
temperature [20] [21] [22] and a cyclonic flow of the intake
air in the system, worsen the aerodynamic performance,
stability margins and overall state of the flow [23]. The
instability evolution of the compressor under circumferential
non-uniform inlet conditions was experimentally examined
by [24] [25]. Two kinds of stall inception were studied, each
with their own size and starting point, to determine what
effects they had on compressor stability. According to [26]
[27], uniform pressure at the inlet was used and the
temperature variations were converted into pressure
variations to find the static pressure at the outlet. [28] did a
complete numerical study and laboratory experiment of a
transonic pressurized aircraft. [29] did a complete non-
stoichiometric investigation of the NASA Rotor 67 engine.
Research by [30] performed a numerical study of a transonic
fan under complex, time-varying conditions to explore
distortion of the final pressure at several distortion degrees
and angles. They evaluated and explained the changes in
speed, pressure and other system parameters as the total
pressure was distorted. [31] explored how high intake
pressure distortion impacts the fan booster of a high-bypass-
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ratio turbofan engine. It was found that an increase in inlet
total pressure shifted the outer fan to a position where it faced
a risk of surge which lowered its safety margin. With uniform
inlet conditions, the total pressure distortion makes the
corrected mass flow rate and pressure ratio larger and the
corrected mass flow rate changes from 0.2% to 1.0% as the
rotational speed is varied from 0.3to 0.8.

Researchers are focusing their efforts on the areas of
aerodynamic performance optimization, surge boundaries
predictions, optimizing thermodynamic aspects, adjusting
guide vanes and optimizing operation under high-load
conditions for axial compressor. The source term method was
used by Wang and team [32], to explore inter-stage air
injection effects inside a NASA T74A pressurized air
compressor, during its first 3.5 stages of operation. The main
reason for higher efficiency was found to be an increase in
gas flow, caused by decreased inlet angle and avoided flow
separation, at the end of the blade. Induced gas created a
larger margin of stability in the operating range for the
pressurized compressor. [33] and [34] created a way to
estimate performance and optimize guide vanes in multi-
stage axial-flow compressors using one-dimensional
modeling and optimization approaches. The method is
proven to accurately predict operation and make the process
more efficient which is highly useful for compressor design
and control.

Using computational fluid dynamics simulation, the
behaviors of the flow at the compressor outlet were studied
for the multi-stage axial compressor for different rotational
speeds in the first 3 stages. Much attention was given to how
airflow deflection angles, radial velocity distributions and
their changes were studied. Simulated operating conditions
such as design point, climb, cruise, approach and ground idle
helped evaluate the effect of rotational speed variations on
pressurized air compressor outlet flow. The aim of the
findings is to give a theoretical reason for better optimization
and performance analysis of pressurized air compressors. The
study also looked at how different inlet airflow speeds and
angles, as well as pressures, influence the velocity of airflow
and the gradients in airflow at the exit.

1. METHODOLOGY

This research considered the first 3 stages which
combine the inlet guide vane and the first three actual
compressor stages, of the transonic axial-flow compressor.
The compressor, which is used for high-pressure and high
load testing in experiments on aerodynamics for aero-engines
and turbomachinery. The compressor gives information about
the characteristics of airflow, flow separation, angles of the
airflow and aerodynamic efficiency.

Table 1 lists the key design specifications for the first
three stages compressor. The numerical simulations were run
in Numeca software (version 16.1) and the compressor was
modeled in UG software (version 10.0) based on the 1986
NASA report by [35].
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Table 1 Basic Parameters of the First Stage Axial Compressor

Parameter Value
Rotational speed (rev/min) 16042.3
Tip speed (m/s) 430.29
Number of IGV blade 26
Number of stage 1 rotor blades 28
Number of stage 1 stator blades 34
Number of stage 2 rotor blades 32
Number of stage 2 stator blades 46
Number of stage 3 rotor blades 39
Number of stage 3 stator blades 54
Tip clearance (mm) 0.408

For blade cross-sectioning, the parameters such as chord
length, mounting angle, axial placement of key points, blade
angle and blade thickness were drawn from the blade
structural description. Furthermore, the radial stacking line
was defined as the line that connected the locations of
maximum thickness along the arcs in the blade pattern.
Figures 1 and 2 show the blade model and Figure 3 provides
a diagram of the axial compressor.

Fig 1 Diagram Showing Full-Annulus
Structure of the Compressor

e

Fig 2 Blade Model of the Compressor.
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Fig 3 Schematic Diagram of the Meridional Flow
Passage of the Compressor [6]
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The study investigates how air moves inside an axial
compressor which is a gas flow that is viscous and
compressible.

The equations that control conservation of mass,
momentum and energy in the compressor, take the following
forms:

Equation 1 is for conservation of mass.

dp

F.(p¥V) =0 1
5t (pV)

Equations 2-4 is for conservation of momentum
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Where i is the dynamic viscosity

Equations 2-4 is also called Navier-stokes equation

Equation (5) is energy equation

i # ’ _
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pq-k7°T-1.(PV) (5)

Equation (6) is for a compressible flow; the governing
equations is.

P = pRT (6)

The flow field computation was carried out with the
help of TURBO solver which is designed by NUMECA. The
fluid is assumed to be an ideal air and the computation is a
steady-state, single-passage computation using the Reynolds-
averaged Navier-stokes (RANS) method. This makes it
especially suitable to wall-confined applications of flow
simulations for compressor, with accuracy in modelling the
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local boundary layer behavior without loss of computational
efficiency. At design conditions, the total inlet pressure was
to be 101,325 Pa and the total inlet temperature was 288.2 K
to align with ISA condition at sea level. The outlet average
static pressure is a set value and through changes in outlet
static pressure, the compressor characteristic curve is yielded.
Moreover, when the rotational speed, as well as the outlet
static pressure is set, characteristic curves of various
rotational speed conditions are obtained

The generation of the grid was carried out with the help
of AutoGrid pre-processing module which is developed by
NUMECA, having an H-O-H structure. The inlet and outlet
parts used an H-grid, whereas the blade surrounding area was
realized with O-structured grid, and mesh refinement in the
proximity of the wall surfaces. Radial grid nodes in the gap
were set to 17 and the cell was set at 0.003 mm. Figure 4
shows the compressor meridional plane, single-passage and
full-annulus grids.
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Fig 4 Schematic Diagram of the Meridional Plane, Single
Passage and Full-Annulus Mesh Rotor Blades.

In order to achieve part independence of the grid, three
meshes that had 3 million, 4.5 million and 6 million mesh
elements were used with the results of the computation
carried out shown in Figure 5 and 6
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Fig 5 Grid Independence Validation of Pressure Ratio—Mass Flow.
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Fig 6 Grid Independence Validation of Efficiency—Mass Flow.
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As was seen in the plots, the computed compressor
characteristics showed a very small sensitivity to the grids
across the various grid resolutions. On the basis of accuracy
and computational cost, the grid containing 4.5 million
elements was chosen upon which numerical simulation was
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done. Figure 7 indicates the distribution of the y + values of
the grid. Such a grid arrangement provided each orthogonal
angle greater than 20 degrees, aspect ratio as well as
expansion ratio not to exceed 5000 and 5 respectively, which
satisfied the needs of computation.

YQ
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4
]

Fig 7 Distribution of Grid y* Values.

1. RESULT AND DISCUSSION

This research used five standard compressor operating
conditions, to simulate and analyses aircraft engine design
speed, at take-off design point of 100%, climb 94%, cruise
93%, approach 89%, and ground idle 68%. These conditions
cover most representative points throughout the operation
envelope. The research concentrated on the effects of these
conditions on compressor exit flow field, in terms of the
angles of deflection of airflow entering the compressor and
the radial maximum flow and position of the inlet airflow
relative to the inlet.

The numerical technique described above was used to
simulate the compressor at five different rotational speeds of
100%, 94%, 93%, 89% and 68%. These operating conditions
corresponded to rotational speed of 16,042 rpm, 15,079.5
rpm, 14,919 rpm, 14,277.4 rpm and 10,716 rpm, respectively.
The compressor mass flow rate was varied, at any given
rotational speed, through adjustment of the outlet back
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pressure. As the backpressure decreases, the compressor mass
flow rate, gradually increases. The speed when no additional
decrease in backpressure could be applied to yield an
increased mass flow rate was then chosen as the choke point
of that speed. This is an agreement to work done by [36]. On
other hand, increasing backpressure until that brought
numerical calculations in a divergence, near-stall point for
that speed was identified using the last convergent solution.
There is a peak efficiency point on both the mass flow
efficiency characteristic curves. The efficiency will fall
rapidly to the right of this peak, due to a high flow rate of
masses as compared to left, the decline in efficiency is
gradual.

Figure 8 and 9 show that the characteristic curves
representing the first four rotational speeds of 100%, 94%,
93% and 89% are relatively close to each other with choke
flow rates and peak efficiency points being dispersed in a
range of about 30-32 kg/s with a very minimal variation.
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Fig 9 Efficiency-Mass Flow Characteristic Curves at Different Operating Conditions.

Conversely, at 68%, the pressure ratio-mass flow trace
has diverged to a great extent, with a mass flow distribution
of about 20 kg/s, some 35% lower than at the first four states,
showing that we are way off the design operating point.

Figure 10 shows the radial-averaged total velocity
distribution curves along blade height at the compressor exit
condition under various operating conditions of 100%, 94%,
93%, 89% and 68% of rotational speed.
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Fig 10 A Comparative of the Mean Total Velocity Distributions along the Radial Direction in the Various Operating Conditions.

By conducting a comparative analysis, one can state
that the impact of rotational speed variation on the exit
velocity distribution is mainly expressed in the shift of higher
velocity and of the shape of the distribution.

The curve of the velocity distribution achieves its
maximum total values at the design speed of 100%, and the
maximum velocity is about 242.0 m/s. Velocity peak appears
approximately in the center of the blade height, and a sharp
decrease in velocity is determined between 0.03 m -0.04 m.

The average velocity ofl00 percent is 219.44 m/s
resulting in a higher value than average velocities of the four
lower-speed conditions of 208.65 m/s at 94 percent, 206.3
m/s at 93 percent, 201.3 m/s at 89 percent, and 210.3 m/s at
68 percent. This shows that it has higher efficiency in the
usage of airflow kinetic energy at the design speed. Also, the
average velocity of all the other cases except the 68%
condition systematically reduces as the rotational speed
decreases.

V. CONCLUSION

This paper examined the flow field features at the
outflow of the initial 3.5 stages of NASA 74A transonic
multi-stage axial compressor using numerical method under
different rotational speeds. The main aspect analyzed was the
airflow deflection angle, radial velocity distribution and the
trend in flow variation. With the help of a comparison of real
operating conditions to numerical simulation results, it is
possible to come to the following conclusions.
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With a reduction in the rotational speed of the
compressor, the peak and mean exit velocity drop, gradually
reducing the stability of the flow field and its overall
performance. The maximum velocity at the exit of the
compressor is observed at the condition (100 percent n0) as
242.7 m/s and the velocity at the average is 219.44 m/s,
which shows promising use of kinetic energy and stable flow
field structure. As the rotational speed reduces to 94% no0,
93% n0 and 89% n0, the highest exit velocity tends to reduce
gradually to 237.6 m/s, 233.6 m/s and 225.5 m/s respectively
with an average of exit velocity in each case to 208.65 m/s,
206.31 m/s and 201.28 m/s respectively. Reductions in peak
velocities of 2 percent, 3.7 percent and 7 percent imply
reducing flow field stability and compressor performance.
The maximum exit velocity at the lowest rotational speed of
68%, n 0, decreases drastically to 220 m/s, which is 11.4
percent off design condition. The velocity distribution gets
non-uniform, and the flow separation and low-energy fluid
accumulation become very strong, resulting in a massive
drop in the overall performance.

The impact of the change in the compressor rotational
speed on the exit airflow deflection angle is rather small. In
the design conditions (100 % n0), the airflow deflection
angle is very confined in the range 85-90 with a maximum
swing of 3 leaving the flow field rather homogenous and
fairly stable to variation in the rotational speed. But with
reduction in the rotational speed, there is a gradual increase
in the variation in deflection angle. At 68 percent speed of
rotation, the angle of deflection range increases dramatically,
and the low-speed region extends. The direction of the
airstream guidance becomes much weaker and it is presumed
that there is flow instability and more energy is wasted.
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Variations in the inlet pressure affect considerably in the
distribution of the local flow field but exert a comparatively
minor influence in the total flow structure. As the inlet
pressure goes up by 5 percent from latm to 1.05 atm, mass
flow rate and the kinetic energy also increases resulting in an
increase in the velocity in the mid-blade area. The maximum
difference between the velocity is 0.98% and the average of
velocity differences is 3%. At the most difference point, the
variation in velocity is 6%. The mean deflection angle of the
airflow varies within 0.7% with the largest deviation of 1.9°.
All these findings suggest that the change in inlet pressure
has a strong impact on local velocity and airflow deflection
angle, though its impact on the total flow field distribution is
comparatively insignificant.
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