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In this paper, a novel engineering platform for throughflow analysis based on streamline curvature approach is developed for
the research of a 5-stage compressor. The method includes several types of improved loss and deviation angle models, which
are combined with the authors’ adjustments for the purpose of reflecting the influences of three-dimensional internal flow in
high-loaded multistage compressors with higher accuracy. In order to validate the reliability and robustness of the method, a
series of test cases, including a subsonic compressor P&W 3S1, a transonic rotor NASA Rotor 1B and especially an advanced
high pressure core compressor GE E* HPC, are conducted. Then the computation procedure is applied to the research of a
5-stage compressor which is designed for developing an industrial gas turbine. The overall performance and aerodynamic con-
figuration predicted by the procedure, both at design- and part-speed conditions, are analyzed and compared with experimental
results, which show a good agreement. Further discussion regarding the universality of the method compared with CFD is
made afterwards. The throughflow method is verified as a reliable and convenient tool for aerodynamic design and perfor-
mance prediction of modern high-loaded compressors. This method is also qualified for use in the further optimization of the
5-stage compressor.
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1 Introduction

Multistage axial flow compressors are the core components
in modern aeroengines and civilian gas turbines. Their per-
formances directly affect the efficiencies of power equip-
ment. Currently, the compressors are undergoing continuous
development to achieve higher stage loading with lower
aspect ratio blades and higher inlet Mach numbers while
maintaining the improvement in efficiency. Swept-curved
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blade, as an advanced blade modeling method, is also
widely applied in latest products [1,2]. The above all make
much contribution to flow complexity within blade passages.
As a result, it is critical to capture and understand the pre-
cise aerodynamic performance during the design and opti-
mization processes of compressors.

Generally speaking, the approach to design and analyze
compressor systems can be divided into theoretical and ex-
perimental studies [3]. The theoretical framework consists
of three parts: One-dimensional method, throughflow
method and computational fluid dynamics (CFD).
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One-dimensional method focuses on stage and overall
characteristics, making it an indispensable tool to check
stage matching; nevertheless, it cannot predict the flow de-
tails. For the majority of turbomachinery engineers
throughflow method and CFD are mostly utilized in daily
work.

With the rapid development of computer science and
numerical methods, CFD has been widely used to predict
the performance and the detailed flow field of compressors
[4-6]. However, we should still be aware of its limitations.
The unavoidable errors caused by transition and turbulence
modeling, blade row interaction, mesh scale and so on will
not be overcome in the short term, or “maybe forever” [7-9];
in addition, the shortcomings of CFD are particularly evi-
dent in predicting the performance of multistage compres-
sors, causing stage matching and accurate predicting of flow
in rear stages to remain major issues for design and optimi-
zation [10]. Compared with CFD, the throughflow method
is more flexible, systemized and succinct. Much less com-
puting resources and time can be consumed during a
throughflow computation [11]. As a major component of
the traditional quasi-3D design system, it remains the main
tool for aerodynamic design and performance prediction of
multistage compressors up to date. Meanwhile, the basic
principle of the throughflow method determines that the
calculation precision relies heavily on empirical data and
correlation models offered by experiments. It is essential to
provide reliable data support for calibration and further re-
finement of the throughflow method by experimental stud-
ies; although conducting compressor experiments, especial-
ly a full-scale rig test, is complex and costly, and only some
key parameters can be got under existing technological
conditions.

The throughflow method began with the theory of S1 and
S2 stream surfaces proposed by Wu [12] in the 1950s.
Many subsequent works were reported in the early years for
improving basic theories and establishing functional throu-
ghflow computation procedures, e.g., by Smith [13], Swan
[14], Novak [15], Bryans and Miller [16], Hirsch and
Warzee [17]. Performance prediction models are the core in
a practical throughflow computation procedure. The viscous
effects are reflected in total pressure loss, deviation angle,
blockage, spanwise mixing and so on; thus, the computation
accuracy of the procedure depends on various semi-empir-
ical models. For modern high-loaded compressors, the ef-
fects of shock and spanwise mixing are both difficult but
essential to be simulated. Miller and Hartmann [18] estab-
lished the first widely used shock loss model with the as-
sumption of a normal shock structure; since then, much op-
timization and modifications have been performed, such as
the work of Oldham [19], Creveling and Carmody [20] and
Koch and Smith [21]. In order to avoid the unrealistic en-
tropy increases in the end-wall regions Adkins and Smith
[22] and Gallimore and Cumpsty [23] developed two fa-
mous individual spanwise mixing models considering the
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issue in the aspects of secondary flow and turbulent diffu-
sion separately. At present, the throughflow method based
on streamline curvature approach plays a critical role in
turbomachinery research. Efforts have been made continu-
ously to develop new throughflow methods and more accu-
rate and universal correlation models after fulfillment of
substantial experiments and analysis [11,24-34].

In this paper, the authors develop a new engineering
platform based on throughflow analysis for the research of a
5-stage compressor which is designed for development of
an industrial gas turbine. To meet the requirement of studies
regarding the latest turbomachineries, loss and deviation
angle models, which have been proven to be credible, are
adopted, including a shock model accounting for shock
geometry changes with shock loss estimated as a function of
inlet relative Mach number, blade section loading, solidity,
leading edge radius, and suction surface profile; a spanwise
mixing model considering viscous shear force with a no-slip
condition; and many other models. The above empirical
models and correlations are all tested, and those most suita-
ble are chosen with the authors’ experience and adjust-
ments.

To validate the method, a series of test cases is conducted
to examine the performances of the method in different as-
pects. Analyses are first conducted on a subsonic compres-
sor P&W 3S1 and a transonic rotor NASA Rotor 1B to
check the basic structure of the computation procedure and
the key models, such as the shock model and spanwise
mixing model. An advanced high pressure core compressor,
GE E® HPC, is simulated to provide an overall assessment
of the computation procedure afterwards. Then the method
is used in the design and analysis of a 5-stage compressor
whose full-scale rig test has been performed in Shenyang
Engine Design and Research Institute (SEDRI). The nu-
merical results of the overall performance and aerodynamic
configuration, both at design- and part-speed conditions, are
analyzed and compared with experimental investigations.
To further investigate the universality of the method, some
discussions about the comparison between throughflow and
CFD are performed afterwards.

2 Methodology

The throughflow computation procedure used in the present
research is based on the streamline curvature approach. Ba-
sically, the method solves the discrete equations of continu-
ity, momentum, energy and state on a computational grid
generated in the meridional plane. The geometric features of
the compressor also should be taken into consideration. Af-
ter a series of transformation and simplification the gradi-
ents of variables are converted into the direction of the qua-
si-orthogonal computation station or streamline, as shown in
Figure 1.

Next, the governing equations of the streamline curvature
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Figure 1 Coordinate system for streamline curvature calculation of me-
ridional flow.

approach can be reorganized as follows.
1) The full radial equilibrium equation:
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2) The continuity equation:
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where s is the specific entropy, g is the quasi-orthogonal
station, h is the specific enthalpy, w=2nrB/N, and the
meanings of the other symbols have been demonstrated in
Figure 1.

The non-linear partial differential eq. (1) is solved by a
finite difference approximation, followed by an iterative
process. Computation grid nodes are fixed by the intersec-
tions of streamlines with quasi-orthogonal computation sta-
tions located within and without each blade row. The initial
streamline locations are settled such that the annular areas
of each stream tube between adjacent streamlines are iden-
tical. During one iteration, the calculations are carried out in
turn along the quasi-orthogonal computation station, with
meridional velocities calculated and iterated to satisfy con-
tinuity. Then the new positions for the nodes are adjusted to
guarantee that the overall mass flow rate could be divided
equally by the streamlines. The next iteration continues af-
terwards so that the streamlines are relocated time by time
until, eventually, their positions remain stable; at this point,
the results are output.

The assumptions of inviscid, compressible, adiabatic,
steady and axisymmetric flow are made in the radial equi-
librium equation, despite the real flow field in the compres-
sors being highly three-dimensional, viscous and turbulent.
As mentioned above, empirical models and correlations
accounting for viscous effects are indispensable in a
throughflow code. In a general throughflow computation
procedure the following items are all predicted by different
models:

(1) Reference incidence angle;

(2) Deviation angle;
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(3) Total pressure loss;

(4) Stall prediction, etc.

The loss prediction, which includes minimum loss calcu-
lation and off-design loss calculation, is an important part of
the procedure. Generally speaking, the loss sources can be
categorized into four groups:

(1) Profile loss;

(2) Endwall loss;

(3) Leakage loss;

(4) Shock loss.

So the minimum loss can be written as

T = wprof T Oy + O eq + Dok (3)
The off-design loss can be calculated with the minimum
loss and the difference between the actual incidence and the

minimum loss incidence.
. .* 2
7=y +c,(i-i'), @)

¢ 1s the key parameter to the off-design loss prediction and
is a function of the blade profile type, Mach number, blade
geometric features, and the positive or negative value of
(=)

Different types of models have been tested throughout
the authors’ work, and final selections are made by their
performances in the test cases. Adjustments are also made
based on the authors’ experiences. For succinctness, this
paper will not explain all models in detail; instead, only the
ones assumed to be necessary by the authors are presented.

3 Models

3.1 Minimum-loss incidence angle model

The minimum loss incidence angle is of great importance
because it is the criterion to define loss and many other pa-
rameters. On the basis of lots of cascade flow experiments,
Lieblein and Roudebush [35] developed the following
widely applied formula:

i = <Kf )sh .(Ki )t .(iO )10 +n-0, (5)

where (ip); is the reference value for the zero-camber, 10%
thickness for NACA 65 airfoils. (K)), is the correction factor
for a thickness less than 10%. (K;)s, is the correction for
different blade profiles: (K)s=1 for NACA 65 serious,
(K;)sp=1.1 for C profile and (K;)s,=0.7 for DCA profile. n is
the slope of the change in incidence with the camber angle
6.

As the correlation established by Lieblein is based on the
experiments on the low-speed two-dimensional cascade,
some revision is necessary for its application in a high-
speed compressor. Petrovic et al. [36] added a new calibra-
tion factor C; to the original formula:



96 Li B, et al.

i*:(K')sh'<Ki)t'(i0)1o+n'€+cia (6)

i

it is found that C;=2° for NACA serious and C=2.5° for
DCA profiles can provide the best prediction.

3.2 Deviation angle model

The deviation prediction procedure includes minimum loss
deviation calculation and off-design deviation calculation
[37]. The minimum loss deviation prediction method used
in this paper is the one of Lieblein’s [24]:
8 =(Ky),, (Ks), (), +m-0, )
where (&)1 is the reference value for the zero-camber, 10%
thickness for NACA 65 airfoils. (Kj), is the correction factor
for thickness less than 10%. (Ky), is the correction for dif-
ferent blade profiles: (Kggu=1 for NACA 65 serious,
(Ks)sn=1.1 for C profile and (K)¢,=0.7 for DCA profile. m is
the slope of the change in deviation angle with the camber
angle 6.

Off-design deviation correlation used in this paper is that
of Creveling’s [38] which relates the (i—i" ) &e¢ with
(5-8") &t among them Ge=OH =0 .

3.3 Profile loss

Koch and Smith’s [21] model, which employs compressible
boundary layer theory, is applied to calculate the profile loss.
This model connected the loss with an equivalent diffusion

factor (D:q) accounting for blade thickness, annulus con-

traction and compressibility effects.

e Voo Vo VoV
De — _max _ _ P max __1’ (8)
nonrn

where V, is the mean passage velocity in the throat region,
Vmax 18 the maximum speed on the suction surface, and the
empirical expressions for the first two items on the right
side of the equation are given:

2 1/2

V *
2 =(sinf~ Kol + _eosB 1L (9
Vi A4,(p, ! p)
Vo _ 4 g, By g . (10)
V c

P

The empirical constants are determined as K;=0.2445,
K,=0.7688 and K3=0.6024, and the way to calculate p,/py,
A; and I" can be referred in [21]. Next, the profile loss
can be calculated with additional correction for the inlet

Mach number, Reynolds number and streamtube conver-
gence values.
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3.4 Endwall and leakage loss

Endwall loss is composed of the secondary loss and the an-
nulus loss. Hearsey [39] assumed the annulus loss distribu-
tion to be a cubic curve near the endwall.

When F<Fmids
3
r—r
— hub
whub _wml.HLuss. 1-2——= 1. (11)
Tip ~ Thub
When r>ryq,
3
r—r
— hub
wcasing - ZUm] : TLoss 12 -1 . (12)
Tip — Thub

In the case of the existence of a clearance, the extra in-
fluence of the leakage flow should be considered as:

3 L2
T 2 i g 1+Lm')2 . (13)
(istall _iml)

Tip ~ Thub

Hearsey supposed T ,:=0 and H} =0 for stators. For the
rotors, Ty, equals 1 at the first row and decreases in order
by the number of 0.2 in the following rows. H . is set ac-
cording to the experiments.

Howell’s [40] model, which has been proven to be accu-
rate by recent researches [41,42] is used to evaluate the
secondary loss. The secondary loss is calculated in the form
of the drag coefficient; the secondary loss drag coefficient
Cp; is given below as a function of the lift coefficient C;.

Ty =T

C, = 0.018CL2. (14)
The lift coefficient can be calculated as

c, =2(:0—Sﬂ'”(tanﬁl—tanﬁ2), (15)
O

where /3, is the average flow angle:
tan 3, =%(tan,8] +tan f3, ). (16)

Then, the total pressure loss coefficient is given as

2
cos
w._ =0 5 C,..
sec 3 Ds
cos” B,

A7)

Lakshminarayana’s [43] model is applied to account for
the effects of tip clearance flow. Lakshminarayana divided
the loss caused by the leakage into two parts: The loss asso-
ciated with the induced velocities at the lift line in an invis-
cid flow and the dissipation of the spanwise flow occurring
inside the blade boundary layers near the tip by viscous
forces.

The loss coefficients of the two sources (@, and @) are
derived as a function of the lift coefficient (C;), clearance
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height (7), flow angle (f), boundary layer thickness (5°),
etc.

2 2
o, = 07T | cos B (18)
As) s cos’ B,
S48 1 CPels)? 0
e (19
z 1

Then the loss is evaluated in the form of a decrease in
stage efficiency as shown below, where w is the blade
loading coefficient and ¢ is the flow coefficient:

A77=0'7.(T/h).(//~ L+ 10 ¢ 7/c 20)
cosf, w cosfB, '

3.5 Shock model

The key point of the shock loss model is to predict the exact
structure and location of the shock in the passage. The
widely used model was developed by Miller et al. [44],
which has been presented in the introduction. However,
Bloch et al. [45] found that the structure of the shock varied
with different operating conditions, unlike Miller’s predic-
tion. Subsequently, Boyer [46] proposed a new model based
on the method of Bloch, which also included the method of
Konig et al. [26,27] and Moeckel [47] to determine some
key parameters. Boyer assumed three shock structures at
different operating conditions (shown in Figure 2), which
has been proven to be suitable for transonic stages.

A dual-shock structure (a leading edge detached shock
followed immediately by a normal passage shock) is as-
sumed at the peak efficiency operating point. The shape of
the detached leading edge shock and the detachment dis-

Loss

NC —%e
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tance can be calculated in Moeckel’s way.

With the incidence increasing, the passage shock moves
upstream, and the shock angle also undergoes a smooth in-
crease by:

(90" - s4)

SA=SA+ (i)' 1)

inon'n - imin )
where SA is the shock angle. The increment of the bow
shock loss due to the incidence change also must be consid-
ered by

0.015 : '(i_imin )3. 22)

(lnorm - lmin )

Eventually, the dual-shock turns to a single detached
normal shock at the stall point, and the shock loss can be
similarly calculated according to Miller’s method at this
time.

The angle of the leading edge detached shock remains
the same when the incidence decreases and the passage
normal shock moves downstream, reaching the outlet of the
passage at the choking point. Kdnig computed the exit-to-
entrance area ratio as

zD-bow = zD'bow +

A
—oit = 0.499-M, +0.501+C, . (23)

inlet

The value for C,, is determined to be 0.0774 for MCA or
wedge sections, and 0.0351 for precompression sections.
Then the Mach number in front of the second normal shock
can be calculated, and hence, the total pressure loss can be
determined:

(2} —w .
+ M ,choke M ,min . (l _ imin )4 ) (24)

(lchoke - lmin )4

wM = wM,min

Near stall-NS
Peak efficiency-PE

Near choke-NC

Fan speedline

NS

Iehoke Imin

ihom INcidence

Airfoil section loss “Bucket”

Figure 2 Assumed shock structures at different operating conditions by Boyer [46].
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3.6 Spanwise mixing

The spanwise mixing between the endwall flow and main
flow is obvious in a multistage compressor, especially for
the rear stages. In the present study, a revised version of
Gallimore and Cumpsty’s [23] model is used in computa-
tion stations within and without the blade rows.

Gallimore’s model contains the radial heat transfer and
shear stresses in the axial and circumferential direction. The
changes in entropy, tangential momentum and stagnation
enthalpy along streamlines in the mixing process can be
calculated, as shown in Figure 3.

The viscous-related terms are as follows.

The dissipation term:

(o Y (ov, W,
= —= | | ==L | 25
p=n|(%2) +(Be-2 03)
Shear stresses in the circumferential direction:
o [av, 7 2u oV, 7,
E, =— R ERRAUAY | it N A 26
‘ ar['ul_@r I”:U r{ar r} (26)
Shear stresses in the axial direction:
10 ov.
E =———|ur—=|. 27
=l an

Howard and Gallimore [48] improved Gallimore’s model
by using a shear force, consistent with a no-slip condition,
on the annulus walls in the calculations, which allows for
better predictions of the velocity and flow angle profiles
near the endwalls.

3.7 Stall prediction

Diffusion factor is a commonly used stall criterion because
it represents the boundary layer thickness from which the
separated flow near the suction surface trailing edge of a
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certain blade row can be deduced. However, the diffusion
factor has its limitations in predicting compressor instability
because studies have shown that the compressor can operate
stably with one or more blade rows heavily stalled [10].

Koch [49] established a method to estimate the maxi-
mum pressure rise at stall for compressor stages. In his
method, a compressor blade passage is simulated as a
straight diffuser, and the corrections for Reynolds number,
tip clearance, axial spacing and effective dynamic pressure
factor are also made. Because Koch’s method is more com-
plete in theory, it is used in the current study.

4 Validation

To validate the throughflow computation procedure, three
test cases are performed: Pratt & Whitney 3-stage com-
pressor (P&W 3S51), NASA RotorlB transonic rotor and
high pressure compressor for General Electric Energy Effi-
cient Engine (GE E’ HPC). The cases are chosen for the
following reasons.

The three units are typical in different aspects. P&W 3S1
consists of the rear stages of a compressor with obvious
spanwise mixing, providing an opportunity to verify the
reliability of the basic structure of the computation proce-
dure and the key models, especially the spanwise mixing
model. Rotor 1B is a transonic rotor developed for high-
loaded compressor, which allows for verification of the ap-
plicability of the procedure in transonic stages and valida-
tion of the shock model. The method’s predictive ability for
the overall performance and aerodynamic configuration of a
modern high-loaded compressor can be examined on the E’
HPC, which represents an advanced multistage compressor.

The detailed design and experimental data of the test
cases can be obtained in the published literature, enabling
careful comparison of the results.

Adjacent "
quasl- Y opecitied _ constant
orthoganals value used across the
Streamiines / \ buk of the annulus
1\
Q)
) 1 f
A'lop :' --------- A TOP — e e e e e e e
(]
@ — A
A‘bol '\. _________ JBottom - - X e
) v
y B St ) W T
o T 3 - TTTTTTo 05 1.0v
y, t
sub { specitied

X —Spaecified annulus co-ordinates

Typical variation of effective viscosity
close to inner wall

Figure 3 Computational mesh and variation of effective viscosity by Howard [48].
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41 P&W3S1

The 3-stage compressor developed by P&W in the 1970s
was used to perform research on a high-loaded axial com-
pressor [50,51]. The 3S1 consists of rear stages of a com-
pressor and has relatively low aspect ratio blades, with
strong secondary flow and spanwise mixing in the flow
field. The design parameters are presented in Table 1.

A total of 21 streamlines in the radial direction and 108
computation stations in the axial direction are used in the
throughflow computation, as shown in Figure 4 (for the
sake of clarity, only the computation stations are shown in
the meridional view of the compressor):

The test data for 85%, 100% and 105% of the design
speed are available, including the overall characteristics and
the spanwise distributions of outlet fluid properties. Figure
5 shows the performance curves. The results indicate that
the procedure can predict the trends of the performance
curves accurately. The predicted pressure ratios are only
slightly lower than those in the experiments. The relative
errors between the computed efficiencies and experimental
results are less than 1% for the design point and are ac-
ceptable at off-design conditions.

Table 1 Design parameters of P&W 3S1

Items Value
Pressure ratio 1.357
Rotational speed (rpm) 5455
Corrected airflow (kg/s) 4.30
Isentropic efficiency 0.883
Aspect ratio 0.81
Hub-to-tip ratio 0.915
Average solidity of rotors 1.10

January (2016) Vol.59 No.1 99

Figures 6 and 7 illustrate the spanwise distributions of
the outlet total temperature and the total pressure for differ-
ent operating conditions at the design speed. With the im-
proved spanwise mixing model, the outlet fluid properties
are found to be predicted precisely. All of the above com-
parisons demonstrate the validity of the basic structure of
the computation procedure especially the spanwise mixing
model. The shock model will be tested in the following
cases.

4.2 NASA Rotor 1B

Rotor 1B is a single rotor test rig developed by NASA in the
1960s to study the performances of transonic rotor blades
[52,53]. The detailed measurements of outlet fluid proper-
ties enable the validation of the new shock model estab-
lished by Boyer. The design parameters of Rotor 1B are
presented in Table 2.

To better simulate the effects of shock in the flow field,
21 streamlines in the radial direction and 36 computation
stations (seven within the blade row) in the axial direction
are used as demonstrated in Figure 8.

In the experiments, the fluid properties at 10%, 30%,
50%, 70% and 90% span of the outlet were recorded. To
reflect the comprehensive effects of the shock, the radial
distributions of the loss coefficient at different operating
conditions are compared in Figure 9. The results reveal that
whether at the design point or near stall, the distributions of
the loss coefficient all agree well with experimental results.
The main discrepancies are located at 50% span for a pas-
sage vortex induced by the strong shock [53]. Nevertheless,
the results of the comparison verify the reliability of the
advanced shock model.
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. 030 [ [T T T T T e T e <
< 029 [ ‘ i | E
T o028} il HHH B 1 i o
0.27 L L . !
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Figure 4 Throughflow computation mesh of P&W 3S1.
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Figure 5 Overall performance of P&W 3S1. (a) Efficiency-mass flow; (b) pressure ratio-mass flow.
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Figure 6 Comparison of outlet total temperature at different operating conditions for P&W 3S1. (a) Near choked; (b) design; (c) near stall.
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Figure 7 Comparison of outlet total pressure at different operating conditions for P&W 3S1. (a) Near choked; (b) design; (c) near stall.

Table 2 Design parameters of Rotor 1B sor for the E* aircraft engine by GE in the 1980s was a part
Ttems Value of Aircraft Energy Efficiency (ACEE) Program, Energy
Pressure ratio 1.6 Efficiency Engine (E*) Project [54,55]. The 10-stage core
Rotational speed (r/min) 8791 compressor was designed to offer the best overall combina-
Corrected airflow (kg/s) 97.83 tion of desirable features: compactness, high efficiency, low
Solidity. 1.306 operation cost and low fuel consumption. The ideal perfor-
HASPCCt.ra“O. (2)2 mance of the E> HPC has been fully endorsed by industry
~to-tip rat : . Lo .

(o707 TAHO and it is applied in the new GE90 turbofan engine for Boe-

Blade number 44 N . .

Tip Mach Number 138 ing 777. The full-scale rig test results and aerodynamic de-
sign parameters provide an opportunity to examine the ro-
bustness and reliability of the entire computation procedure

43 GEE*HPC : Y P prosect
in the modern compressor. The geometry and overall design

The research and development of a high pressure compres-  performance of the GE E* HPC are presented in Table 3.
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Figure 8 Throughflow computation mesh of Rotor 1B.
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Table 3 Design parameters of the GE E* HPC

Items Value

Corrected tip speed (m/s) 456
Inlet radius ratio 0.503
Flow/Annulus area (kg/s m?) 185.5
Corrected airflow (kg/s) 544

Total pressure ratio 23

Rotor 10 exit hub speed (m/s) 352.7
OGYV exit mach number 0.3
Number of rotors and stators 1672
Average aspect ratio 1.48
Average solidity 1.36
Adiabatic efficiency 0.857
Polytropic efficiency 0.903

Figure 10 shows the computation mesh for the GE E’
HPC. Twenty-five streamlines in the radial direction and
186 computation stations in the axial direction (including
the ones within each blade row) are set.

Figure 11 shows the comparison of the overall perfor-
mance. At the design point with the total pressure ratio of

23, the discrepancies between the prediction and experiment
are found to be quite small. The computational deviations at
other operating points are greater, but the overall trend is
predicted precisely.

To further check the procedure’s ability to predict the
aerodynamic configuration, the computed reaction, temper-
ature ratio and pressure ratio of each stage at the design
point are compared with the design values, as demonstrated
in Figure 12. The results show good agreements.

The validation of the new throughflow method has been
conducted in the upper sections, which demonstrates that
the computation procedure can provide a quick and accurate
prediction for the overall performance and aerodynamic
configuration of a modern compressor. The robustness and
reliability of the models are also verified.

S Application on the 5-stage compressor

The throughflow computation procedure is applied to the
design and analysis of a 5-stage compressor. The compres-
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Figure 10 Throughflow computation mesh of GE E* HPC.
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sor is designed for developing an industrial gas turbine.
High-loading design strategy is adopted in its development.
MCA airfoils are adopted for the transonic rotors of the first
stage, and CDA profile philosophy is adopted in designing
the rest subsonic blades. 3D design features, including re-
camber and vane bow, are incorporated into the conven-
tional 2D design based on 3D numerical simulations. The
first two rows of stators as well as the IGV are variable for
surge control at part speed. Recently, the full-scale rig test
of the compressor has been performed in SEDRI with sev-
eral parameters measured under different operating condi-
tions. However, due to the proprietary nature of this infor-
mation, no detailed design parameters can be provided here.
In order to thoroughly study the aerodynamic configura-
tion of the compressor, 21 streamlines in the radial direction
and 108 computation stations in the axial direction are used
in the throughflow computation, as shown in Figure 13.
Figure 14 shows the comparison of the overall character-
istics between the predictions and experimental results at
the design- and off-design speeds, where all data are non-
dimensionalized by the design values. The shapes of per-
formance curves predicted by the throughflow method are
similar to those of the test ones. At the design speed, the

7
il

mass flow rate is under-predicted by approximately 1.5%,
and the discrepancy between the two peak efficiencies is
less than 0.5%. At lower speeds, the discrepancies of the
mass flow rate are larger but the trends are still reasonable,
considering the installation errors of the adjustable blades
during the experiments. According to Koch’s stall predic-
tion method, the 5th stage is the first stage turning into stall
at each rotating speed, which is also observed in the exper-
iments. To study the detailed flow field when the compres-
sor is approaching stall, more work is required, involving a
combination of experiments, CFD and throughflow analysis.
However, the computation procedure proves to have a high
accuracy in simulating the overall performance of the newly
designed compressor. To further validate the code’s ability
to capture the aerodynamic characteristics of the compres-
sor, the comparisons of aerodynamic configurations are
presented below.

The spanwise total pressure distributions at the inlet
planes of the rear four stator rows is measured for different
operating conditions during the experiments, along with the
casing wall static pressure rise between each blade row. The
comparisons of the experimental data with the predictions
are shown in Figures 15 and 16. The two comparison results

i

Shroud

/

B

Outlet

Figure 13 Throughflow computation mesh of the 5-stage compressor.
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indicate good agreement between the simulation and the
experimental data. The calculated total pressures in front of
the four stator rows are in general accord with the experi-
mental data, while the discrepancies occur where the sec-
ondary flow is strong. The casing wall static pressure is
only under-predicted at the last stage; hence, it can be in-
ferred that the disturbance of the other unit (perhaps influ-
enced by the outlet throttle valve) causes the discrepancy.
Conclusively, the newly developed throughflow method is
adequate for prediction of the aerodynamic configuration
for the modern 5-stage compressor.

6 Further discussion

The above results have validated the effectiveness of the
throughflow procedure. To further investigate the universal-
ity of the procedure, the throughflow method and CFD are
both conducted on a certain single-stage subsonic axial
compressor in this work. More discussion is detailed by
comparing the computation results with the experiments,
attempting to determine the relative advantages and limita-
tions of the method.

The single-stage compressor is equipped with four blade
rows: IGV, rotor, stator and OGV. The numerical simula-
tions are conducted under two conditions with different
blade settings: The original one and the restaggered one.
The restaggered setting is defined as follows: the stagger
angles of the stator and the OGV are reduced by 13 degrees
and 10 degrees, respectively.

In the throughflow computation, 18 streamlines in the
radial direction and 62 computation stations in the axial
direction are used while steady three-dimensional flow sim-
ulations are performed by solving the compressible Na-
vier-Stokes equations in CFD computation. The CFD solu-
tion is based on NUMECA Fine/Turbo. The grid is gener-
ated by AutogridS. The computational mesh consists of 1
765 242 grid nodes with mesh refinement in the rotor and
stator domain. The O4H grid topology is used and the mul-
ti-grid technique is adopted. The Spalart—Allamaras turbu-
lence model is used to provide the Reynolds stress terms
with the y* value less than 1 near walls. All of the CFD

computations are performed on the High Performance
Computer Cluster (HPCC), which allows for parallel com-
putation. The CFD computation of a single case requires
approximately 20 CPU hours, which is 100 times as long as
that required by a throughflow computation. The computa-
tional mesh for the throughflow and CFD are shown respec-
tively in Figures 17 and 18.

Example speedlines for the single-stage compressor are
shown in Figure 19, where the pressure rise coefficient ver-
sus mass flow coefficient has been plotted. For the original
case, the results of the CFD simulation are in better agree-
ment with experimental ones, while the throughflow simu-
lation exhibits a slightly greater slope of the speedline, with
the pressure ratio overestimated at the near stall condition.
However, the situation is the opposite for the restaggered
case, as the throughflow simulation predicts the results well
while the CFD fails to capture the trend of the performance
curve, especially near stall. Note that the throughflow com-
putation can provide a precise prediction of the surge mar-
gin for both cases.

To further investigate the distinct phenomenon, the de-
tails of the flow field under the two settings are analyzed
and compared. The two operating points, which are regard-
ed to have the same pressure ratio at near stall condition, are
chosen (plotted as A in Figure 19(a) and B in Figure 19(b)).

The comparison of points A and B shown in Figure 20
demonstrates that the flow field has significant changes af-
ter the blade is restaggered. At the original setting, an obvi-
ous low-Mach-number region is observed near the stator
hub, which indicates a three-dimensional vortex caused by
the boundary layer separation. The low energy fluid passes
through the passage and expands, causing a wide range of
blockage further downstream to the OGV. After the blades
are restaggered, the low energy fluid region near the stator
hub is shrunk and the blockage is strongly reduced. In addi-
tion, the figure illustrates that there are signs of small sepa-
rations that do not cause a severe blockage on the suction
side of the rotors for both operation points. Considering that
the compressor is operating near stall at both points, the
phenomenon can be regarded as normal. To examine in de-
tail the complex flow near the stator hub which is the main
difference between the two points, the limiting streamlines
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on the suction surfaces of the rotor and stator are drawn in

Figure 21.

The variation of the limiting streamlines on the rotor suc-

tion surface between the two operating conditions is rela-
tively small compared with that on the stator surface. The
single separation line, which corresponds to the small
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low-speed region shown in Figure 20, starts from the upper
side of the blade and extends across nearly the entire span.
The starting point at condition A is more upstream, indicat-
ing a higher loading on the tip region, which may be the
result of a smaller flow rate. The separation on the rotor
suction surface under both conditions is confirmed to have a
limited effect on the flow state of the rotor passage by com-
bination of Figures 20 and 21. Regarding the stator, the sit-
uation is quite different. Under the original setting, bifurca-
tion lines of separation and attachment are found on the
lower part of the surface. A focal-type critical point, which
indicates a three-dimensional attachment of a vortex, is also
observed. The low-energy fluid from the suction boundary
layer clearly accumulates and separates into the passage.
After interacting with the casing boundary layer, the
low-energy fluid converges on the hub-suction corner, thus
forming a three-dimensional vortex and causing a large
blockage, which corresponds to the computational result
shown in Figure 20. This complex flow near the end wall
region in the blade passage of a compressor is also defined
as a corner vortex. When the blades are restaggered, the
separation region moves downwards and greatly decreases.
From Figure 21, we can determine that the corner vortex
extends from the hub to at most 20% span of the blade at
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Figure 21 (Color online) Limiting streamlines on blade suction surfaces
at two settings. (a) Original; (b) restaggered.
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the moment, which is in a good agreement with the distribu-
tion of the relative Mach number.

Considering both the flow field and the compressor map
together, we gain a deeper understanding regarding the
comparative advantage of throughflow compared with CFD.
The calculation precision of a throughflow method relies
heavily on the correlation models offered by experiments.
In addition, most of the algebraic models are based on basic
2D correlations with additional corrections for 3D flow ef-
fects, such as the complex secondary flow. In this study, a
severe separation occurs on the lower side of the stator suc-
tion surface, causing a complicated corner vortex which is
beyond the models’ predictive ability. This complex flow
behavior explains the observation that the throughflow sim-
ulation overestimates the pressure ratio at near stall condi-
tion for point A when the blockage caused by the corner
vortex significantly increases the viscosity loss and weakens
the pressure rise. The discrepancies caused by the same
reason are also observed in Figure 15: The deviations be-
tween the throughflow computation and the experiments are
mainly located near the tip region where the secondary flow
is strong. However, the throughflow can predict the working
characteristics of the compressor better than CFD under
other circumstances. Most notably, for the restaggered case,
the CFD calculation does not provide converged solutions
below the mass flow rate, which is far from the surge line in
the experiment. The use of the unsteady calculation may fix
the problem, but the time consumed could be an order of
magnitude longer. In addition, as a result of its basic princi-
ple, the calculation precision of the CFD relies on many
factors and is difficult to handle compared with that of the
throughflow analysis, which is based on experimental data.
Although its ability to capture the effects of complex 3D
flow is insufficient in certain cases, the throughflow analy-
sis can offer a fast and precise solution for predicting the
overall performance and aerodynamic configuration of the
compressors on the whole, making it an indispensable
component of the quasi-3D design and analysis system for
turbomachinery.

7 Conclusion

A new engineering platform for throughflow analysis based
on streamline curvature approach on the S2 streamline sur-
faces is developed for the research of a 5-stage compressor
which is designed for developing an industrial gas turbine.
The improved high applicability loss and deviation angle
models are integrated into the calculation procedure to ac-
curately reflect the influences of the three-dimensional in-
ternal flow. Different models are tested and chosen based on
the authors’ adjustments to meet the demand of research
into advanced high-loaded compressors. Several test cases
of modern compressors are conducted to validate the ro-
bustness of the method; and the results demonstrate its reli-
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ability for turbomachinery design.

The throughflow method is applied in the design and
analysis of a 5-stage compressor. The overall characteristics
and fluid property profiles along the flow path at both de-
sign- and part-speed conditions obtained in the experiments
are compared in detail with the computed data. The results
validate that the overall performance and aerodynamic con-
figuration can be predicted fast and precisely, and the
method is also qualified for further refinement of the 5-
stage compressor.

Further discussion is made by the comparison of throu-
ghflow analysis with CFD on a certain single-stage subsonic
axial-flow compressor, which provides more details on the
applicability of the throughflow analysis. Based on the ex-
perimental data, the details of the flow field are analyzed.
The throughflow method proves to be time-saving and suf-
ficiently precise compared with CFD.

The developed throughflow method is demonstrated to
be a powerful tool in aerodynamic analysis for modern
compressors; hence, the indispensability of the two-dimen-
sional throughflow method in the compressor studies is fur-
ther confirmed. Additional studies are necessary to enable
the throughflow method to achieve a higher precision for
predicting the complex flow near the endwall regions.
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