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Abstract: The two-dimensional streamline curvature
through-flow modeling of turbomachinery is still a key
element for turbomachinery preliminary analysis.
Basically, axisymmetric swirling flow field is solved
numerically. The effects of blades are imposed as sources
of swirl, work input/output and entropy generation.
Although the topic is studied vastly in the literature for
compressors and turbines, combined modeling of the
transonic fan and the downstream splitter of turbofan
engine configuration, to the authors’ best knowledge, is
limited. In a prior study, the authors presented a new
method for bypass fan modeling for inverse design calcu-
lations. Moreover, new set of practical empirical correla-
tions are calibrated and validated. This paper is an
extension of this study to rapid off-design analysis of
transonic by-pass fan systems. The methodology is vali-
dated by two test cases: NASA 2-stage fan and GE-NASA
bypass fan case. The proposed methodology is a simple
extension for streamline curvature method and can be
applied to existing compressor methodologies with mini-
mum numerical effort.

Keywords: bypass fan, through-flow, streamline
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Introduction

Turbomachinery flows are among the most complicated
flows, which dictate the use of low order models at
the beginning of design and progressively increasing

fidelity through the end of design [1]. Up to 80% or
more of the design parameters may be fixed during
mono and two dimensional modeling phases [2]. The
two-dimensional streamline curvature through-flow
modeling on the turbomachinery meridional (axial-
radial) plane, derived from the general S1/S2 theory of
Wu [3], is still among the key elements in preliminary
design [2], off-design analysis and post-processing of
test data [1]. In a through-flow solution, basically, the
effects of blades are considered in a swirling axisym-
metric flow field through empirical correlations. By this
way, the global aspects of a turbomachinery flows are
considered.

The most common through-flow solution methods for
the axisymmetric swirling flow field are the streamline
curvature method (SLC) [4–7], the matrix method [8], the
finite element method [9, 10], the time-marching Euler
method [11–14] and the Reynolds averaged Navier-stokes
method [15]. Although the Navier-Stokes solution is the
most advanced one, through-flow solution is a meridio-
nal plane approximation and the effects of blades are
estimated by the help of empirical correlations, not only
by the solver itself. Therefore, it is the empirical models
which determine accuracy rather than the utilized numer-
ical method. As a result, SLC is the most commonly used
method due to its speed and robustness [16].

Due to this aforementioned importance of the empiri-
cal models, researchers developed various correlations over
the years. Although most of those are confidential, there
are some publicly available ones as well, such as those
published by Lieblein et al. [17, 18], Miller et al. [19] and
Koch&Smith [20]. Improvements to those baseline correla-
tions are mainy made in two areas: Secondary flow treat-
ment and shock losses. Adkins & Smith [21], Gallimore [22],
Wisler et al. [23], Dunham [24] and Monig et al. [25] fall into
the first category while the studies of Wennerstrom [26] and
Boyer [27] fall into the former category. More recently, the
authors, in a prior study [28], compiled correlations from
the open literature and calibrated them against three test
cases. The principal improvement is in the area of shock
loss predictions, which is accomplished by extending
applicability of the circular-arc supersonic expansion
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angle expression to non-circular camberlines. A good
agreement with test data is observed.

Despite the cited through-flow literature there is very
little discussion related to through-flow modeling of bypass
fans. Even less studies deal with SLC modeling of bypass
fans. Novak [5] considered solver aspects, without empirical
models, while Shan [29] developed a model applicable only
to low-bypass turbofan systems. More recently, the authors
of this manuscript, Acarer and Ozkol [28], developed an
extensive model for design point operation of bypass fan
systems. This study is an extension of this prior study to
off-design performance prediction applications.

Streamline curvature method
for bypass fans

This section aims to summarize the utilized baseline
streamline curvature method (SLC) [28]. SLC is based on
the inviscid Euler equations, which are cast in streamline
coordinates. In the final equation, the gradient of stream-
line (meridional) velocity along quasi-orthogonals (QO) is
considered (Figure 1) [6]:

Vm
∂Vm

∂q
=
∂H
∂q

− T
∂s
∂q

−
Vθ

r
∂ðrVθÞ
∂q

− Fq +Vm sin ε
∂Vm

∂m
−KmVm

2 cos ε
(1)

The computational domain is established by number of
nodes, which are intersections of streamlines with the pre-
defined QOs. Streamline shapes (nodal positions, local
streamline curvature, Km and slope, ϕ) are required in
eq. (1) to obtain a solution. As the streamlines are unknown

at the beginning of the solution, they are initially esti-
mated. During a solution, nodes float on the QOs to modify
shape of streamlines based on streamtube continuity. Once
adjustments are within specified tolerance, the solution is
terminated. The equation is accompanied by continuity
equation and energy and empirical models for blades,
which are considered within total enthalpy (H), swirl (Vθ),
entropy (s) and blade force (Fq) terms. Different than the
prior study [28], direct (off-design analysis) solution mode
is considered in the scope of current study, where blade
angles are specified and the solution is sought for the
resulting flow field. Readers are referred to Cumpsty [1]
and Denton [6] for details of SLC methodology.

The split-flow methodology described in the original
paper [28] is applied in this paper. In this methodology;
fan (domain 1), bypass (domain 2) and core (domain 3)
sub-domains are sequentially solved in a coupled man-
ner. During each subdomain solution, the complete net-
work of streamlines is used instead of only portions of
streamlines which are within the considered domain.
Moreover, after each fan domain solution, exit flow field
is transmitted to bypass and core domains as inlet con-
ditions. With these two steps, complete coupling is
accomplished. The scheme and solution algorithms are
presented in Figures 2 and 3, respectively.

Utilized empirical models

Complete list of the utilized models are listed in Table 1
and the most important aspects of those models are re-
described in the following text [28]. The reference mini-
mum loss incidence (i*) and the corresponding deviation
(δ*) are obtained from the well-known Lieblein models
[18, 30]. Once the reference minimum loss incidence is
obtained, reference stall and choke angular ranges are

Figure 1: Computational framework [28].

Figure 2: The split-flow scheme [28].
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estimated to establish compressibility corrections. The
range from design incidence to choke incidence (ic),
denoted as Rc, can be estimated from [31]:

ic − i* = −Rc = − 10− θ
ðK1 − 40Þ

450

� �
0.5 + 5

th
c

� �
(2)

Similarly, reference range from design incidence to stall
incidence (is), denoted as Rs, can be estimated by:

is − i* =Rs = 1.5 10 + θ
ð55 −K1Þ

150

� �
0.5 + 5

th
c

� �
(3)

These ranges get considerably narrower as the inlet rela-
tive Mach number increases. Aungier [32] suggests below
corrections for compressibility effects:

ic ðcompressibleÞ = i* −Rc= 1 + 0.5 M1′ð Þ3
h i

(4)

is ðcompressibleÞ = i* +Rs= 1 + 0.5 KshM1′ð Þ3
h i

(5)

Finally, Mach-corrected minimum loss incidence is
obtained by [32]:

im = ic + ðis − icÞRc=ðRc +RsÞ (6)

For the deviation (δ*), a correction is also applied for
meridional acceleration or deceleration, which has a sig-
nificant impact [27]:

δVm = 10 1−Vm2=Vm1ð Þ (7)

This modification is limited to ± 5 degrees. The total
pressure loss coefficient, defined as the ratio of relative
total pressure loss to inlet relative dynamic pressure, is
composed of friction (profile + secondary) and shock loss
coefficients. The friction loss coefficient is based on
NASA SP-36 loss correlations [30], defined by:

$* =
2σC1 C2 + 3.1ðDeq − 1Þ2 + 0.4ðDeq − 1Þ8

h i
cosðβ2Þ

W2

W1

� �2

(8)

Where C1 and C2 are calibration coefficients and σ is
solidity. C1 is selected as 0.0073 [32], while C2 is calcu-
lated by [32]:

C2 = 1 + ðtaverage=hÞ cos β2 (9)

The friction loss coefficient, defined by eq. (8), is cor-
rected for Mach number effects as:

$friction =$
* 1 + ðim − i*Þ2=Rs

2
h i

(10)

Figure 3: The solution algorithm [28].

Table 1: Summary of the utilized empirical models [28].

Reference minimum-loss
incidence

Lieblein [] or NASA SP- []

Ref. stall-choke incidence range Kleppler []
Mach corrected stall-choke range Aungier []
Mach corrected min. loss

incidence
Aungier []

Reference deviation Lieblein [] or NASA SP- []
Deviation correction Boyer []
Equivalent diffusion factor Koch& Smith []
Friction (profile+ secondary) loss

coefficient
Aungier [] (based on NASA
SP- [])

Transonic shock loss coefficient Aungier []
Supersonic shock loss coefficient Miller et.al [] and

Wennerstrom []
End-wall blockage Pachidis []
Off-design loss Çetin et.al []
Off-design deviation Creveling []
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Shock losses are considered both for transonic-inlet and
supersonic-inlet sections. For transonic-inlet sections,
below relation is used [32]:

$shockðtransonicÞ =Ksh ðM1′=Mcritical − 1ÞWsonic=W1½ �2 (11)

For supersonic-inlet sections, Miller-Lewis-Hartmann
(MLH) model [19] is used as a baseline to calculate
shock losses (ϖPT-shock(supersonic)). In this model, the
shock is assumed to be normal at the line connecting
leading edge and suction side, where the line is normal to
the suction side (Figure 4). This is a condition close to
peak efficiency condition and all the neglected effects
(the oblique shocks, leading edge bluntness, precise loca-
tion of the shock, etc.) are lumped into this normal shock
through a proper model calibration process.

The model assumes that the normal shock loss can be
estimated by a representative Mach number, which is
average of the inlet relative Mach number and acceler-
ated suction side flow (Figure 4). Different than the ori-
ginal MLH model [19], where the representative Mach
number is the arithmetic average of the two Mach num-
bers, Aungier [32] suggests geometric averaging should

be done for better accuracy, as incorporated in this study.
In addition, the present study utilizes the model of
Wennerstrom [26] to take into account spanwise oblique-
ness of the shock surface. This is done by multiplying
both inlet relative Mach number and maximum suction
surface Mach number by sine of the leading edge and
shock impingement (point of Mmax) obliqueness angles
(αobliqueness), respectively. In conclusion, the representa-
tive Mach number is:

MSHOCK =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M1′Mmax sinðαobliquenessÞ

�� ��
leadingedge sinðαobliquenessÞ

�� ��
impingementpoint

q

(12)

To estimate Mmax, the suction side acceleration is esti-
mated by a Prandtl-Mayer expansion angle (θsupersonic)
(Figure 4) (see any elementary text book on compressible
flows). But, such an expansion has to be estimated on a
circular camberline (e. g. DCA blades) in the correlation.
The estimated expansion is modified for real supersonic
camberlines (MCA or wedge blades) as a function of inlet
relative Mach number, as described in the last paragraph
of this section. The equations leading to θsupersonic for a
circular arc camberline are [32]:

tanðθSS=4Þ= tanðθ=4Þ+ th
c

(13)

rSS =
c

2 sin θSSð Þ (14)

KSS = 90−
θSS
2

−K1 +
θ
2

(15)

θsupersonic = arctan
t cosðKSSÞ

t sinðKSSÞ + rSS

� �
(16)

The obliqueness angle at the leading edge is calculated
from:

αobliquenessðLeadingedgeÞ = arccosðcos β1 cosðleanÞ sinðεÞ
− sin β1 sinðleanÞÞ

(17)

The calculation at the impingement point is difficult to
obtain. A rather simple approach is used here as this only
has a minor effect. If blade span is defined from 0 (hub)
to 1 (tip), it is assumed that the impingement point obli-
queness is equal to the leading edge obliqueness for
span<0.5. As for the span ≥0.5, then the impingement
point obliqueness is assumed to be two times the leading
edge obliqueness. This is correlated from typical fan or
compressors that the authors experienced.

Once the maximum suction side Mach number is
calculated using θsupersonic and the representative shock

Figure 4: Visualization and nomenclature of the shock loss model.
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Mach number is estimated, the generic 1D normal shock
relation is used to estimate relative total pressure loss
due to the shock. Finally, it must be converted to the total
pressure loss coefficient form [32].

The off-design correlations derived by Cetin et. al
[34]. and Creveling [35] are used to treat off-design loss
and deviation. For MCA profiles, below relations are
given:

cm =0.02845M1′−0.01741 ðincidence < imÞ (18)

cm =0.00363M1′−0.00065 ðincidence > imÞ (19)

For DCA profiles, below relations are used:

cm =0.05336M1′−0.02937 ðincidence < imÞ (20)

cm =0.00500M1′−0.00075 ðincidence > imÞ (21)

Finally, the off-design loss coefficient is given by the
below relation:

$off − design =$friction + cm incidence− imð Þ2 +$shock (22)

For off-design deviation angle, Cetin et. al [34]. recom-
mends, after testing the performance of many alternative
off-design deviation angle correlations, the correlation
derived by Creveling [35]:

eps=K1 −K2 − δm + im (23)

PP1 = incidence− imð Þ=eps (24)

If PP1 is positive, then the coefficients are: d1 =−0.2928,
d2 = 0.5588 and d3=−0.000809. If PP1 is negative, then
d1 =−0.3452, d2 = 0.4800 and d3= 0.0001191. Those coeffi-
cients are used in the below equation:

PP2 = d1PP1
2 +d2PP1 +d3 (25)

Finally, the off-design deviation is given by:

δoff −design = δm + eps PP2 (26)

Even if these utilized correlations, which are summarized
in Table 1 with references to original sources, were devel-
oped from extensive compressor cascade tests and there-
fore well-established, without any change in the overall
structure, a calibration of some constants is deemed
necessary to apply them to bigger-scale transonic fans.
Such calibration was made for peak efficiency operating
points of NASA 2-stage fan and a custom designed
transonic fan stage simultaneously, and then the perfor-
mance of the final calibration for these two transonic fans
was successfully tested at peak efficiency operating point
of GE-NASA transonic bypass fan in the prior work [28].
First of all, the pitch of a section is calculated at the
leading edge radial position (relative to machine axis)

while solidity is calculated at mid-chord radial position.
The second enhancement is that, if overturning occurs
(roots of fans), exit metal angle is taken as zero instead of
negative value. This is due to the assumption that inci-
dence is mostly affected by leading edge region rather
than the exit overturning region. Moreover, the correla-
tions are valid for cases without overturning. In this
regard, authors experienced better match in NASA 2-stage
fan test case. The third enhancement is that, the expo-
nent ‘2’ in eq. (11) is made ‘1.6’ to better match test cases.
The fourth enhancement is that suction surface Prandtl-
Mayer expansion is reduced relative to a circular-arc
expansion. The circular-arc expansion (for given inlet
and outlet angles) is multiplied by 0.95 for inlet relative
Mach number smaller than 1.25, multiplied by 0.45 for
inlet relative Mach number bigger than 1.40 and a linear
distribution is assumed in between these two Mach num-
bers. This is the most important modification towards
higher accuracy [28]. Its justification comes from the
fact that Prandtl-Meyer expansion for circular camber-
lines (θsupersonic estimated in eq. (16)) are too high (and
yields excessively over-predicted shock losses) for real
transonic or supersonic blades, which have rather flat
inlets to reduce this expansion. The fifth (and the last)
enhancement is related to deviation angle, which is
reduced by 1° relative to predicted values. Moreover, for
rotors, an additional 2° tip deviation is added, which
diminishes at 90% span. With those modifications, the
authors experienced better match with test cases [28].

Validation with NASA 2-stage fan

This section presents validation of the code with NASA
2-stage fan with wide-chord 1st stage rotor, reported in
reference [36]. The main parameters are given in Table 2.
The meridional view of the fan and QOs are presented in
Figure 5. The 1st stage rotor and tip sections of the 2nd
stage rotor are made of multiple-circular-arc (MCA) pro-
files, where maximum thickness locations are shifted

Table 2: Overall properties of NASA 2-stage fan at peak efficiency
point.

Overall Stage  Stage 

Total pressure ratio . . .
Adiabatic efficiency . . .
Mass flow [kg/s] .
Revolutions per minute .
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rearwards to reduce supersonic expansion. Lower sec-
tions of 2nd stage rotor and all stators are made of
double-circular-arc (DCA) profiles.

Boundary conditions given are mass flow rate and
spanwise distributions of total pressure and temperature
at the inlet; and blade angle spanwise distributions at the
inlet and exit of each blade row. Cubic splines are used
for interpolation along the span.

Performance maps are presented in Figures 6 and 7,
where decent agreements with test data [36] are observed
for such a rapid prediction tool. At 100% corrected
speed, very good agreement is observed, however, for
lower speeds, agreement is worse. One reason of this
may be the fact that off-design correlations of Çetin
et al. [34] are valid for high-speed applications. At lower
speeds, discrepancies may increase. Moreover, NASA
2-stage fan, due to being a research fan that pushes
conventional (safe) loading limits, has highly loaded sta-
tors with around 60 degree total metal turning and
15 degree overturning (the part of the total turning that

is beyond making the flow axial) [36]. Therefore, this may
create stronger-than-conventional 3D secondary flow and
blockage, which are challenging to obtain good estima-
tion for the simple correlations used in the presented
through-flow solver. Therefore, it is expected that the
code may perform even better for more conventionally
designed fans. It can be concluded that, based on this
test case, higher rotational speed regions are better cap-
tured by the methodology.

Validation with GE-NASA bypass fan

This section presents validation of the code with GE-NASA
bypass fan, whose design procedure is reported in reference
[37] and test data is documented in reference [38]. The global
experimental performance is given in Table 3 for short bell-
mouth inlet configuration. Uniform inlet tests with long bell-
mouth inlet, where the majority of data points are collected,
are selected for benchmarking, however, short bell-mouth

Figure 6: Total pressure ratio.

Figure 7: Adiabatic efficiency.

Figure 5: Meridional view and SLC grid.

Table 3: Overall properties of GE bypass fan at peak efficiency point
with short bellmouth inlet [37, 38].

Fan rotor Bypass stage Core stage

Total pressure ratio . . .
Adiabatic efficiency . . .

Mass flow [kg/s] .

Bypass ratio .

Revolutions per minute .
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results are also presented. All the comparisons are per-
formed at the nominal bypass ratio of 6.

The meridional view of the fan and QO’s are presented in
Figure 8. The rotor is made of custom tailored blades.
Towards the tip section, where supersonic inlet relative
Mach numbers are encountered, maximum turning point
moves rearward to reduce shock losses. This effect is
already modeled by the shock-loss enhancement
described in the last paragraph of Section “Utilized
empirical models” for design point operation (and its
success is already demonstrated in the prior paper for
design point operation [28]). For off-design operation,
which is the topic of this paper, the additional off-design
corrections given in eqs (18)–(21) are implemented to the
methodology for DCA and MCA blades. The off-design
corrections for double-circular-arc (DCA) sections given
by eqs (20) and (21) are not suitable to model those
supersonic profiles (because DCA blades are mid-loaded
blades). Although the blades are not standard profiles,
flat (wedge-like-shaped) suction side inlet and the place-
ment of maximum turning through the rear of the sec-
tions is the characteristic of multiple-circular-arc blades
(MCA). Actually the purpose of MCA profiles is to model
such aft-loaded transonic or supersonic blades [34].
Therefore MCA blade off-design corrections given by eqs
(18) and (19) are used for the rotor. The bypass outlet
guide vanes (OGV) are made of DCA profiles and the core
inlet guide vanes (IGV) are made of NACA 65 profiles.

In Figure 9, fan pressure ratio map is presented.
Agreement is generally decent. At 100% speed-line,
choke mass flow cannot be captured but there are uncer-
tainties related to modelling simplicity. GE also predicted
a higher design mass flow rate of 117.9, whereas tests
revealed that only 113.84 kg/s mass flow rate passes with
long bell-mouth inlet and 114.55 kg/s mass flow rate

passes with short bell-mouth inlet. Differences are mainly
attributed to instrumentation and mispredicted deforma-
tion of the rotor with rotation. In light of these considera-
tions, it is assessed that agreement is decent at high
rotational speeds where inlet relative Mach numbers are
transonic or supersonic and therefore off-design correla-
tions of Cetin et al. [34] are valid. The corresponding
efficiency graph is presented in Figure 10. Efficiency
levels (or at least trends) are generally well predicted
for this case.

In Figure 11, bypass pressure ratio map is presented.
Contrary to the fan-only case, choke mass flow rate at
100% speed-line is better predicted. The errors in fan
calculations seem to be compensated by the errors in
bypass OGV calculations. Comparisons at other rotational
speeds possess accuracy levels that are similar with fan-

Figure 8: Meridional view and SLC grid.

Figure 9: Fan rotor pressure ratio.

Figure 10: Fan rotor efficiency.
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only predictions. The corresponding efficiency levels are
presented in Figure 12. The absolute values of the effi-
ciency levels are generally around 5–10% mispredicted
for the bypass stage at high rotational speeds compared
to test data [38]. All through-flow methods are steady
two-dimensional methods and losses arising from com-
plex coupled unsteady three-dimensional flow structures
(hub secondary flows, tip leakage, shock-boundary layer
interaction, shock-tip leakage interaction, unsteady rotor-
stator interactions, mixing between rotor-stator, interac-
tions of those losses with hub and shroud walls) [1] can
only be estimated roughly by simple empirical correla-
tions derived from two-dimensional cascade experiments.
These losses may not always be perfectly captured by the
simple correlations and this translates into errors in effi-
ciency predictions. This is also stated by Casey et al. [39],
who therefore suggested using as many additional moni-
tors as possible, other than efficiency (like diffusion

factor, maximum relative Mach number, etc. that have
influence on efficiency), for efficiency-potential compar-
ison of rival designs in through-flow based optimization
practices. Also, the aforementioned uncertainty arising
from untwist (metal deformation under rotation) of the
high-aspect-ratio (height/chord) rotor may contribute sig-
nificantly to this misprediction through accumulation of
errors through successive blade rows. Nonetheless, even
if the absolute efficiency values are mispredicted, overall
trends seem to be captured.

In Figures 13 and 14, core pressure ratio and effi-
ciency maps are presented. The agreement, especially at
100% speed-line, is worse for this case. It is evident that
(at least the utilized) through-flow approximation is not
successful in resolving complex three-dimensional flow
field in fan roots [40]. This region can best be resolved by
a three-dimensional Navier-Stokes solution.

Figure 11: Bypass pressure ratio.

Figure 12: Bypass efficiency.

Figure 13: Core pressure ratio.

Figure 14: Core efficiency.
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Conclusions

A through-flow program has been developed for rapid
off-design analysis of transonic fan systems with empha-
sis placed on bypass fans, a topic which is not considered
in detail in the open literature. Empirical models for
minimum-loss incidence, deviation, total pressure loss
and end-wall blockage were gathered from the open lit-
erature and calibrated with experimental and numerical
data of transonic fans in a prior study for design point
operation. In this study, performance of those models is
tested in off-design operations of NASA 2-stage fan and
GE-NASA bypass fan. Both fans are transonic with inlet
tip relative Mach numbers of 1.4 and 1.6, respectively. For
such challenging cases, it has been shown that decent
agreement is observed for a rapid prediction tool.

The developed methodology is a simple extension of
streamline curvature through-flow method and can be
implemented to existing codes for performance map pre-
diction and early component matching studies.
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Nomenclature

θSS Suction surface camber angle [°]
ε Angle between true and quasi orthogonals [°]
θ Camber angle [°]
δ Deviation angle [°]
ϖ Mach corrected relative total pressure loss coefficient
σ Solidity
ϕ Streamline slope with respect to machine axis [°]
ϖ* The reference (low speed) design pressure loss

coefficient
δm Deviation angle corresponding to im [°]
αobliqueness Local obliqueness angle of the shock surface [°]
θsupersonic Suction surface camber angle between inlet and the

shock location [°]
c Chord [m]
C1,C2 Coefficients in loss correlation
cm Coefficient in off-design loss
d1,d2,d3 Coefficients in off-design deviation
Deq Equivalent diffusion factor
eps Coefficient in off-design deviation
Fq Blade force along quasi-orthogonal [N]
H Total enthalpy [J/kg]
i* The reference (low speed) design incidence [°]

ic The reference (low speed) choke incidence [°]
im Mach corrected design incidence [°]
is The reference (low speed) stall incidence [°]
K Metal angle [°]
KB Blockage factor (available area /total area)
Km Streamline curvature (= 1/rc)
KSS Suction surface inlet metal angle [°]
M Mach number
PP1, PP2 Coefficients in off-design deviation
q Quasi-orthogonal direction
r Radial position [m]
rc Streamline radius of curvature [m]
Rc The range from design to choke incidences [°]
Rs The range from design to stall incidences [°]
rSS Suction surface radius of curvature [1/m]
s Entropy [J/kgK]
t Pitch between two blades [m]
T Static temperature [K]
th Profile maximum thickness [m]
V Absolute velocity [m/s]
W Relative velocity [m/s]

Subscripts
m Meridional (streamline) direction
θ Tangential direction
1, 2 Leading and trailing edge of a section, respectively

Superscripts
’ Relative

Abbreviations
CFD Computational fluid dynamics
DCA Multiple-circular-arc
IGV Inlet guide vane
MCA Double-circular-arc
OGV Outlet guide vane
QO Quasi-orthogonal
SLC Streamline curvature method
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