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Abstract. Throughflow simulation method is the backbone of compressor design
and analysis. The CFD-based throughflow is a method developed in the recent
decades. Comparisons between traditional throughflow method and CFD-based
throughflow method are concerned in the present paper, and especially the devel-
opment of the CFD-based method has been summarized. Some key issues of the
CFD-based method are present. Modeling of the discontinuity model at leading
and trailing edge, the flow losses and deviation angle are three key issues of the
CFD-based method. Empirical flow losses and deviation angle models may not
be accurate for advanced compressor throughflow simulation. New method of
getting new empirical model is thus discussed. Four discontinuity models, the
automatic incidence correlation model, the momentum flux discontinuity model,
actuator disk model, and arbitrary discontinuity breakdown model, are presented,
compared and the scope of application of each are discussed.
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1 Introduction

The numerical simulation method is in of the research methods which wildly used
in many areas. The design and analysis of the multistage axial compressor involves
numerical simulation. Since Wu (1952) proposed the general three-dimensional theory,
the numerical simulation of the axial compressor flow field has been simplified the
inviscid flow to a two kinds of relative stream surface iteration problem. As shown in
the Fig. 1, the two kinds of stream surfaces are the S1 stream surfaces, blade-to-blade
plane, and the S2 stream surfaces, meridian plane, respectively.

Throughflow calculation calculate the flow on the meridian surface developed based
on the Wu’s theory. Nowadays, three kinds of throughflow methods have developed and
used, which are the stream function method, the streamline curvature method and CFD-
based throughflow method. Throughflow simulation computer programs based on each
method for either design and analysis problem came into being.
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Even with the booming of computation ability and the development of the numerical
method, the throughflowmethod is still the backbone of compressor design and analysis
and wildly used in the axial multistage compressor design and analysis process (Denton
andDawes 1999). The aerodynamic design is a repetitive process of design andnumerical
analysis, itmaybe dozens even hundreds round of test and adaptive before the compressor
finally complete. Use the full three-dimensional (3D) simulation at the primary stage of
design consumes a lot of time, which not only extend the design cycle, but also expends a
plenty of computational resources. Therefore, the throughflow simulation is still a useful
tool at the primary stage of compressor design (Jin 2011).

Fig. 1. Intersecting S1 and S2 surfaces in a blade row. (Wu 1952)

Any aero dynamic design or analysis systembased on simplifications used hypothesis
to simplify the flow field. A lot of experimental data and empirical models are applied
for the design or analysis. The more degrees a flow field is simplified the more data
are needed. Any kind of high accuracy numerical calculation method may fail owing
to the mismatch between current problem with the previous data and empirical models.
Meanwhile, some of the empirical models are based on the experimental results of low-
load and low-speed cascade experiment. With the stage load and inlet Mach number
of the compressors increasing, and the new blade shapes like lean and sweep are being
used, the accuracy of the model is challenged. To get higher prediction accuracy of the
flow-field in the throughflow, the feasibility of neural network method applied in the
acquiring the up-to-date empirical models are discussed.
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The CFD-based throughflow method using the circumferential averaged Reynolds
averaged Navier-Stokes throughflow equations have a more complete set of control
equation comparing to the traditional streamline curvature throughflow method. The
more complete the equation a throughflow method uses, the less empirical inputs it
demands.Meanwhile, for transonic flow simulation, theCFD-based throughflow is capa-
ble of maintaining the stability of the control system. In consequence, the CFD-based
throughflow method is more and more welcomed among the compressor designers.

Losses and deviation angle have long been the focus among the throughflowmethod.
Since CFD-based throughflow method uses a different set of equations compared with
the classical streamline curvature method, the derivation and models of the losses and
deviation angle in CFD-based throughflow method should be introduce.

2 Three Throughflow Methods

2.1 Stream Function Method

Marsh (1966) firstly conducted the stream function throughflow method use a matrix
method to solve the axisymmetric function. The stream function method transformed
the differential form of stream function into the difference form by the finite difference
approximation. The result showed the matrix method can provide a good prediction
for the axial velocity profile. However, the stream function method in not wildly used
for turbomachinery for its incapable to solve the transonic function and it cannot tell
form the subsonic solution and supersonic solution (Denton and Dawes 1999). Marsh
also confirmed use the matrix to solve the stream function was limited for it requires a
high-speed computer with relatively large storage to conduct the analysis. Both factors
setback the further the utility of the matrix method on solving the stream function.

2.2 Streamline Curvature Method

Streamline curvature throughflow method is a very popular throughflow method. The
streamline curvature method introduces the concept of streamline curvature, which
assume the location of the initial streamline, iterate the radial equilibrium equations
and the equations of conservation of mass and energy. Such method has advantages of
clear physical concept, simple formulars, and easily to program. In consequence, the
streamline curvature method is wildly used in the engineering field. Novak (1967) is
the pioneer to develop the throughflow simulation program using streamline curvature
method. Several simplify assumption has made in streamline curvature method. (1) flow
is adiabatic. (2) flow is steady. (3) the viscous forces are neglected in the momentum
equation, the loss is presented by the increase of the entropy. The entropy increases are
calculated by the total pressure recovery coefficient and efficiency. (4) the mass flow
coefficients are introduced owing to the influence of viscous. (5) the fluid is assumed as
the prefect gas. The meridional distribution of streamline is shown in Fig. 2. However,
the streamline curvature has a major setback. When calculate supersonic flow field, the
channel may be partially or completely choked. The maximum flow rate is only decided
by stagnation temperature, stagnation pressure and transaction area.When the mass flow
rate does not match such relation, the simulation will be divergent.
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Fig. 2. Meridional distribution of the streamline. (Fei 2021)

Owing to the assumptions of the stream function methods and streamline curvature
method, a lot of empirical models are applied. To lessen the dependent of the empirical
models, throughflowmethods with high order of dimensions of control equations should
be investigated.

2.3 CFD-Based Throughflow Method

With the development of computer and numerical method, the CFD-based throughflow
simulation program came into being. The CFD-based throughflow method, also called
time-marching throughflow. This kind of model is based on Euler equation or Navier-
Stokes(N-S) equations and solved by time-marching finite volume method. The CFD-
based throughflow method has the following capabilities. (1) this method can predict
the mass flow rate at the choke state for the mass flow is calculated form the flow field.
(2) it can capture some kind of shock wave. (3) the method can be used for subsonic,
transonic, and supersonic simulation simultaneously. (4) Owing to the time-marching
method, the throughflow simulation inherent unsteady (Jin 2011).

The first CFD-based throughflow program was conducted by Spurr (1980). Spurr
use the time-marching throughflow program to solve the circumferential averaged Euler
equation and iterative with a blade-to-blade simulation program to perform simulation
on a transonic nozzle. His result matches well with that from the full three-dimensional
Eulermethod. Dawes (1992)modified a three-dimensional Navier-Stokes solver tomake
it possible to solve blade rows in multistage compressors. Dawes also explored the
feasibility of combination of full three-dimensional solver and throughflow solver. Yao
and Hirsh (1995) added body force, friction force and introduced losses and deviation
angle data for each blade subroutines to a three-dimensional Euler/N-S solver and extend
the model to design problem. And they discussed the effect of flow angles and blockage
distribution on the blade rows. Body-force term represent blade force and viscous losses
in theEuler solver for design and analysis,which is capable of solving subsonic, transonic
and supersonic flow with a same set of code as well as capture shock (Damle 1996).
Baralon et al. (1998) modeled the profile losses, deviation angle, end-wall skin friction
in Euler throughflow model and imported the spanwise mixing model developed by
Gallimore (1986). Their model treats the axisymmetric shock as normal blade passage
shock through their theoretical and numerical study. They also investigated the method
of shock wave capture and proposed a novel method to calculate the cascade blockage
factor. They use a three-stage transonic fan to validate the models, the validation result
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showed the solver is capable of providing a meridional picture of transonic flow for
different operating points. Pacciani et al. (2016) develop an axisymmetric Euler solver
to naturally fit the secondary and tip leakage effects into throughflow solvers.

Throughflow simulation models based on the circumferential averaged Euler equa-
tion neglect the shear stresses. Losses are presented by total pressure drops and entropy
changes (Fay et al. 1999). To better represent the actual flowfield,more through elements
of the flow field should be take into consideration. In consequence, the time-marching
Navier-Stokes throughflow method are researched.

Fay et al. (1999) developed a method numerically solve the viscous equations of
the meridional flow. They also model the secondary flow due to vortices lead by the tip
clearance. And by radial mixing approach, the incoming shear layer vorticity are added.
Their model is capture to represent the important feature of viscous flow inside the cas-
cade. Sturmayr and Hirsch (1999) extend a multigrid N-S solver to include throughflow
model, investigated shock and associated losses. In their solver, the blades are described
by distributed profile blade thickness, deviation angle, and losses. Their model, capture
quasi-normal shocks in analysis mode and axisymmetric shock in design mode. Simon
et al. (2007) detailed develop aN-S throughflow solver based on the circumferential aver-
aged N-S equation. Their solver use circumferential averaged Reynolds averaged N-S
equations. In their throughflowmodel both Reynolds stress term from Reynolds average
and circumferential unevenness term from circumferential average are included. They
also discussed the influence of blade force, circumferential stress, and circumferential
unevenness term to the flow field. They found the inviscid blade force have the largest
impact, the circumferential unevenness secondary to it, and the viscous blade force take
the least effect. Taddeo and Larocca (2008) continuing conduct the research on the
time-marching throughflow. They applied the distributed loss model and actuator model
in the time-marching throughflow. The distributed loss model acts as a compact blade
force that turns the flow without producing the unphysical entropy. They also explore
the feasibility of combining the time-marching throughflow and empirical models. They
found the combination can not only increase the numerical accuracy, but also apply the
existing compressor design experiences.

In China, Ji et al. (1999) are the pioneer in researching the CFD-based throughflow.
They explored the feasibility of time-marching N-S throughflow in a high load transonic
turbomachinery, and verified by design and analysis of an axial supersonic inflow shock
rotor. They also announced, the time-marching method inherited unsteady term which
can be used for the exploring of the flow stability. Jin (2011) developed a time-marching
throughflow solver, which can do both time-marching Euler simulation and N-S sim-
ulation. The inviscid blade force is associated with the circumferential pressure, and
the inviscid blade force is associated with viscous stress. Jin also declared that at the
off-design result from the circumferential averaged N-S simulation differ a lot from the
full three-dimensional results owing to the loss and deviation applied for the off-design
points have not been fully investigated. Wan et al. (2013) investigated high loaded tran-
sonic single-stage fan a four-stage fan flow field performance by both Euler and N-S
throughflow solver. By comparing with three-dimensional simulation and experimen-
tal results, the throughflow models can provides a credible performance characteristics
and better prediction in end-wall regions. Wu (2019) based on the time-marching N-S
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throughflow, developed the incident, deviation angle, losses and spanwise distribution
model at the design point for analysis cases and design point deviation angle and losses
model at off-design points. Yang et al. (2019) develop an off-design performance anal-
ysis solver, employ novel inviscid blade force model to achieve desired flow deflection,
use cubic spline interpolation to solve the discontinuity problems at the leading and
trailing edge of the blade rows, and integrated empirical loss model to simulate real
three-dimensional viscous force effects. Liu et al. (2021) uses a liner cascade based on
N-S throughflow and NUMECA to modify the inviscid blade force, which previously
based on the assumption that flow thorough the averaged stream surface with no entropy
increasing. Their model decreases 4 times of the prediction error of the adiabatic effi-
ciency than the previous method. Tao et al. (2022) use a distributed inviscid blade force
and viscid blade force to reproduce the flow deflection and loss and use uniform inlet
3-D simulation results to interpolate the deviation angle and loss parameters. Then they
computed a multistage fan and booster with inlet radial and circumferential distortion.

The time-marching throughflow has developed for about 30 years, and has been
widely used in the primary design and analysis phase of the compressor. Several issues
have not yet been solved, which will be discussed in the next section.

2.4 Several Issues of CFD-Based Throughflow Method

As conclude by Yang et al. (2017), there are several issues should be further investigated
to set up the high accuracy time-marching throughflow method.

Firstly, standard radial blockage factor calculation should be set up to avoid artificial
adjustment for getting the accuracy geometry description of the flow field to reflect
the physical blockage phenomenon more accurately. At present, the blockage factor
has two kinds. One is the circumferential blockage factor, directly derived from the
circumferential averaged N-S equation, has a significant influence on the simulation of
the mass flow rate and efficient at the choke state. The other is the normal blockage
factor, which is based on the geometry of the blade cascade, which can be applied for
the mean flow surface throughflow.

Secondly, boundary layer thickness model should be added to get a much accurate
reflection of the blockage.Meanwhile, the relation between the boundary layer thickness
and the blade force should be further investigated.

Thirdly, for transonic/supersonic flow, the capture of the shockwave should be further
investigated, the incapability of capturing shock wave other than the normal shock wave
in both design and analysis, which will not being able to simulate all kinds of shock in
the flow field.

Fourthly, the flowdiscontinuity at the leading edge and trailing edge should be further
considered.At the leading and trailing edge, instantaneously turn of flowhappened. Sever
methods have been proposed and discussed. This issue will be fully discussed in next
chapter.
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3 Leading and Trailing Edge Discontinuity Models

The incidence at the leading edge and deviation at the trailing edge is a key issue of the
CFD-based throughflow simulation. Owing to the axisymmetric hypothesis, the CFD-
based throughflow simulation cannot sense the blade at the off-blade area to get the
pre-rotational velocity. However, once enter the blade region the flow must tangent to
the stream surface, the circumferential velocity is constrained by the averaged blade flow
surface angle, hence velocity discontinuity at the grid interface of blade leading edge
happens. If the blade force term is used to simulate the velocity transition of the leading
edge, the sudden change of the volume force will occur, even if the mesh is continuously
densified, it will not help. In practice, it is found that as long as the incidence of the
incoming flow at the leading edge is greater than 2°, there will be obvious numerical
loss. However, the entropy increase corresponding to this kind of loss is non-physical.
For the trailing edge of the blade, similar discontinuities will also occur.

3.1 Automatic Incidence Correction Model

Baralon proposed the automatic incidence correction technique (Baralon et al. 1998).
In this technique, the blade angles of the first 20% of the chord are modified linearly,
parabolically in (x, rθ )coordinates, so that as to adapt progressively to the flow angle
upstream of the leading edge. This approach can be defined conceptually as introducing
a length scale into the singularity problem. Indeed, when there is very little incidence,
the blade force applied to the cell just downstream of the leading edge do not cause
any oscillation thereby no entropy. Hence, it appeared natural to solve the singularity
approach by applying a progressive change in blade angles, in volume forces. The inci-
dence correction is applied periodically during the time-marching of the computation.
The computed flow then adapts itself smoothly to the changes caused by the incidence
correction.

The blade shape modifications may have a local effect on the blade loading, but the
uncertainty in blade loading is large anyway because the mean line constraint of the
throughflow approach is already only an approximation of the real mean flow. Further-
more, the turning that is of interest for performing the work is the turning that is of the
flow itself and not of the blade.

Nevertheless, even if the automatic incidence correction is very efficient for subsonic
flows, this approach may cause problems for supersonic flows in terms of stream tube
are variation.

In case of significant incidence, the modification of the blade geometry at the leading
edge may trigger a strong normal shock which is naturally followed by a second one
for reasons of stream tube variation. This behavior could be associated with the real
blade-to-blade flow of typical transonic rotor blades where, for high mass flows, a first
bow shock occurs at the leading edge followed by a weaker normal shock. However, the
blade-to-blade bow shock is usually an oblique shock. Therefore, it is believed that the
two strong normal shocks obtained in the throughflow solution may correspond to an
overproduction of shock losses in this case. It should be emphasized that the problem of
successive shocks is depending on the upstream Mach number, the blade geometry and
the local incidence. It may not arise in a different configuration.
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3.2 Momentum Flux Discontinuity Model

In order to exert a full control on the leading-edge flow without modifying the blade
shape, an approach based on a discontinuity in momentum is proposed (Baralon et al.
1998).

The conservation of mass and energy are respected but additional source terms
are introduced in the momentum equations in order to control both the flow angle
downstream of the discontinuity and generation of entropy.

The technique can be divided in two stages: first, we must derive the target forces
that will be included in the momentum fluxes to obtain the desired conditions at the
discontinuity. Afterwards, we must derive at the flux calculation level the flow state
downstream of the leading edge with the forces included.

This technique has been validated on subsonic and supersonic applications using
a quasi-one-dimensional code with blade modelling included. Mach number as high
as 3 and incidence angles up to 30° were computed successfully with this 1D code.
Computed total pressure and leading-edge flow angle conditions were exactly equal to
those specified.

This method solves the leading and trailing edge problems through the discontinuous
relationship, but there are still problems in practical application, that is, the iterative
solution of flowparameters is difficult inmathematics, especiallywhen theMach number
is close to 1, so it cannot be applied to transonic flow, such as transonic rotor. In addition,
this method also requires manual input of additional parameters, namely total pressure
loss.

3.3 Actuator Disk Model

An isentropic flow through a linear cascade can be described using 1D Euler equations
with a distribution of inviscid blade force that is responsible for turning the flow (Tad-
dei and Larocca 2014a, 2014b). A further source term includes blade blockage effects
through a prescribed blockage factor, h(x)= 1 – σx�z(x)/(xTE-xLE). The equations have
the divergence form

∂W

∂t
+ ∂Fc

∂x
= Qi + Qh (1)

where

W =
⎧
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⎩

ρ
ρVx
ρVz
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⎧
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⎬

⎭
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fiz−→
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⎫
⎬

⎭
Qh = −ρVx

h

∂h
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{ 1
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H0

}

A given streamline z(x) is tangent to the relative flow velocity and orthogonal to the
inviscid blade force vector

∂z

∂x
= Vz − V

Vx
= − fix

fiz
(2)

Equations (2) close the system in Eq. (1) together with the usual thermodynamic
relations. Outside of the cascade, since both the source terms vanish, a uniform flow
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solution satisfiesEq. (1) and theflowangle is onlydeterminedby theupstreamconditions.
Inside of the cascade, if streamline z(x) is assumed to coincide with the blade camber
line, the relative flow angle is constrained by the blade angle. Whenever the incoming
flow angle does not match the LE angle, a discontinuity occurs at the LE and unphysical
production of entropy will appear in the numerical solution of Eq. (1). Furthermore,
the flow leaves the cascade at the TE blade angle and no deviation can be introduced.
The most common method to overcome the drawback follows a distributed approach. A
modified streamline geometry is assumed, which (i) fits the direction of the incoming
flow and (ii) gives the outgoing flow the desired deviation from the TE blade angle.

The main idea underlying the proposed model is to concentrate all the incidence and
deviation at the LE and TE, respectively, with no production of unphysical entropy. This
can be done by treating the edges as ADs. Due to hyperbolic nature of the system in
Eq. (1), the most physically consistent approach to its time-marching solution is to recast
it in the form of a conservation law and integrate this form using upwind finite-volume
schemes. For the purpose of the present work, a flux difference splitting technique is
adopted. The numerical flux vector at a generic interface between two contiguous cells
is evaluated using an approximate Riemann solver. Let i + 1/2 be the interface at the LE
and TE. A modified Riemann solver is adopted, which places a discontinuity exactly at
the interface (Fig. 3). The relations of a quasi-steady compressible AD are assumed to
be valid across the discontinuity.

ρ1Vx1 = ρ2Vx2

a21
γ − 1

+ V 2
x1 + (Vz1 − v)2

2
= a22

γ − 1
+ V 2

x2 + (Vz2 − v)2

2

S1 = S2
Vz2 = v + Vx2 tan β

(3)

where subscripts 1 and 2 refer to the flow states upstream and downstream of the AD,
respectively. The first, second, and third equations of the system in Eq. (3) prescribe
conservation of mass flow rate, relative total enthalpy, and entropy between states 1 and
2 (note that h= 1 at the LEs and TEs). In particular, the third equation avoids production
of entropy across the interface. The fourth equation forces the relative flow in state 2 to
take a specified β angle. At the LE, this angle will be the LE blade angle. At the TE, it
will be the TE blade angle plus the desired deviation. Equation (3) is combined with the
eight compatibility equations of the approximate Riemann solver across waves Vx – a
and Vx + a and contact surface Vx. In particular velocity Vz is assumed to be simply
conveyed, together with entropy, along contact surfaces. If U stands for the primitive
variable vector {a Vx Vz S} T, one obtains a nonlinear system that provides U1 and
U2 for a given β angle. As in the conventional Riemann problem first- or higher-order
approximate solutions can be performed. Second-order accuracy is achieved, in the spirit
of ENO approaches, through definition of a linear distribution of the primitive variables
over the cells and use of slope limiters. Equation (3) involves the assumption of an
unchoked flow across the AD. However, Eq. (3). Can be modified to treat choked flows.
Due to its importance, this topic will be addressed in a separate contribution.
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Fig. 3. Representation of an AD at a LE or TE (Taddei and Larocca 2014a, 2014b).

3.4 Arbitrary Discontinuity Breakdown Model

The equations describing gas flows in bladed subdomains and in axisymmetric regions
are different. What is more, small perturbances propagate in these subdomains with
different velocities (Nigmatullin et al. 1994). Indeed, in bladed regions local acoustic
perturbances propagate in the direction perpendicular to grid lines ξ = const with the
velocities Uξ

Cξ
± a.

It is evident that, first, these boundaries are in common case the discontinuity surfaces
and secondly, it is necessary to set enough boundary conditions at these surfaces which
depends on number of coming and leaving perturbances. In order words it is necessary
to consider an arbitrary discontinuity breakdown problem at these boundaries.

Let us first consider the boundary corresponding to leading edges. A treatment of the
boundary conditions means that the usual arbitrary discontinuity breakdown procedure
must be placed by the special one described below.

If it is necessary the corresponding right or left limit is used. The parameters at the
bladed side will be marked by index 1 and parameters at the axisymmetric subdomain
will be marked by index 2. Large left and right parameter (at both sides of the surface)
will have the indices L and R.
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It’s convenient to consider leading triangle drawn at Fig. 5. This triangle may be
corresponded to some real triangle in blade-to-blade space. Similar to the trailing edge
boundary. Similar to leading edge case one may define trailing edge triangle.

The leading and trailing edge discontinuity processing model is equivalent to modi-
fying the intermediate wave in the general Riemannian problem. The intermediate wave
here is no longer a contact discontinuity, but an “intermediate” wave that considers the
flow transition and flow picture between L and R, and has the property of entropy con-
servation under normal conditions. At the same time, the treatment methods for various
special cases such as the presence of detached shock wave, leading edge blockage, trail-
ing edge blockage and backflow at the leading edge, so that the leading and trailing edge
discontinuity problems can be well handled under any flow state (Fig. 4).

Fig. 4. Arbitrary discontinuity model at the leading edge (Nigmatullin et al. 1994).
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Fig. 5. Arbitrary discontinuity model at the trailing edge (Nigmatullin et al. 1994).

4 Deviation and Losses in CFD-Based Throughflow

Unlike the full three-dimensional simulation, by using throughflow method, the loss
and flow deflection can’t be simulated directly owing to the reduction of dimension.
In consequence, the researchers usually use the empirical model based on the cascade
experiment to modify the losses and deviation angle, which represents the deflection.

Most currently developedN-S time-marching throughflowprograms are based on the
circumferential averaged N-S equations. In the blade passage, the material appearance
of the blades does not appear anymore. The effects of the blades are replaced by the force
distributions. Usually, flow deflations are modelled by inviscid blade force distribution.
While the generated losses are modelled by the distribution of viscous forces. The gen-
erated loss is a combination of the blade walls shear stresses and the circumferential
stresses (Simon 2007).

4.1 Modeling of Deviation Angle and Losses

At the outlet of blade, the deviation angle is defined as the difference between the
flow angle and blade angle. For blade, who has a fixed geometry, the deviation angle
represents the flow deflection in the blade region, which represents the work done by the
compressor. A good prediction of the deviation angle will lead to much accurate results.
As far as the knowledge of author, there are mainly two methods to modify the deviation
angle in the time-marching throughflow. One is use inviscid blade force to represent the
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flow deflation in the blade region (Simon 2007), the other is use an actuator disk model
(Taddei and Larocca 2014a, 2014b).

As presented by Simon, in the blade section, several prescriptions have been made
to model the deviation angle. Firstly, an orthogonal condition between the blade force
and the flow direction are imposed. The flow deflection is generated by the inviscid
blade force, which deflects the flow while generating no losses. In the reference frame
of the blade, the blade force produces no work. However, a force generates no work
and has a component aligned to the flow direction will generate entropy. Therefore, the
blade forces are prescribed to be orthogonal to flow. Secondly, as shown in Fig. 6, a
relation between the radial component and the circumferential components of the blade
force are prescribed by the angle between the normal to the camber surface and the
axial direction. Thirdly, the prescribed intensity of the blade force can be obtained by
analysis formulation, which take the advantages in the usage of only blade geometry and
the robustness in magnitude the blade force than the design formulation and analysis
formulation from the circumferential momentum.

Taddei and Larocca (2014a, 2014b) apply the compressible actuator disk equations
to modify the evaluation of the deviation angle. In the blade region, by the assumption of
the throughflow, the relative flow angle constrains to the meridional streamline direction
surface geometrical angle, while in the passage region, no blade force exists. This arises
discontinuity of the flow at the leading and trailing edge of the blade. The actuator
disk applied at both the leading edge and the trailing edge of the blade instantaneously
turns the flow while not producing unphysical entropy. This method avoids unphysical
incidence owing to the discontinuity at the leading edge and provides desired deviation
angle at the trailing edge, spares handmade modification of the throughflow surface,
and allows coping with strong incidence gradient by not specially treating between the
inviscid and viscous meridional flows.

Wu (2019) propose a deviation angle model for off-design states, analytically solved
the implicit function, which predicts the deviation angle. This model includes no empir-
ical coefficient, and the model explained the relation between the incidence angle and
deviation angle, inconsequence, the deviation angle at all spanwise and all working con-
dition can be applied. However, this model is limited to the rotors and stators included
in the airfoil database, whose data is already acquired by the experimental.

The generated loss inside the blade passage can be modelled by the distribution of
viscous forces. Both the shear stresses acting on the blade wall as well as the circum-
ferential stresses contributes to the loss. The flow losses model and the deviation angle
model are respectively the empirical model used for predicting the total pressure loss
and outflow direction in the design of compressor. Denton defined the loss in term of
entropy increase (Denton 1993). Denton also classified the loss in the compressor into
four kinds, blade profile loss due to diffusion on the surface and thickness at trailing
edge, end-wall loss due to boundary layer and clearance, leakage loss, and shock loss.
While the end-wall loss and leakage loss can be predicted by the loss spanwise distri-
bution model. The shock loss can be solved directly by the time-marching throughflow
simulation. In consequence, the profile loss model, which mainly generated form the
viscosity friction and flow separation is the only loss model needed to be discussed in
throughflow simulation (Wu 2019).
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Fig. 6. Definition of the lean angle: camber surface inclination (axial view) (Simon 2007)

Lieblein (1953, 1957) conducted some basic work to predict the profile losses. With
the experimental data form low-speed cascade. Lieblein derived the correlation between
the momentum thickness and blade diffusion factor, D, or the equivalent diffusion factor,
Deq. Lieblein’s model is a milestone since then, even though it only valid for low-speed
traditional cascade. Koch and Smith (Koch et al. 1976) constructed a more comprehen-
sives losses model based on a large number of cascade, single rotor and compressor
experimental result. Their model takes the equivalent diffusion factor, Deq, as a variable
and considers the actual flow conditions such asMach number, Reynolds number, airfoil
surface finish, etc. The classical deviation angle model includes the Cater mode (Cater
1950) and Lieblein model (Lieblein 1957). The Cater model is based on the result of
the C-4 subsonic airfoil, while the Lieblein model refers the experimental result of the
NACA 65 cascade.

By hypothesis two-dimensional flow in the blade-to-blade surface two-dimensional
profile losses are generated.The empirical correlations of profiles losses and the deviation
angle are computed through design value plus an off-design value.

Deviation angle and losses spanwise distribution model described the effect of the
three-dimensional flow phenomenon like end-wall viscosity, leakage flow and secondary
flow to the losses and deviation angle Petrovic et al. (2010). Summarized a simplified
deviation angle and loss distributionmodel, which can be applied for reasonably describe
the span wise distribution while a leakage of the experimental data.
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4.2 Novel Method to Develop Empirical Model

The empirical models discussed abovematch quit well for classical blade families. How-
ever, geometries of modern compressors are generally designed with customized blade,
the previous profile loss model may fail to match the up-to-date blade. In consequence,
large database with abundant airfoil geometry and flow condition should be used for
design and analysis in the throughflow methods. A novel method based the neural net-
work to get the empirical model of deviation angles and losses will be discussed in this
section.

A novel approach to get a more compete empirical model is by neural network
(Schmitz et al. 2011; Li et al. 2021). The basic idea of this method can be summarized in
3 steps. Firstly, set up a database, the database includes the geometry of airfoil and flow
field paraments, both geometry and flow field data form experimental and numerical
simulation can be used. Secondly, surrogate models are trained by neural network to
obtain the correlation of between loss or deviation angle with geometry and flow field
data to get new empirical model. Thirdly, the new empirical models are combined with
throughflow simulation models to get the prediction of the flow paraments.

Schmitz et al. (2011) use a database includes 106 randomly created airfoils, and for
each airfoil both geometry paraments like the metal angel, maximum profile thickness,
leading edge paraments, curvature parameters, chord length, and flow field paraments
like relative Mach number, relative inflow angle and Reynolds number are included.
Figure 7, show the distribution of the airfoil losses over the Mach number and the inflow
angle. They develop a novel method to get loss and deviation angel prediction model
for compressor. They pointed out that, the accuracy can be increased globally or just
for small areas by adding more sample points to the training. They also confirm that
secondary effect flow such as the end-wall boundary layer and spanwise mixing should
be further investigated.

Li et al. (2021) use genetic algorithm-back propagation neural network (GA-BGNN).
Loss prediction surrogate model at design and off-design condition of the compressor
blade span was developed by GA-BGNN. They established a database, which contains
several sets of blade element geometry andblade performance data.Considering different
working condition of rotor and stator, different database and surrogate model are used.
They also take into consideration of themechanism of different losses generated between
the rotor and stator. The prediction results from the surrogate model are compared with
the result from traditional empirical results and experimental data, shows the surrogate
model matches much better than the traditional model.

With the help of the neural network, a database contains a hug amounts data of the
airfoil can be applied for the construction of the empirical model of loss and deviation
angle with higher accuracy, which will better reflection of the flow in the blade region
and improve the performance prediction accuracy.
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Fig. 7. Distribution of the airfoil losses over the Mach number and the inflow angle (Schmitz
et al. 2011)

5 Conclusion

This paper detailed reviewed the development and several issues of the CFD-based
throughflow simulation method. The discontinuity at the leading and trailing edge, mod-
eling of loss and deviation are major concerns of the CFD-based throughflow. Several
conclusions have been made.

1. Time-marching throughflow method has advantages over the streamline curvature
and stream function method in including capable of predicting mass flow rate at the
choke state, capturing shock wave, able to perform transonic simulation and inherent
unsteady.

2. Treatment of blockage factor, shock waves capture, discontinuity at the leading and
trailing edge of the blade rows are some key issues of the accuracy of the time-
marching throughflow simulation. These issues should be further investigated and
common sense may be discussed among researchers.

3. The discontinuity models at the leading and trailing edge of the blade rows have
long been concerned in the throughflow simulation. Automatic incidence correlation
model is limited by the incidence, which cannot be too lager, and limited in the sub-
sonic condition. Momentum flux discontinuity model have problem in transonic flow
and require manual input of additional total pressure loss parameters. The actuator
disk model cannot be applied to blocking conditions and describe the shock wave.
Arbitrary discontinuity breakdown model is an analytical solution to the leading and
trailing edge discontinuity problemunder the physical flowpicture, and can be applied
to the calculation of various working conditions.

4. Modeling the losses and deviation angle has long been concerned in throughflow
simulation. Previous researchers use the cascade experimental data to get the empirical
model of Loss and deviation angle. However, with the development of the airfoil
and compressor design methodology, those empirical models are not suitable for
the modern throughflow simulation. Neural network method with a large airfoil and
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flow parameter are maybe a novel approach to get empirical models apply for model
throughflow simulation.
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