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Abstract: To accurately predict the matching relationships between the various components and the engine
performance in the whole aero-engine environment, this study introduces a two-dimensional throughflow
simulation method for the whole aero-engine. This method is based on individual throughflow solvers for the
turbo-machinery and the combustor. It establishes a throughflow simulation model for the whole engine by
integrating with the compressor-turbine co-operating equations and boundary conditions. The turbo-
machinery throughflow solver employs a circumferentially averaged form of the time-dependent Navier-
Stokes equations (N-S) as the governing equation. The combustor solver uses the Reynolds Average Navier-
Stokes (RANS) method to solve flow and chemical reaction processes by constructing turbulence, combustion,
and radiation models. The accuracy of the component solver is validated using Pratt & Whitney’s three-stage
axial compressor (P&W3S1) and General Electric’s high-pressure turbine (GE-EEE HPT), and the predicted
results are consistent with the experimental data. Finally, the developed throughflow method is applied to
simulate the throttling characteristics of the WZ-X turboshaft engine. The results predicted by the throughflow
program are consistent with the GasTurb calculations, including the trends of shaft power delivered, specific
fuel consumption (SFC), inlet airflow, and total pressure ratio of the compressor. The developed method to
perform throughflow simulation of the whole aero-engine eliminates the dependence on a general component
map. It can quickly obtain the meridian flow field parameters and overall engine characteristics, which is
expected to guide the design and modification of the engine in the future.

Keywords: whole turboshaft engine; component verification; throughflow simulation; co-working
equations; ground throttle characteristic

1. Introduction

The traditional aero-engine development mode usually relies on physical experiments and a
serial development model of ‘design-test validation-modify design-retest’ to expose design problems,
which leads to the problems of long development cycles, high costs, and elevated risks. The
limitations of this traditional development model have become obvious in meeting the ever-
increasing performance requirements and complexities of aircraft engines, while numerical
simulation has emerged as a crucial tool driving the transformation of aircraft engine development
models. Throughout the pre-research plans published by developed countries and the current
research and development systems [1-3], the transformation from the ‘traditional design” by means
of a large number of experiments to the ‘predictive design’ based on numerical simulation has been
basically completed, which greatly reduces the development cycle and test cost of the engine [4].

Numerical simulation of aero-engine aerodynamic performance can include component levels
and whole engine levels. The numerical simulation method has been dramatically developed for
compressor and turbine components. From the one-dimensional average diameter calculation and
the through-flow calculation of the S1 stream surface and S2 stream surface to the three-dimensional
flow theory [5], and then to the full three-dimensional viscous calculation based on the Navier-Stokes
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equations, the mature multi-level analysis and design system have been initially formed. However,
at the whole engine level, the performance evaluation of aero engines is mainly based on zero-
dimensional (0D) thermodynamic cycle parameter calculations [6]. Due to the simplification of
models, the accuracy of 0D depends on a large number of components and whole engine test data
and cannot reflect the flow field of the engine. There have been a few reports on three-dimensional
whole-engine calculations in recent years. Teixeira and colleagues from Numeca[7,8] conducted
steady-state and unsteady-state three-dimensional numerical simulations of the micro turbojet
engine KJ66. The total number of grids is approximately 19.2 million, of which the computational
domain includes one blade passage for every turbomachinery blade row, a 60° sector for the
combustion chamber, and a half exhaust hood. The steady calculation of the whole engine uses 288
cores and takes about 52 hours to reach the convergence state. The fuel flow and speed are given as
input parameters according to the experimental data. Certainly, the computational cost of three-
dimensional whole-engine simulations is still high, and it does not provide practical solutions for
analyzing whole-engine performance in the preliminary design stage. Therefore, through-flow
calculations remain crucial in the aero engine design process. The two-dimensional numerical
simulation of the whole aero-engine can provide a large amount of meridional plane information
while possessing advantages such as low computational cost and ease of implementation, making
them highly promising for further development.

Whole-engine two-dimensional throughflow simulation has been reported in previous
literature. Nigmatullin and Ivanov [9] solved the unsteady Euler equations based on the
axisymmetric assumption using the high-order accuracy finite difference Godunov scheme on the S2
stream surface. They used the body force model to simulate the blade row's viscous loss and flow
deflection effects. The concept of a digital test bench at the throughflow simulation level has been
realized to a certain extent. Stewart [10] adopted a method to solve the axisymmetric Euler equations
for integrated throughflow simulation of the E3 engine and nacelle. Petrovic et al. [11,12] employed
the finite element method to solve the throughflow governing equations based on the stream function
approach. They combined a series of empirical models to construct the whole engine throughflow
simulation model. The combustion chamber simulation used a simplified zero-dimensional model,
that is, the matching between the compressor and the turbine components adopted numerical
zooming technology. When Yang et al. [13,14] conducted a throughflow simulation of the KJ66
engine, employing artificially distributed fuel source terms for the combustion process in the
combustion chamber without considering the true distribution of the temperature field within the
combustion chamber. Liu et al. [15] conducted throughflow simulations for a turbojet engine at
design and off-design operating points, but the calculation results showed oscillatory convergence.

Inspired by the discussions in the previous sections, this paper introduces a novel approach for
steady-state two-dimensional throughflow simulation of the whole aero engines. The approach is
based on individual throughflow solvers for turbo-machinery components and the combustion
chamber, and establishes the whole aero-engine throughflow simulation platform with co-operating
equations and boundary conditions as constraints for the iterative simulation of the characteristics of
the full engine and components. The present study assesses publicly available compressor and
turbine test cases to verify the accuracy of the throughflow solver. Subsequently, a turboshaft engine
is used as a case to test the overall performance of the engine and the simulation capacity of the
meridian flow field by the whole engine simulation platform. The throughflow results are compared
with zero-dimensional thermodynamic cycle analysis results demonstrating consistency in the
predicted outcomes of both approaches.

2. Throughflow Simulation Methods

2.1. Throughflow Methods for Components

The whole engine throughflow simulation platform developed in this study includes a turbo-
machinery throughflow solver and a combustor throughflow solver. The turbo-machinery
throughflow solver is developed based on the time-marching Navier-Stokes throughflow modeling
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proposed by Dawes[16] and Simon[17]. However, it includes many new details and extensions [18],
which can be used for axial compressors, centrifugal compressors, and axial turbines. The combustor
throughflow solver solves the two-dimensional N-S equations on the center plane of the swirler, as
well as combustion chemical reactions and thermal radiation effects, which can be used for straight-
flow combustors and reverse-flow combustors [19].

2.1.1. Turbo-machinery Modeling

The governing equations for the through-flow modeling of the turbomachinery are strictly
derived from the three-dimensional Navier-Stokes equations in the cylindrical coordinate system by
the circumferentially averaged method, which can be written as Eq.(1).
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Here, Q denotes the vector of conservative variables, F and H are the inviscid flux vectors, and Fv and
Hv are the viscous flux vectors. S and Sv are the vectors of the source term brought by the
transformation of the equations from an absolute Cartesian coordinate system to a relative cylindrical
coordinate system. Sev is the source term vector of viscous blade force that represents the loss
generation through the blade row. Sv1 and Se2 are the source term vectors of inviscid blade force
simulating the impact of blade passage area changes and the deflection effect of the blades on the
flow. p is density; x and r are axial and radial coordinates, respectively; w is the angular velocity; w
represents the relative velocity; p is static pressure; E is total internal energy; 7 is the shear stress that
contains molecular and turbulence shear stress; g is heat flux per unit area; fi is the inviscid blade
body force, and f: is the viscous blade force. Subscripts x, 8, and r denote the axial, tangential, and
radial directions. b is a blockage factor because of the circumferential blade thickness and denotes as
228 2)

2n/ N
where 0s and 0, are the angular coordinates on the suction and pressure sides of the blade
respectively, and N is the number of blades. The blockage factor is less than 1 in the blade row and
equal to 1 in the bladeless area.
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The closure of the viscous blade force term and the inviscid blade force term in the governing
equation is very important. The Svz and Sbv on the right side of Eq.(1) cannot be directly solved and
require modeling. The modeling of Sv: is based on the assumption of an average flow surface and is
solved using an implicit computational method [20]. The average flow surface is determined by
summing up the deflecting angles along the blade camber, where the deflecting angles at the inlet of
the blade are equal to the incidence (i), and the deviation () is taken at the exit of the blade. The blade
region is distributed in the form of a Bézier curve between the two. The viscous blade force Suv is
modeled using the distributed loss model proposed by Horlock [21] to establish the relationship
between the loss coefficient and entropy increase, where the loss coefficient is given by experimental
data or empirical models [22-26].

The numerical solution of the governing equations is performed using a finite volume method
based on the grid center. The Roe scheme is employed for convection flux calculation, and the TVD
scheme is applied for flux correction based on MUSCL interpolation. The viscous flux is calculated
using a second-order central difference, and a multi-step Runge-Kutta method is utilized for time-
marching solution [27]. Additionally, the Baldwin-Lomax model solves the turbulent eddy viscosity
coefficient. The time-marching flow method can automatically capture specific forms of shock waves
without adding a shock wave model.

2.1.2. Combustor Modeling

When simulating the two-dimensional combustor, it is necessary to simplify the three-
dimensional combustor into a two-dimensional structure based on the following considerations:

1. Retain the main structural characteristics of the flame tube and the main flow features in the
flame tube, including swirler jets, primary hole jets, mixing hole jets, etc.;

2. Maintain the flow distribution in the combustion zone and mixing zone;

3. Neglect detailed processes such as fuel atomization and evaporation.

The simplified geometric model of the combustion chamber is illustrated in Figure 1, where the
air intakes structures such as swirler, primary holes, and mixing holes are simplified into annular
slots. Only the flow inside the flame tube is simulated to maintain the flow distribution in the
combustor. Based on the combustion organization within the combustor, the flow inside the flame
tube is divided into the combustion zone and the mixing zone. The air in the combustion zone enters
through the head swirler, the cooling gas in the middle zone that does not participate in the
combustion process enters through the main combustion hole. The air in the mixing zone enters
through the mixing hole. The fuel is simplified as a gaseous fuel, which enters the combustion zone
through the inlet of the swirler. It mixes with the air in the combustion zone and reacts chemically.

>

Y W W gt
ﬂ‘il W ait.h

Viome Wpe WP B Mixing

Combustion l Zone
Zone 1 >

» Cooling Air

Figure 1. Flow distribution model of the two-dimensional combustor.

The total air flow in the combustion zone, W, includes the air flow entering from the head
swirler, W., the cooling air flow at the head, W ime., the cooling air flow in front of the primary

hole cross section, WP,C , the air flow entering from the primary hole, WP,h , and the portion of the
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cooling air in the intermediate zone that participates in the combustion process, W i (usually
taken as 50%).
W, =W, +W,

lome ¢

+ WP,C + WP,h +C % Wmid,c 3)

The total airflow in the mixing zone includes the amount of air entering from the mixing hole,
Wdil,h , and the amount of cooling air, Wdil,c ,

W = Wiil,h + Wdﬂ,e 4)

The simplified two-dimensional combustor in this study is an axisymmetric structure, and its
grid is generated in the body-fitted coordinate system. The general governing equations for the two-
dimensional combustor in cylindrical coordinates can be expressed as Eq.(5),

%(rpu¢)+%(rpw¢)=aa—x(rl"¢ %j+%(rl"¢ 3—?)+rS¢ (5)

Depending on the value of ¢, this equation represents the continuity, momentum, turbulence
kinetic energy, turbulence kinetic energy dissipation rate, enthalpy, species mass fractions, and
radiation flux. The k-¢ two-equation model is used for the turbulence model. The EBU-Arrhenius
model is used for the combustion model, and the four-flux radiation model is used to consider the
radiation effect.

According to the compressor outlet parameters and the flow distribution law of the combustion
chamber, the boundary conditions for the inlet of the two-dimensional combustion chamber are
generated. On the solid wall, the non-slip wall condition is used for the momentum equation, and
the zero-gradient boundary condition is used for other scalar equations. The pressure-velocity
coupling algorithm is solved using the SIMPLE algorithm. The governing equations are discretized
using a hybrid difference scheme, and the discretized linear equations are solved using the TDMA
algorithm, with under-relaxation applied to enhance the stability of the solution.

2.2. Whole engine simulation platform

The turboshaft engine simulation platform is based on the individual turbo-machinery solver
for the compressor/turbine and the combustor solver developed by the authors mentioned above.
Taking a single-shaft turboshaft engine with a power turbine as an example, the overall engine can
be divided into six major components: the inlet, compressor, combustion chamber, gas turbine, power
turbine, and exhaust nozzle. The station divisions for each component are shown in Figure 2, where
0-0 represents the engine inlet section; 3-3 is the compressor outlet section; 41-41 is the exit section of
the gas turbine inlet guide vane; 5-5 is the exit section of the gas turbine; 6-6 is the exit section of the
power turbine, and 9-9 is the exit section of the nozzle.

0 2 3 4 5 6 9

Gas Power
= | Intake | == | Compressor | ——= | Combustor | —= : — p = | Nozzle
Turbine Turbine

0 2 3 4 S 6 9

Figure 2. Cross section of a single-shaft turboshaft engine.

Figure 3 shows the input and output boundary conditions at the component level for the
throughflow simulation platform, in which the variables listed within each component represent the
input values, and the variables outside each component represent the output values. The arrows
indicate the direction of information transmission between components. Due to the different physical
characteristics of the compressor, turbine, and combustor, different boundary conditions are applied
for solving. The boundary condition of the turbomachinery solver is that at a certain speed, the inlet
total pressure, total temperature, airflow angle, and outlet backpressure are specified. The boundary
conditions of the combustor solver are given total pressure, total temperature, static pressure, static
temperature, inlet flow rate, and fuel-air ratio at the inlet, and the outlet is a zero gradient condition.
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Taking Figure 3 as an example, the engine operating speed is N, and the inlet total temperature
Tu and total pressure Pu are converted according to the atmospheric environment and flight
conditions. Simultaneously, the compressor outlet static pressure Ps is specified to complete the
calculation for the intake-compressor component combination. The compressor outlet parameters,
including total temperature T, total pressure P, static temperature T3, static pressure Ps, and outlet
flow Ws, are assigned to the combustor inlet, and the fuel-air ratio ¢ is given to calculate the
combustor of the combustion chamber. Subsequently, the total temperature Tu, total pressure P, and
flow angle of the combustion chamber outlet are assigned to the gas turbine inlet, and atmospheric
pressure Po is specified at the nozzle outlet to complete the turbine-nozzle component calculation.
For steady-state simulation of a single-shaft turboshaft engine, the cooperative operation of the
compressor and turbine must satisfy mass flow continuity and power balance conditions, that is, the
combustion chamber outlet flow Wi and the turbine inlet flow Wa, the gas turbine power Lgs and the
compressor power Lom need to meet the constraints in Eq.(6),

VI/4 + VVcool - WH — 0
Wy ‘
Lcam + Lex _nmecthas 0 ( )
nmecthas

where L is power offtake and nme is spool mechanical efficiency.

P, Ty Free Stream Conditions Py
Inlet
Py
Ty P
Py Compresser 3 | combustor | Pe | Gas Turbine Vane | P Pis | Power turbine | Prs

Intake — e Gas Turbine Rotor |-

3

Shatt Fen
Ne o Ne

Figure 3. Illustrates the computational methodology.

For a certain operating speed of the engine, based on the co-operating equations of the engine
and the parameter values of the critical section, the steady-state operating point of the whole engine
can be solved using the Newton-Raphson iteration method. Therefore, for a certain compressor speed
N, the power turbine speed Njyis a fixed value, and the compressor backpressure Ps and the fuel-air
ratio ¢ are taken as the independent variables. Combined with Eq. (6), the residual equation zi (i=1,2)
is obtained,

w,-Ww,
2 (Rog) =
41
7)
me + Lwc _nnwc L as (
2 (B.9)=—" —
mech™~gas

Define Z=(z,,z, )T as the residual matrix, and X =(x,,x,)" as the trial value vector, then the
residual value vector Z is a function of the trial value vector X, i.e.Z = F'(X) . Determining the co-

operating point is finding the trial value X that makes Z tend to 0. The Newton-Raphson method is
T

used to solve this system of nonlinear equations. Assume that the trial value vector X" = (xl”,xz”)

and residual vector Z" = (z,” ,2," )T of the nu step have been calculated, then the trial value vector of

the (n+1)m step is X""' = X" —J'Z", where J is the Jacobian matrix. The equation can be expanded
as:
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7
dz, 09z, (8)
X _| N a_xl a_xl X
[leﬂ _LZL ) 9z 9z Lzl
dx, ox,
where the calculation formula of partial derivative is
oz, |z (x+ax)-z" (x") ©)
o R—

where Ax; is the perturbation value of the trial value. The new trial value is recalculated until the

residual meets |Zl.| <eg(i=1,2), which can be considered to complete the flow calculation of the

engine cooperating point. Each solver is connected to each other and controlled by the external
system of Fortran program so as to transmit data between codes and establish the engine simulation
platform, as shown in Figure 4.
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Figure 4. Flow chart of whole aero engine calculation.
3. Component Validations Cases

3.1. P&W3S1 axial compressor

The P&W3S51 three-stage axial compressor is an experimental unit designed by Pratt & Whitney
Company in the late 1970s to study the aerodynamic performance of the rear stage of a high-load
axial compressor. The model has inlet guide vanes, and its rotor and stator blade profiles are non-
standard, featuring a circular arc for the mean camber line. Additionally, the thickness distribution
follows the NACA 65 series. According to the references [28,29], the design parameters of P&W351
are a speed of 5455 r/min, a pressure ratio of 1.357, and a flow rate of 4.30 kg/s. The flow calculation
grid is shown in Figure 5, and the entire mesh has 450 x 80 points. The cell clustering is applied to the
leading and trailing edges of the blades to better capture changes in blade forces, and it is also
performed near the hub and shroud to calculate shear stress near the endwalls.
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Figure 5. Throughflow computational mesh of P&W 3S1.

Due to limited experimental data in the references, this study also employed Numeca software
for three-dimensional viscous simulations with a mesh of 4.46 million nodes in order to verify the
prediction accuracy of the meridional flow field by the throughflow method. A comparison of the
computed and experimental results for the design speed condition is presented in Table 1. The
throughflow results show a computational error of less than 1% compared to Numeca simulation
results. Compared with experimental results, the efficiency and the mass flow rate are higher by
approximately 1.4% and 0.6% respectively, and the pressure ratio is higher by 0.1%. The results show
that the throughflow results is consistent with the experimental results and the 3D calculation results
under the design conditions.

Table 1. Comparison of calculated and tested results at the design condition.

Parameter Experiment[29] Throughflow Numeca
Mass flow (kg/s) 428 4.308 4.307
Total pressure ratio 1.346 1.349 1.347
Isentropic efficiency 0.861 0.873 0.8572
Total temperature ratio / 1.102 1.1036

The predicted relative Mach number distributions obtained from the throughflow calculations
and the circumferentially averaged results from the three-dimensional simulations are presented at
the design point condition in Figure 6. It can be observed that the trend of relative Mach number
distribution from throughflow calculations is similar to that from three-dimensional computations.
The maximum relative Mach number in the passage occurs near the leading edge of the first-stage
rotor, reaching approximately 0.52. It indicates that the internal flow within the compressor is
predominantly subsonic.

i [

Relative Mach Number: 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5 055 0.6

[l
I

i
i

Figure 6. Relative Mach number contours in the P&W3S1. (a) Throughflow; (b)Nmueca.

Figure 7 presents the radial profiles of total pressure and temperature at the P&W3S1 outlet
under the design condition, compared with the experimental data [29] and Numeca results. It can be
seen that the throughflow results are consistent with the overall distribution trend of the
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experimental values and the Numeca results. The total temperature distribution obtained by the
throughflow calculation is steeper in the endwall region, slightly higher in the tip region, and slightly
lower. However, the maximum temperature difference is within 0.5K compared with the
experimental data. It shows that the throughflow model developed in our study can simulate the
radial mixing phenomenon more accurately.

(@ 1.0 (b)
—— Throughflow
—— Numeca

= Test
0.8 = -

06 | =

04} -

Relative Blade Height

02 L

n
0.0 I I | I I I
312 314 316 318 320 130 132 134 136 138 140

Total Temperature (K) Total Pressure (kPa)

Figure 7. Radial distributions of (a) outlet total temperature and (b) outlet total pressure under design
conditions.

In order to evaluate the capacity of the solver to predict the off-design point performance of the
compressor, the performance of P&W3S1 at 85%, 100%, and 105% design speed is simulated,
respectively. The obtained compressor speed characteristics are shown in Figure 8. Comparing the
total pressure ratio obtained by the throughflow calculation and the experiment, the two results are
consistent at 100% design speed, and the maximum relative error under off-design speed conditions
does not exceed 2%. Additionally, comparing the efficiency characteristics, the relative error between
the flow results and the test results is about 2% at the design speed, and the relative error between
the non-design speed and the test value is about 3%. One possible reason is that the rotor tip clearance
correction is not considered in this paper, and the loss estimation needs to be revised, which leads to
slightly higher efficiency for most working conditions of the compressor. Another reason may be that
the off-design speed exceeds the estimated range of the empirical correlations. The throughflow
solver developed in this paper can naturally predict the mass flow rate under chock conditions.
However, the predicted near-stall flow rate is slightly higher than the experimental value.
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Figure 8. Performance characteristics of P&W3S1 at different speeds. (a) Total pressure ratio; (b)
Isentropic efficiency.

3.2. GE-EEE high-pressure turbine

The GE-EEE high-pressure turbine is one of the research results of NASA’s Energy Efficient
Engine program. In this study, this turbine component is chosen as the simulation object to validate
the predictive capability of the throughflow solver for turbine characteristics. The computational grid
is shown in Figure 9, where the black and red regions represent bladeless zones, and the green region
is the blade zone. The cell clustering is applied near the hub and shroud, and the leading and trailing
edges of the blades. The total number of cells is 240x120.

Figure 9. Computational mesh of GE EEE high-pressure turbine.

The NASA report [30] provides lots of detailed experimental data. The researchers complete a
characteristic line calculation by fixing the ratio of inlet total pressure to outlet static pressure 7rs and
adjusting the physical rotational speed, and the inlet total pressure and total temperature are fixed
values. Figure 10 shows the total-to-total pressure ratio in function of the corrected speed for a
varying downstream static pressure. Under a wide range of rotational speeds, the expansion ratio
predicted by the throughflow model is quite Consistent with the test results, and the two are almost
completely coincident at low speeds. As the corrected speed increases, the calculated value is slightly
lower than the test value, and the maximum error is still within 2%, indicating that the throughflow
model is more accurate for turbine performance prediction.
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Figure 10. Expansion ratio varies with the corrected speed.

In order to verify the prediction accuracy of the throughflow model to the radial distribution of
parameters, the Numeca software is used for three-dimensional viscosity numerical simulation. We
select an operating point in References [30] to calculate. The boundary conditions are set the inlet
total pressure of 345.951kPa, the inlet total temperature is 711.5K, the backpressure is 61.941kPa, and
rotational speed is 8279.5 rpm. Table 2 shows the comparison of the performance parameters
obtained by throughflow and Numeca calculations. Under this condition, the flow rate and expansion
ratio obtained by the throughflow and three-dimensional calculation are basically consistent, and the
isentropic efficiency is 1.16 % higher.

Table 2. Comparison of the throughflow and Numeca results.

Mass Flow (kg/s) Expansion Ratio Isentropic Efficiency

Throughflow 11.91 4944 0.9317
Numeca 12.01 4.938 0.9213
Error(%) 0.8 0.2 1.16

Figure 11 shows the radial distribution of the exhaust flow angle and Mach number of each blade
obtained from the throughflow solver (TF) and Numeca. The absolute value is taken in the stator,
and the relative value is taken in the rotor. The solid line is the calculation result of the throughflow
model, and the dotted line is the Numeca result. The calculation results of the inlet and outlet flow
angles of each row of blades in the main flow area are basically consistent with the three-dimensional
calculation values, and the maximum error is within 3 °. The difference near the endwall area is
slightly larger, especially at the rotor tip. The main reason is that the three-dimensional flow
characteristics of the area near the endwall are obvious, and the current empirical model system is
deficient. From Figure 11c,d, it can be seen that the trend of the inlet and outlet Mach number of each
blade row calculated by the TF is basically consistent with the three-dimensional calculation
circumferential average result. The TF results are generally high, especially the Mach number at the
outlet of the inlet guide vane, which is 0.1 higher than that of the three-dimensional results, and the
Mach number at the inlet of the first-stage rotor is also correspondingly high during the downstream
value transfer process.
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Figure 11. Comparison of the radial profiles calculated by throughflow and Numeca. (a) Inlet flow
angle; (b) Outlet flow angle; (c) Inlet Mach number and (d) Outlet Mach number.

Figure 12 shows the radial distribution of the total pressure ratio and the total temperature ratio
at the outlet of the GE-EEE high-pressure turbine. The total pressure ratio obtained by the
throughflow and the three-dimensional calculation is basically consistent with the test results, and it
is only slightly higher than the experimental value above 60% of the blade height. The total
temperature ratios predicted by the two calculation methods are higher than the experimental results.
The main reason is that the throughflow calculation and the three-dimensional calculation do not
consider the influence of film cooling.
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Figure 12. Radial distribution of (a) total pressure ratio and (b) total temperature ratio at the turbine
exit plane.

The above comparisons preliminarily indicate that the throughflow solver developed in this
study can accurately predict components' design and off-design characteristics. It has captured the
main flow features and demonstrates reasonable consistency compared with experimental results
and three-dimensional simulations. Next, we apply the throughflow model to the simulation of the
whole engine.

4. Whole Engine Validations Case

4.1. Case Background

In this study, a single-shaft turboshaft engine, WZ-X, was selected as a case of the whole aero-
engine throughflow simulation. Its main components include an axial-radial combined compressor,
a combustion chamber, a two-stage uncooled gas turbine, and a two-stage power turbine. Due to the
lack of a geometric model of the prototype engine combustion chamber and the combustor solver
only simulates the flow in the flame tube, this study uses a straight flow combustor instead of the
prototype combustor to provide a reasonable inlet parameter distribution for the gas turbine.

When generating the whole aero-engine throughflow calculation grid, the engine model is
divided into three grid sub-areas: axial-radial combined compressor, combustor, and turbine
component combination. The throughflow calculation grids of each sub-region are generated
respectively. Table 3 gives an overview of the cell count of each part of the mesh, and the
computational domain of throughflow simulations is shown in Figure 13. The turboshaft engine is a
single-shaft and geometrically fixed structure, and there is no need to change its mesh when
calculating different working states.

Table 3. Cell count of WZ-X engine.

Zone Cell count
Compressor 507x41
Combustion chamber 525x41
Turbine 41x41
Compressor Combustor Turbine

Figure 13. Computational mesh of the WZ-X engine.

The throttling characteristics of the maximum emergency, maximum power rating, intermediate
emergency, and maximum continuous condition of the engine are calculated. Table 4 shows the
corrected speed of the gas generator corresponding to each working state of the engine, in which the
maximum power rating is at the WZ-X design condition. The engine inlet and outlet boundaries are
given according to the sea level standard atmospheric environment. The initial compressor
backpressure and fuel-air ratio are given according to the design value, and the off-design condition
calculations take the design operating condition result as the initial field to reduce the iteration loop.
In order to ensure the convergence of each component solution, the power matching between the
compressor and the gas turbine and the mass flow continuity between the combustor and the turbine
are adjusted by means of iterations of two parameters: the compressor output static pressure and the
fuel-air ratio.
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Table 4. Partial throttling characteristic speed setting.

Working condition Engine speed
Maximum emergency 1.005
Maximum power rating 1.0
Intermediate emergency 0.985
Maximum continuous condition 0.97

4.2. Results and Analysis

Figure 14 shows the convergence history of the whole turboshaft engine simulation at the
maximum power rating. As shown in Figure 14a, after four times iterations of the whole engine
simulations, the relative error between the combustor outlet flow and the turbine inlet flow (Z1) and
the relative error between the compressor power and turbine power (Z2) are less than 1 %. At the
same time, it can be seen from Figure 14b that the mass flow rate of each component has reached
complete convergence in the last time iteration loop of the whole engine simulation. It indicates that
the throughflow calculation of the turboshaft engine meets the co-working conditions.
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Figure 14. Convergence history of the whole turboshaft engine simulation for under the maximum
power rating. (a) The variation of Z1 and Z2 with iteration times of the whole engine calculation
platform; (b) Mass flow of each component in the last time iteration loop.

The aerodynamic parameter distribution calculated by the simulation of the whole engine can
better describe the flow field details of each component. Figure 15 shows the meridional plane
distributions of the dimensionless static temperature, static pressure, and relative Mach number of
the WZ-X turboshaft engine under the maximum power rating. After the air enters the compressor,
it gradually decelerates and diffuses, and shock waves appear in the axial flow rotor and the
centrifugal impeller channel, respectively. After the shock waves, the static pressure further rises and
reaches the maximum static pressure at the axial diffuser outlet. The Mach number changes
drastically within a small range at the radial diffuser inlet, and there are obvious low-speed areas and
separation areas in the axial diffuser. The combustion process in the combustor mainly occurs at the
head of the swirler. Under the influence of the adverse pressure gradient, multiple backflow zones
are formed behind the swirler, filled with high-temperature gas. On one hand, it contributes to the
evaporation of fuel, on the other hand, can provide a stable ignition source. The temperature of hot
gas decreases gradually through mixing with the downstream cold air and the radiation heat transfer
and convective heat transfer effect of the high-temperature zone on the surrounding gas. Finally, the
air injected from the mixing hole and the film hole on the wall adjusts the temperature distribution
at the combustor outlet to a reasonable range. Although the combustor exit temperature exhibits
significant variations, the velocity changes are relatively small. High-temperature and high-pressure
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gas expands in the turbine to do work, and the relative Mach numbers in the turbine are both less
than 1, which indicates that both the gas turbine and the power turbine operate in a subcritical state.

Static Temperature: 0 071421283542495663 7

g g WIS

(a)
B (T [ .

Static Pressure: 0 06121824 3 36424854 6

--]_

(b)
Bl (T7 W

Mach Number: 0 01030507091.11315

(0

Figure 15. Meridional flow field contours of the WZ-X engine under the maximum power rating. (a)
Dimensionless static temperature; (b) Dimensionless static temperature; (c) Relative Mach number.

Due to the lack of experimental data in the WZ-X engine model, this section also uses the
traditional zero-dimensional engine overall performance calculation software Gasturb to calculate
the engine thermodynamic cycle. The component characteristic diagram (compressor, gas turbine,
and power turbine) adopts the test characteristics of prototype engine components, and the
corresponding aerodynamic parameter design values of the WZ-X engine compressor, combustion
chamber, gas turbine, and power turbine need to be used as input conditions for the zero-dimensional
overall performance calculation. The input conditions of the throughflow simulation platform only
require the engine inlet and outlet conditions and engine speed, as described above.

Figure 16 shows the variation of shaft power delivered, SFC, inlet air mass flow, and compressor
pressure ratio of the WZ-X engine with different speed. In all operating conditions, the inlet air flow,
compressor pressure ratio, and engine shaft power increase monotonously of the increase in gas
generator speed, which is consistent with the trend of the 0D calculation results. The SFC decreases
nonlinearly with the increase of the gas generator speed, and the downward trend gradually slows
down at high speeds. In summary, the throughflow simulation platform has the potential to simulate
the whole turboshaft engine along the matching line, which can be used to guide the design and
modification of the turboshaft engine.
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Figure 16. Comparison of partial throttling characteristics of the WZ-X turboshaft engine. (a) Shaft
power delivered; (b) SFC; (c) Air mass flow and (d) Compressor total pressure ratio.

5. Conclusions

This article developed and evaluated a method for a two-dimensional throughflow simulation
method of the whole turboshaft engine. The approach is based on component flow-through models
and utilizes Newton-Raphson method to calculate iteratively the compressor backpressure and fuel-
air ratio required for the turboshaft engine matching operation, so as to build the whole engine
throughflow calculation platform and realize the serial iterative simulation of engine components.
Through the research in this article, the following conclusions can be drawn:

1) The throughflow solver developed in this article can be applied to both the design point and
off-design point characteristics of the compressor and turbine, as well as meridional flow field
prediction. The calculation error is less than 2 % compared with the experimental results, and it can
automatically predict component blockage conditions;

2) Compared with the traditional 0D overall performance simulation method, the throughflow
simulation platform no longer requires a common characteristic diagram and can be used as an
independent analysis and calculation tool;

3) The throttling characteristics obtained by the throughflow simulation of the WZ-X turboshaft
engine are consistent with the results of the zero-dimensional thermodynamic cycle, which can truly
and accurately reflect the flow details on the meridional plane of the engine.

The key to this calculation method is to maintain the accuracy of component flow in the two-
dimensional simulation of the full engine while ensuring the effectiveness of the whole aero-engine
balance algorithm. The introduction of this method provides a more accurate and comprehensive
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analysis method for whole-engine simulation and is expected to have a positive impact on aero-
engine design and performance evaluation.
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