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Reducing carbon emissions is an urgent need in the field of marine power. Gas
turbines are of great importance in the marine industry. The use of clean or
industrial-associated fuels can increase the fuel adaptability of designed,
manufactured, or in-service gas turbines to realize the goal of expanding
fuel sources, reducing fuel waste, lowering energy demand, and remitting
environmental pressure. By changing from fossil fuel to alternative energy,
the change in the physical properties of the combustion products will lead to
changes in the working medium of the turbines, which result in a profound
effect on the performance. In this study, based on the actual law of working
medium property change, the evolution mechanism of turbine characteristics is
lucubrated in depth, focusing on the key parameters of the influence of working
medium properties on turbine characteristics under alternative fuel conditions,
and a correction method is proposed to predict the evolution law of the turbine
characteristics as working medium varies.
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Background

In recent years, carbon peaks and neutrality have been among the most important
issues in the energy sector. To reduce carbon emissions, a wide application of clean and
industrial-associated fuels are the necessary pathway for marine power. It can meet the
future economic and social needs for various types of energy, further improve the
comprehensive utilization efficiency of energy, realize the cascade utilization of
energy, and play an increasingly important role in social and economic development
and energy security (Siemens, 2021).

In the existing research, the field of marine gas turbines rarely involves a large change
in the physical properties of turbines. There are a few studies on the mechanism of the
influence of the properties of the working mass on the turbine characteristics of the
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marine gas turbines. However, in the field of fuel-rich working
medium turbines and some closed Breton cycle areas, there are
some cases of turbine or circulating working medium changes, so
there is a certain research basis.

In the previous studies, the fluid model directly determines
the calculation of its thermal properties and influences the
performance simulation of the turbine. Gas can be divided
into two categories: ideal gas and real gas. For the former, C,,
y, etc. are just single-valued functions of temperature, and the
equation of state is P = pRT. Such assumptions can be made of
both elemental and mixtures without chemical reactions. In
particular, C, and y are constant values as a calorimetric
perfect gas. For the latter, C;, y, etc. of the real gas are not
only a function of temperature, but also a function of pressure.
Such assumptions can be made of mixtures of elemental and
chemical reactions. There are many such gas equations of state;
the most famous ones are the van der Waals, the Redlich-Kwong,
the Peng-Robinson, and the Virtual equations. Typically, when
studying at a fuel-rich working medium turbine, the gas is
assumed as a calorimetric perfect gas. However, with the
increase in the number of turbine stages, the temperature and
pressure in front of the turbine are gradually increased, the total
temperature drop and the total pressure ratio are gradually
increased, and C, and y will change with temperature and
sometimes will be affected by pressure. Different gases have
different C, and y. In summary, the calorimetric perfect gas
assumption is not fully applicable to all applications, and its
errors on the overall and aerodynamic performance of the
turbine cannot be ignored sometimes. According to the
published literature, scholars have made relevant explorations
to study the effects of C, and y on turbine performance. These
explorations can be roughly divided into three means to describe
C, and y: constants, single-valued functions of temperature, or
functions of temperature and pressure.

Calorimetry perfect gas is a gas, in which C, and y are
constants; it is a special class of perfect gas. This type of model is
simple with a fast numerical calculation speed. However, the
scope of application is narrow, which is only suitable for turbines
with small temperature drops or compressors with small
temperature rises (Roberts and Sjolander, 2002; Canepa and
Satta, 2012). Thermal perfect gas is also an idealized gas that
does not consider the cohesion between molecules and the
volume of the molecule. It only considers the thermal motion
of the molecules, so C,, and y are only the single-value functions
of temperature. This model has a moderate speed at calculation,
and the results are closer to the actual situation than the
calorimetry perfect gas (Jackson et al., 2000; Yao and Amos,
2004; Northall, 2005; Rubechini et al., 2006; Sethi et al., 2008).
The real gas model is characterized by thermal parameters such
as C, and y as functions of temperature and pressure. Specific
heat is a complete gas. This model fully considers the influence of
pressure. There are many kinds of state equations and a wide
range of applications, but the calculation speed is slow, and the
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requirements for computing resources are high (Cravero and
Satta, 2000; Boncinelli et al., 2004; Colonna et al., 2008; Harinck
et al., 2010; Gallar et al., 2012; Mirko et al,, 2012; Zhang et al,,
2014).

When the components change, the thermal properties of the
gas mixture, such as constant pressure specific heat and
insulation index, change, which will affect the enthalpy of the
gas, Mach number, pressure, and other important parameters,
and finally change the aerodynamic characteristics of the turbine.
Existing studies have shown that the use of the calorimetry
perfect gas model, thermal perfect gas model, and real gas
model can be applied to different application backgrounds to
obtain corresponding research conclusions. The models have
different
backgrounds. The existing research focused on selecting the

advantages and disadvantages in application
mathematical model of the same working medium during
simulation rather than correcting different working mediums
described by the

conclusions are instructive, which show that Cy and y are the

same mathematical model. However,

core influencing factors.

Analysis of influencing factors of
turbine characteristics in gas turbine

The similitude theory is a good perspective to have a clear
view of the core influencing factors of the evolution of turbine
characteristics.

Differential equation analysis is one of the methods to
obtain the similitude criteria. It requires that the basic
system of differential equations of the phenomenon and all
the single-value conditions be written first. Then, all similar
criteria can be found in two ways. One is the so-called
differential equation similar transfer method, and the other
is the integral analogy method, which is the latter method used
in the study.

By using a system of fundamental differential equations
describing turbine flow and all single-value conditions for
dimensionless processing, all similitude criteria for this
phenomenon can be derived. The basic system of equations
for viscous fluid mechanics is a system of second-order
nonlinear partial differential equations. The continuous
equation, the equation of motion, and the energy equation
the
dimensionlessness, and at the same time, similitude criteria

are used as original description equations for
are derived. First, a set of characteristic quantities is selected,
and the characteristic quantities are simplified according to
the basic assumptions. The basic physical quantities are
selected as length, velocity, pressure, density, and time,
divided by the corresponding variables in the boundary
The

and

conditions. resulting dimensionless variables are
redefined, the

dimensionless boundary conditions are obtained. At the

dimensionless  equations  and
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TABLE 1 The Results of the Mesh Independence Study.

Number of grids Flow rate (kg/s)

102656 1.466
196354 4.466
356251 6.465
564798 8.226
681564 8.235
846243 8.235
1086654 8.236
1506599 8.236
2341665 8.236
2981665 8.236

same time, a series of dimensionless combinations are
obtained, and the terms in the equation are compared by
orders of magnitude, simplifying the similitude criteria as a
basis for similarity in model experiments (Liang et al., 2008;
Ming et al., 2019a; Ming et al., 2019b).

The basic differential equations are

op
E+V~pv—0
8
P +pv-Vv=-Vp—-[V.1] ,
aT dlnp\ Dp
a +pCpv- VI ==(V-q) - <alnT> - [m: Vv

which are the mass conservation, momentum conservation,
and energy conservation equations.

In the equations, 7 can be represented by Newton’s law of
viscosity as follows:

T=—u(Vv+ (Vv)) + (;M - x) (V- 1),

To nondimensionalize with the following proportions:

_wt _ x _ y _ z _ p_ v T-=T,
t=— X=— =L z=— == y=—T-=

L, Ly 4 Ly Ly P Po Vo T,-T,
5= P
P p0>

conservation equations can be nondimensionalized as

» o
- V . = 0
at + PV
¥ . Py 1.
12y 9r=—C 20p+ 2|9 (T9) 4 v(v 7)
ot PoVo P PoVOLO p
oT - - A 1o, v = w 1=
v VT =— T+ 5.¥ =
a pelaCy o LT ar” VP piLoC,AT 5

They can also be written as
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Expansion ratio Efficiency (%)

1.05 28.49
113 56.46
1.16 76.26
1.18 81.34
1.2 82.62
1.2 82.62
12 82.62
12 82.62
12 82.62
12 82.62

00

1.5-stage turbine

B 2.5-stage turbine

FIGURE 1
Geometry of turbines.

I+§ pv =0

A
o 1 11
—+7-Vv=-Eu— Vp+—f V. (VP)+< V(V V).
ot e p
or - 1 1, _
vV = 19T 4 Ber. Vp 4 —2r L5
ot Re-Prp Re-Prp

When all the coefficients in the equation are equal, the same
solution should be obtained under the same fixed solution

conditions.

Sr = ﬁ"o characterizes the amorphism of the fluid.
Re=" “1;3 ® characterizes the ratio of inertial force to viscous
shear force.

Eu=" = charactenzes the ratio of pressure to inertial force.

Pr =" charactenzes the effects of fluid properties.

Ec =z 7 % characterizes the effects of fluid compressibility and
heat dlSSlpatlon

Br=4{ A(’Tl characterizes the ratio of dissipatively transferred

heat to heat released by heat conduction.
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FIGURE 2
The mesh independence study in the design condition.

In the mass conservation equation and momentum
conservation equation, Sr, Re, and Eu are the basis. It must
be ensured that the Strouhal, Reynolds, and Euler numbers are
equal to ensure that the basic turbine condition point
corresponds, and the study in subsequent research can find
the corresponding meaning in the original working condition.

In the actual operation process, especially when the physical
properties of the working medium change, theoretically, it is
impossible to completely make all the similar criterion
dimensionless numbers equal at the same time. The difference
in the coefficients of the control equation caused by the physical
properties of the working medium is mainly reflected in Pr, Ec,
and Br. The Brinkman, Prandtl, and Eckert numbers mainly
characterize changes in the physical properties of the working
medium.

Frontiers in Energy Research

04

10.3389/fenrg.2022.966713

7.00 &
=
s e
< 600 F e =
Q
I
22
_% 500
S5
w
]
b= 4.00 Rotating Speed
= — - — 4253r/min
.i—’ /“ 3308r/min
g 300 } - ==~ 2363r/min
= A 1418t/min
o
m
2.00 . . . >
1.00 1.10 1.20 1.30 1.40
Expansion Ratio
90.00 &
80.00
< 7000 |
>
Q
=]
2
3 i .
= 60.00 . I
m Rotating Speed .
— - — 4253t/min I
50.00 F 3308r/min .
———- 23@umin !
""""""" 1418r/min
40.00 . . >
1.00 3.00 5.00 7.00
Equivalent Mass Flow Rate (kg/s)
FIGURE 3

Characteristic curves of the turbine.

The Brinkman number characterizes the ratio of the heat
transferred by dissipation to the heat released by heat
conduction. Because the working medium rapidly passes
through the turbine runner during turbine operation, the
Brinkman number has a limited impact on the entire energy
equation. However, the assumption is based on the adiabatic
process, and the difference between the adiabatic process and the
isothermal process is the isochoric process, which means that y
defines whether consumable items can be ignored.

The Prandt]l number is, in most cases, a physical quantity that
is only related to the state of the fluid. Because Prandtl contains
two important migratory properties, viscosity and thermal
conductivity, and constant pressure-specific heat, and as a
the
between energy transport and momentum transport processes.

dimensionless quantity, it reflects interrelationship
Therefore, it has been widely used in thermal calculations. The
Eckert number represents the relationship between the flow kinetic
energy and the enthalpy difference of the boundary layer. It is used
to characterize the compressibility and heat dissipation capacity of

the working medium. The changes in the Prandtl and Eckert
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Aerodynamic properties evolve withC,

numbers are usually ignored when studying the aerodynamic
properties of the same working medium in the turbine.

Therefore, C ps Vs lhs and A are the influencing factors when the
working medium changes, and among them C, and y are the
core influencing factors.

In the simulation study of the overall performance of the gas
turbine, the physical properties of the combustion products are
calculated with the assumption that air and gas are treated
according to the gas mixture of variable specific heat when
the temperature does not exceed 1,600°C. The assumption is
widely and fully verified in many industrial productions. In the
assumption, C;, and y can be calculated from specific enthalpy,
specific entropy, and temperature.

In this article, the study of the turbine performance evolution
is conducted from the perspective of the overall performance
simulation of the gas turbine. The CFD numerical calculation
method is used to obtain the evolutionary law of turbine
characteristics, and the correction methods were proposed to
estimate the evolutionary trend of turbine characteristics.
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Aerodynamic properties evolve withy.

CFD calculation model of turbine

In this article, a 1.5-stage subsonic axial multi-stage turbine in
the FINE/TURBO program calculation examples is selected, which
is a publicly available study verified by Gallus and Walraevens in
1995 and 1998 by experimental and numerical calculations,
respectively. The low-scale chordal ratio blades and constant tip
and hub end wall profiles in this study enhance the strong
secondary flow, so as a sufficiently representative multistage
axial flow turbine is included as a study by the FINE/TURBO
program. The model is a flow channel of equal inner and outer
diameters, including one stage of guide blades, one stage of rotating
blades, and one stage of static blades, of which the guide and static
stages contain 36 blades per circumference and the rotating stage
contains 41 blades, all of which are equal in width and unscrewed.

This study demonstrates the Ability of Fine/TURBO
to simulate the
steady-state subsonic range using experimentally validated

flow of a multi-unit axial turbine in a

calculations using the Spalart-Allmaras turbulence model. The
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TABLE 2 Value of Aj;.

1.05670E+00 3.69779E-05
—3.85477E-02 1.29104E-04
1.30115E-05 —-3.51326E-07
1.28149E-02 —6.60114E-05
—2.60196E-09 5.90317E-11
—1.39666E-05 1.24409E-07
—-9.71779E-04 5.05784E-06
1.92934E-14 4.93649E-16
—4.62134E-07 2.34651E-09
2.73442E-09 —2.25879E-11

o T NS, E N SO -
.
(=}
P

—
(=}

TABLE 3 Value of Ag;;.

1.37725E+00 —4.79699E-03
—1.83080E+00 8.14116E-03
4.03823E-03 —1.03343E-05
5.46105E-01 —-2.07571E-03
—9.55168E-07 2.62401E-09
—4.65340E-04 8.28750E-07
—4.17674E-02 1.48121E-04
7.22697E-11 —2.07200E-13
1.40007E-05 4.39533E-10

R R S R L -,
(N
(=]
—

4.85563E-08 —1.10155E-10

TABLE 4 Value of A,;;.

i j 0 1

1 ~1.57694E+03 4.98798E+00
2 5.58363E+02 ~1.76339E+00
3 5.91380E-01 ~1.87537E-03
4 ~6.04107E+01 1.90532E-01
5 -6.67032E-05 2.12382E-07
6 ~1.46638E-01 4.64294E-04
7 1.73768E+00 ~5.45806E-03
8 2.23547E-09 ~7.16506E-12
9 9.07009E-03 ~2.86970E-05
10 8.27713E-06 ~2.62689E-08

turbine stage uses an HOH topology discrete, with each cell
automatically generated using IGG/AutoGrid5 for a total of
approximately 1.1 million grid points. The working medium is
treated as an ideal gas of air. Along the inlet boundary, the pitch
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2 3 4
—3.14442E-07 2.96237E-10 —7.54444E-14
—-1.51799E-07 7.84341E-11 —1.71440E-14
7.52886E-10 —5.44579E-13 1.29772E-16
1.03564E-07 —6.53945E-11 1.49981E-14
—-1.25082E-13 9.02132E-17 —2.15224E-20
—2.30467E-10 1.56180E-13 —3.60826E-17
—7.81446E-09 4.81702E-12 —1.08584E-15
—-1.04962E-18 6.87043E-22 —1.49511E-25
—4.18994E-12 3.07573E-15 ~7.70850E-19
4.15139E-14 —2.82347E-17 6.56253E-21
2 3 4
1.05227E-05 —8.09089E-09 1.98847E-12
—1.21955E-05 7.52613E-09 —1.63958E-12
9.42800E-09 —3.64725E-12 5.17334E-16
2.81780E-06 —-1.62935E-09 3.40938E-13
—2.65915E-12 1.19315E-15 —2.03262E-19
—2.85626E-10 —1.50466E-13 7.21252E-17
—1.91659E-07 1.07418E-10 —2.21043E-14
2.22734E-16 —-1.07698E-19 1.99242E-23
—4.49252E-11 4.03860E-14 —9.85548E-18
8.12156E-14 —1.98112E-17 2.30438E-22
2 3 4
—5.75734E-03 2.86555E-06 —5.18231E-10
2.03412E-03 —1.01205E-06 1.82949E-10
2.16900E-06 v1.08059E-09 1.95547E-13
—2.19580E-04 1.09180E-07 —1.97208E-11
—2.46267E-10 1.22838E-13 —2.22459E-17
—5.36437E-07 2.67098E-10 —4.83126E-14
6.27000E-06 —3.10945E-09 5.59863E-13
8.34649E-15 —4.17498E-18 7.57869E-22
3.31474E-08 —1.65078E-11 2.98712E-15
3.03859E-11 —-1.51301E-14 2.73555E-18

average experimental absolute total pressure, total temperature,
and flow angle are applied. Along the outlet boundary, static
pressure is applied to a radius, and its radial distribution is
calculated using radial equilibrium conditions.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.966713

Ming et al.

TABLE 5 Value of By;.

0.00000E+00
2.59794E+01
—3.79264E-02
—2.13571E+00
1.99126E-05
—1.02890E-02
9.78481E-02
-3.02038E-09
2.01619E-04
1.48116E-06

N - N N T N -,
.
(=]

—_
(=}

TABLE 6 Value of Bg;;.

0.00000E+00
1.59912E+02
—5.19815E-01
—1.84320E+01
1.95877E-04
—-1.31877E-02
8.33607E-01
—2.25970E-08
2.96490E-04

= B L ~.
<.
=]

8.47158E-07

TABLE 7 Value of B,;;.

0.00000E+00
3.23356E+03
—6.27292E+00
—5.52556E+02
2.16373E-03
—4.41834E-02
3.36190E+01
—2.59557E-07

O ® NN U A W N = -
<.
(=]

—1.02946E-02
2.71816E-05

—_
(=]

Because the guide stage of the geometric model has the same
shape and parameters as the static stage, the rotating and static
stages are repeated once after the original geometric model to
obtain a 2.5-stage turbine. The 2.5-stage turbine contains one guide
stage, two rotating stages, and two static stages. The geometric

Frontiers in Energy Research

0.00000E+00
—5.99115E+01
8.97482E-02
4.90106E+00
—4.67714E-05
2.38241E-02
—-2.24013E-01
7.06880E-09
—4.65240E-04
—3.43179E-06

0.00000E+00
—3.68095E+02
1.19899E+00
4.25590E+01
—4.51185E-04
2.98140E-02
—1.93249E+00
5.20325E-08
—6.45362E-04
—1.92764E-06

0.00000E+00
—7.41200E+03
1.43804E+01
1.26691E+03
—4.95910E-03
1.00105E-01
~7.70867E+01
5.94799E-07
2.36251E-02
—6.21587E-05

07

0.00000E+00
5.07976E+01
—7.60396E-02
—4.12647E+00
3.97398E-05
—2.03135E-02
1.88052E-01
—6.01404E-09
3.94377E-04
2.92908E-06

0.00000E+00
3.10560E+02
—-1.01279E+00
-3.59806E+01
3.80702E-04
—2.47200E-02
1.63920E+00
—4.38935E-08
5.11526E-04
1.60999E-06

0.00000E+00
6.25516E+03
—1.21357E+01
—1.06942E+03
4.18411E-03
—8.35291E-02
6.50741E+01
—5.01784E-07
—-1.99629E-02
5.23429E-05

0.00000E+00
—1.87421E+01
2.80369E-02
1.50935E+00
—1.47034E-05
7.54548E-03
—6.85561E-02
2.22875E-09
—1.45340E-04
—1.08946E-06

0.00000E+00
—1.13700E+02
3.71595E-01
1.31875E+01
—1.39541E-04
8.90196E-03
—6.02391E-01
1.60852E-08
—1.74914E-04
—5.84349E-07

0.00000E+00
—2.29992E+03
4.46213E+00
3.93288E+02
—1.53813E-03
3.03846E-02
—2.39327E+01
1.84442E-07
7.34971E-03
—1.92084E-05

10.3389/fenrg.2022.966713

0.00000E+00
2.54103E+00
—3.79989E-03
—2.02926E-01
1.99934E-06
—1.02952E-03
9.19042E-03
-3.03520E-10
1.96666E-05
1.48850E-07

0.00000E+00
1.52846E+01
—5.00685E-02
-1.77405E+00
1.87846E-05
-1.17856E-03
8.12176E-02
—2.16492E-09
2.19678E-05
7.79389E-08

0.00000E+00
3.10833E+02
—6.03067E-01
—5.31622E+01
2.07845E-04
—4.06655E-03
3.23524E+00
—2.49209E-08
—9.94617E-04
2.59172E-06

parameters of each level are consistent with the original

information, and the relevant settings are also the same as in

the original study. The 1.5-stage turbine is calculated to obtain the

correction method and the 2.5-stage turbine is calculated to verify

the applicability. The geometry of turbines is shown in Figure 1.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.966713

Ming et al.
_ 800 g c,
Bn —_— Original Values of 1006J/(kg-K)
< 7.00 | ---- Predicted Values of 1200J/(kg K)
% ®  CFD Calculated Values of 1200J/(kg-K)
[ L
> 6.00
K=t
o500 t
3
% 4.00
=
L
<
Z 3.00 f
=]
o
m
2.00 : : : >
1.00 1.10 1.20 1.30 1.40
Expansion Ratio
90.00 4
80.00
70.00

Efficiency (%)
v o
S 3
= =
s 3

Original Values of 1006J/(kg-K)
Predicted Values of 1200J/(kg-K)
®  CFD Calculated Values of 1200J/(kg-K)
3000 1 1 1 1 1

40.00

»

1.00 2.00 3.00 4.00 5.00 6.00 7.00
Equivalent Mass Flow Rate (kg/s)
FIGURE 6

Comparison between prediction and CFD calculations as C,
evolves in the 1.5-stage turbine.

The mesh independence study of the 1.5-stage turbine in the
design condition is carried out with a number of grids from about
100,000 to over 2,000,000.

The results are shown in Table 1 and Figure 2.

The number of grids of the 1.5-stage turbine is chosen as
1,500,000 for the following study, and the number of grids of the
2.5-stage turbine is redistricted with the same mesh density as the
1.5-stage turbine.

Firstly, the aerodynamic performance of the turbine is
calculated using the default settings in the example to
calculate the aerodynamic performance of the turbine based
on the designed rotating speed of 3,500 r/min, the average
inlet total pressure of 169,500 Pa, and the average outlet static
pressure of 112,500 Pa. The design point speed is 3,500 r/min
(equivalent to 3,308.15 r/min), the mass flow rate is 8.205 kg/s
(equivalent to 5.052 kg/s), the expansion ratio is 1.198, and the
efficiency is 83.63%. The working medium is air with C, as
1,006 J/(kgK) and y as 1.4. The characteristic curves of the
turbine are shown in Figure 3.
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FIGURE 7

Comeparison between prediction and CFD calculations as y
evolves in the 1.5-stage turbine.

On the basis, change C, and y of the working medium,
respectively. Under the condition of different working medium
C, values or y values, calculate the complete aerodynamic
performance of the turbine, considering that CO, and H,O
are not only representative components of the combustion
product but also in the value of C,, and y, the range of C,, is
selected as 800-2,000 J/(kgK), and the range of y is selected as
1.3-2.0, which can basically cover the value of C,, and y in the
physical parameters of various mixture working mediums after
the combustion of different components of fuel.

At the rotating speed of 3,308.15 r/min, the evolution of
aerodynamic properties of the turbine is shown in Figure 4 when
C, changes from 800 to 2,000 J/(kgK).

At the rotating speed of 3,308.15 r/min, the evolution of
aerodynamic properties of the turbine is shown in Figure 5 when
y changes from 1.3 to 2.0.

In Figure 4 and Figure 5, the equivalent mass flow rate drops
at the same expansion ratio, and the efficiency shifts with a lower
equivalent mass flow rate as C;, or y of the working medium
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FIGURE 8
Comparison between prediction and CFD calculations as C,
and y evolve in the 2.5-stage turbine.
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increases. It illustrates that the increase in C, or y leads to a
decrease in equivalent mass flow rate.

Correction method of turbine
characteristics

In the previous section, C, or y is treated as a variable
associated with the evolution of characteristics of the 1.5-stage
turbine at the design speed. The original characteristic lines can
be corrected to the target characteristic lines by following certain
rules. Meanwhile, the correction method is obtained.

First, the original characteristic line should be densified by
the beta line method. The design points of the pending turbine
may be different from the original characteristic line, so the seek
points are scaled and the pending points are mapped to the
original property map.

Then, by using the polynomial fitting, the relationship
between the pressure ratio, flow rate, and efficiency value
of the same beta point is predicted as a result of the
eigenvalue.

The pending flow rate point is known after scaling, the
correspondence is obtained by interpolating the beta value to
the flow rate point, and the multinomial coefficients are obtained
by the beta value and the other known quantity. The pressure
ratio, flow rate, and efficiency of the operating point can be
calculated as a result of the eigenvalue change. The correction
formulas are obtained by multivariate polynomial analysis,
allowing the property to be corrected by giving a certain
operating and design point.

In this case, the correction method of turbine characteristics
is solved with fine-grained scaling as follows:

7= Y (Anj + An Gt Au o+ A G7 + Ags i + Agg ;Gnt Ay jG + A 0 + An jG 1+ Ay ,Gr” ),

VR

G =G

™~

=]
" =G Y (A + A G+ Agsn+ Ay G + Ags i’ + Age;Gn + Ay ;G + Agsn® + Agy jG'n + Acy,,Gn® )C)
=
4
n=n- Z(A,,,v/ + A G+ A it Ay Gt Ags it + Ay iGn+ Az i GP 4 Agg i + A jGPnt Ay .G )C)y
=

.
7 =7 (Brrj + B jG o+ Bua jtt + BryjG” + Bys i1’ + Bug jGn+ By jG* + By j1* + B ;G4 By iGn® )y
=

G"=G- ) (Barj + Ba2jG + Basjn + Bay jG* + Bgs jn* + Bgg jGn + By ;G* + Bas i + Bay jG*n + Bey jGr )y,

=i
4

n=n- Z(B,W +B,;G + Bysjn+ By ;G* + Bys i’ + Bys jGn+ By; iG* + Byg i’ + B ;G*n+ By ,Gn' )y
=i

where 7 stands for the expansion ratio; G stands for the
equivalent mass flow rate; # stands for efficiency; n stands for
the rotating speed; By j, Bgij, and By ; stand for correction
factors.

Superscript * stands for the predicted value. 7, G, #, and n
without superscript stand for original values.

Correction factors are shown in Tables 2-7.

By putting the correction formula into the other speeds of the
1.5-stage turbine, turbine characteristics adopting different
working mediums with different C, can be predicted by the
correction method, and the deviations are overall below 1%

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.966713

Ming et al.

within equivalent rotating speed from 1,418 to 4,253 r/min. The
demonstration at a rotating speed of 1,418 r/min is shown in
Figure 6.

Putting the correction formula into the other speeds of the
1.5-stage turbine, turbine characteristics adopting different
working mediums with different y can be predicted by the
correction method. The deviations are all below 0.5% within
equivalent rotating speed from 1,418to 4,253 r/min. The
demonstration at a rotating speed of 2,363 r/min is shown in
Figure 7.

In order to verify the universality of the correction method,
the correction formula is put into the design working point and
non-design working conditions of the 2.5-stage turbine. The
comparison at a rotating speed of 3,308 r/min is shown Figure 8.

Conclusion

In this article, from the perspective of the application of the
low-carbon clean fuel or industrial-associated fuel, the gas
turbine performance is significantly affected because the
thermal physical properties of the working medium vary.

In this article, a theoretical study on the mechanism of
influencing turbine characteristics is conducted when the
turbine working medium changes, and conclusions are
obtained as C, and y are the key influencing factors of
turbine characteristics in the problem of working medium

CFD
obtain

calculation method is used to
the of

characteristics under C, and y variation conditions using

changing. The
quantitatively evolution  law turbine
multi-stage turbine examples.

A turbine characteristic correction method based on fine
scaling is proposed aiming at the working medium changing
problem of the turbine. After scaling is carried out using the
design points, the coefficients of polynomial fitting are solved
with the scaled equivalent flow rate. By giving certain
the

corrected and the turbine characteristic line correction

operating and design points, characteristics are

method suitable for this working medium property change

problem is obtained. This correction method has been
validated to apply to repetitive multi-stage turbines based
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Nomenclature 7 Internal friction force

Pr Prandtl number

y Adiabatic index
p Pressure

Br Brinkman number
Re Reynolds number

Densit
p Density Sr Strouhal number

Ec Eckert number
T Temperature

Eu Euler number .
t Time

C, Heat capacity ratio under constant pressure .
v Velocity

q Heat transfer energy
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