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Abstract: Description of formation process of two-dimensional scheme of flow path of a two-shaft core engine
turbomachinery of aviation gas turbine engine is presented. There were three steps in the design. The first
step includes rational distribution of specific work and pressure ratio in the core engine between intermediate
and high-pressure compressors, as well as the pressure ratio between high and intermediate-pressure turbines.
At the second step we select the rotational speed of the high-pressure cascade and determine the main
structural-geometrical cascade parameters in the meridional plane. At the third step the rotation frequency of
the intermediate-pressure cascade and the main structural-geometric parameters of the intermediate pressure
cascade with a transition duct between compressor compartments are determined. The excess of the middle
diameter of the intermediate-pressure compressor over the middle diameter of the high-pressure compressor
and introduction of the transition duct between them into the scheme of the compressor flow path of the core
engine is justified. Applying of a diagonal turbine in an intermediate-pressure cascade is proposed. The axial
length of the flow path channels between compressors and turbines was chosen considering the influence of
the duct opening angle on hydraulic losses and mass-dimensional characteristics of the core engine.

1 INTRODUCTION of gas generator is installed on three-shaft engines
such as the RR Trent. They have a cascade of low

(LP), medium (IP) and high (HP) pressure. The gas

Approaches to the flow path (FP) shape selection for )
generator includes IP and HP cascades. The LP

the turbomachinery (TM) of aviation gas turbine . X
engines (GTE), as well as their main structural unit - casce.lde ) changes depending on the engine
the core engine (CE) have already been proposed in a modification. The use of such gas operators makes it
number of works (Kholshevnikov, K. (1965) possible to increase the efficiency of the engine and

Bakulev, V. (2003), Bochkaryov, S., Kuzmichev, V. the stability of its operation, and reduce weight and
(2005)).’ However’ as the G"liEs’ develop tileir size. However, three-shaft engines are significantly
schemes become more complex and new generations more complex.

of engines appear, so there is a need to adjust the

algorithms of core engine flow path formation and

constraints of mode, gas-dynamic and structural- 2 ALGORITHM FOR DESIGNING

geometric character. This is related both to new A TWIN-SHAFT GAS
approaches and information capabilities of GTE GENERATOR

design, and to new materials, production technologies
and design innovations.

This paper examines the issue of designing a twin-
shaft gas generator of a gas turbine engine. This type

The flow path formation of CE turbomachines in the
meridional plane is carried out after determination of

https://orcid.org/0000-0001-8111-0612
https://orcid.org/0000-0003-4491-1845
https://orcid.org/0000-0002-3877-9764
44 https://orcid.org/0000-0002-7674-6496

[~}

[

223

Matveev, V., Popov, G., Goriachkin, E. and Baturin, O.

Algorithm of Forming the Appearance of the Flow Path of Turbomachinery of Two-Shaft Aircraft Engine Core.

DOI: 10.5220/0012717800003758

Paper published under CC license (CC BY-NC-ND 4.0)

In Proceedings of the 14th International Conference on Simulation and Modeling Methodologies, Technologies and Applications (SIMULTECH 2024), pages 223-228
ISBN: 978-989-758-708-5; ISSN: 2184-2841

Proceedings Copyright © 2024 by SCITEPRESS — Science and Technology Publications, Lda.



SIMULTECH 2024 - 14th International Conference on Simulation and Modeling Methodologies, Technologies and Applications

its main parameters (pressure ratio in the CE 7} g,
gas temperature Ty at the turbine inlet, pressures
p; and temperatures Tj, as well as flow rates G; of the
working fluid in characteristic cross-sections of the
FP) at the step of thermodynamic calculation of the
whole engine.

The purpose of formation of the FP appearance of
CE turbomachines is, at least, to ensure the values of
parameters accepted and obtained in the
thermodynamic calculation of GTE, which allow:

- to reach the thrust values at cruise and take-off
modes established by the technical specification (TS);
- to ensure that the specific fuel rate at cruise mode
does not exceed the value specified in the TS;

- to ensure the compressor cascades operation
conditions in the modes without stall;

- not to exceed the specified limit of the total mass of
the turbomachinery;

- to fulfil the CE turbomachines with a minimum
number of stages.

It is reasonable to divide the formation of the TM
flow path of a two-shaft core engine in the meridional
plane into the following steps.

Step 1. Determination of rational distribution of
specific work and pressure ratio in the CE between
the intermediate pressure compressor (IPC) and the
high pressure compressor (HPC).

Step 2. Selection of the high-pressure (HP)
cascade speed and determination of the main
structural and geometrical parameters of the high-
pressure turbine (HPT) and HPC in the meridional
plane.

Step 3. Selection of rotation frequency of the
intermediate pressure (IP) cascade and determination
of the main structural and geometrical parameters of
the intermediate pressure turbine (IPT) with a
transition duct from the HPT to the IPT and the IPC
with a transition duct from the IPC to the HPC in the
meridional plane.

3 RATIONAL DISTRIBUTION OF
ENERGY BETWEEN IPC AND
HPC

The distinctive feature of core engine of perspective
GTE schemes of the fifth and sixth generations is
further increase of gas temperature at the turbine inlet
Tg up to 1900 and 2100 K, total pressure ratio in CE
compressor T, g up to 25-30 and 30-40, reduction of
stage number of compressor cascades and application
of only single-stage cooled HPT and IPT.
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The FP scheme of a two-shaft CE in the
meridional plane with the designation of
characteristic sections is shown in Figure 1.

The distribution of pressure ratio 7.z and
specific work L. of the entire core engine by
compressor cascades is proposed to be carried out
focusing on the rational distribution of specific work
and the degree of pressure decrease in the CE between
the HPT and IPT, Grigor'ev, V. (2009). It should be
taken into account that these turbines at cruise mode
operate at the loading parameter Y; ~ Yr o,y = 0.55
and reactivity degree ps;= 0.40-0.45.

Figure 1: Flow path scheme of a two-shaft core engine.

Under these conditions, it is necessary to achieve
such a loading of the HPT and IPT that no zones with
increased  supersonic  flow  velocities and,
consequently, wave losses would appear in their flow
path at the middle diameter. In this case, it is desirable
that the values of the reduced isoentropic flow
velocities both at the outlet of the stator blade (SB) in
absolute motion 4,5, and at the outlet of the rotor
wheel (RW) in relative motion A, would be
approximately the same in the HPT and IPT.

In contrast to the previously proposed variants
(Grigor'ev, V. (2009)), it is recommended to
determine the rational distribution of specific work
between intermediate and high-pressure cascades in
accordance with the algorithm shown in Figure 2.

As initial data for the first approximation, the
values of parameters from thermodynamic
calculation of the whole engine at cruise mode and
the same values of pressure ratio in IPC m;p,; and
HPC mjjpc are taken: mype = Tpe = /s cg-

According to the standard methods, using the
initial data for both the HPT and IPT, the reduced
isentropic flow velocities at the SB outlet in absolute
motion A;5 and at the RW outlet in relative motion
Awas of the HPT and IPT at the middle diameter are
determined (Figure 2).

After that, the values of the corresponding
velocities in the HPT and IPT are compared with each
other. If at practically identical values of pg
of  HPT and IPT the value of
relative  difference (Ays ypr — A1s1pr)/ Msupr OF
(Awzs upr — Awas 1p1)/ Awzs npr Will be more than
3%, then the value of mjp. at the next iteration of
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calculation decreases. And if these values are less
than minus 3%, then 1j;p increases.

Initial data for thermodynamic
calculation of the engine

/ Values Tjpe and Tpe /
|
’ Thermodynamic calculation of the engine |
", 1
ER Initial data for determining the
E e rational distribution of ¢ ¢
S 2 between IPC and HPC
L o<
g g !
SF HPT IPT
)\ISHP'I'- }‘WZHP‘I' )‘lsIP'l'v }‘WZIP'I‘
{
NO [A1supT — Assipr) /Ass merl < 0.03

[Awas npr — Awas 1p1) /Awas nprl < 0.03

| vEs
Rational values
Tipc and Typcs Lipe and Lype: Lypr and Lipr;
Tipy and Typy

Figure 2: Algorithm for determining the rational
distribution of specific work between intermediate and
high-pressure cascades.

At the expense of some adjustment of the values
pse of HPT and IPT in the above ranges, it is
reasonable to ensure approximate equality of the
reduced velocities A 1 ypr and Ayos gpr, as well as
A s ipr and Adyogpr in order to reduce the wave
losses in the turbine flow path.

When the conditions
|(A1s upr — Ais1pr)/Ais upr] < 0.03 and
|(Awzs et — Awzs 1p1)/ Awzs wpr| < 0.03 are

reached, the final values of pressure ratios m;p; and
Typc, specific works Lpc, Lypc, Lypr and Lipr, as
well as the pressure decrease ratios in the HPT
nypr and IPT m)py are recorded.

The results of determining the reduced isoentropic
flow velocities at the outlet from the SB and RW of
high and intermediate pressure turbines at successive
iterations of the calculation of a promising aviation
GTE at different values of T*;pc = Mjpc/Micp are
presented in Figure 3.

As can be seen from the presented dependences,
the Aisupr = Aisipr  and  Ayosupr = Awasipr
equalities occur approximately at 7*;pc = 0.225 and
T*ypc = 0.145. At these values of relative pressure
ratios in IPC and HPC, the values of relative specific

work are ZIPC = LIPC/LC CE — 0.43 and ZHPC =

Lyupc/Lc cg=0.57. Relative pressure decrease ratios in
HPT are m*ypp = m}ipr/Th cg = 0.399 and in IPT
T*1pr = Tjpp/Trcg =0.363 ( mhcp is the total
pressure decrease ratio in CE turbines).

017 018 019 0.2 021 0.22 023 0.24

- Y HPT @ Ay pT

02 flipc

017 018 019 0.2 021 022 023 0.24
& Aw;sHPT % AwaoIPT

Tipe

Figure 3: Dependences of the reduced isentropic

flow velocities on m*;pc : a - at the SB outlet;
b - at the RW outlet.

4 SELECTION OF THE HP
CASCADE SPEED AND
FLOWPATH GEOMETRY

Assignment of the rotational speed n of the cascade
rotor at the design cruise mode of engine operation
and determination of the main design-geometric
parameters of the TM of the cascade has a
determining influence on the efficiency of its
operation and the FP dimensions. Basically, as cited
in Krupenich, 1. (2006), the following system of
equations is used to determine the circumferential
velocities at the TM middle diameter, the rotational
speed of the cascade, as well as its main design and
geometrical parameters (stage number of the cascade
compressor and TM middle diameters) at the design
mode:

Ucmia = D¢ mianc/60;

Ut mia = D¢ miane/60;

Ly = U?m@nét/[Z(Ys*t)Z];
L.= ZchmidUc?mid

Uc mia - circumferential velocity at the middle

diameter of the compressor cascade;
D¢ miq - middle diameter of the compressor cascade;
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n.- rotor speed of the compressor cascade;

Ut mia - circumferential velocity at the middle
diameter of the turbine cascade;

D; mia - middle diameter of the turbine cascade;

n,- rotor speed of the turbine cascade;

Ly - specific work of the turbine stage;

75t - efficiency of the turbine stage;

Ys; - turbine stage loading parameter;

L. - specific work of the compressor cascade;

Z. - stage number of compressor cascade;

H_ mia - average coefficient of expended head at the
middle diameter.

This system has four equations and eight
u_nknowns ( Ucmia > Demia > Utmia » Demia » Ys*t >
H.mia 2. and n, = n, = n). The values of the
parameters L., L; and nj; are known from the
thermodynamic calculation of the whole engine and
having performed the previous step of the calculation.

Thus, in the above system of equations, the four
parameters of the equations must be either given or
otherwise determined.

According to Bakulev, V. (2003) the value of the
loading parameter Yg; is usually set close to the
optimum in the range of 0.50-0.60, the value of

H  miq 1s in the range of 0.30-0.40.

The smallest value of the middle diameter of the
turbine stage is limited for RW strength
considerations by the following ratio

(D¢ mialhze) = Ulmia take-orf/ €t take-off-

U ¢ mid take—ofs - circumferential velocity of
turbine RW at the middle diameter at take-off mode;

h,; - blades height at the outlet of the turbine RW;

&t take—off - the largest permissible stress
parameter at take-off mode, the value of which is
roughly in the range of (18...20)-103 m?/s> for HPT,
and for IPT is in the range of (23...25)-10° m?%/s?,
Grigor'ev, V. (2009).

The middle diameter of the compressor cascade is
determined either from the condition of achieving the
highest permissible reduced circumferential velocity
at the periphery of the first stage RW Uy, sprud red
(430-450 m/s for IPC and 330-350 m/s for HPC), or
from the condition of limiting the minimum
permissible blades height at the compressor cascade
outlet h, ;;in = 15-20 mm, Bakulev, V. (2003).

Taking into account the mentioned restrictions
and FP areas in characteristic sections of
turbomachinery calculated using the equation of
continuity, the algorithm of finding the main
geometrical parameters of turbomachinery FP in the
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meridional plane and determination of their rotation
frequencies is compiled.

The choice of rotor speed nyp and determination
of the main structural and geometrical parameters of
the HP cascade in the meridional plane is carried out
using the algorithm, which has two parallel branches
(Figure 4):

- a branch defining the highest permissible
rotational speed of the HPT nypr 444 in terms of
strength (left column of the algorithm);

- a branch defining the highest permissible
rotational speed nypc 4qq in terms of the efficiency of
the working process of the last HPC stage (right
column of the algorithm).

As initial data, we take the parameters whose
values were found in the thermodynamic calculation
of the engine at cruise and take-off modes, as well as
in determining the rational distribution of specific
work between the cascades of core engine at the first
step of the calculation. The initial data includes also
the equivalent engine operating time at take-off mode
Ttake—off» s Well as the density of the rotor blade
material p,; and the Larson-Miller diagram
corresponding to this material.

/ Initial data /

I
¥

. v
Umid HPT; Ymid HPTyaye ofr Fipe
)

—]NO
| Damia/hz l | )\"Pctake off <0.30...0.35 Fupc
| hi ;5 Dimid: D hubs Diper I CHPC; Umid HPC,qq |
| &sm; Erw; AS; Ar I

NHPT, 40 |—-| nyp selection H

I
)

hupcyin 5 DHPCyax |

MHPCyaq l

Din 1Py, Din 1P 4% Din HPper* hinup

Uin HPper: Win HPper rea

!

Uin 1ppey S450..520 m's
Uin 1Py, < 320.350 m/s

!

Zypc; geometrical TM parameters
AS; Ar

hyipe | and D"PCm;a
FP reshaping

Figure 4: Algorithm for determining nyp and structural and
geometrical parameters of HPC and HPT.

Based on the initial data, when determining the
value of nypr 444, the circumferential velocities at
the RW middle diameter at cruise and take-off modes
and the ratio of the middle diameter to the height of
the blades at the turbine outlet D, ,,,;4/ h, are initially
determined. Then the blade heights h; and diameters
D; mia> Di per» Di pup of the flow path in characteristic
sections are determined (index i denotes the number
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of the characteristic section), as well as, in accordance
with the known recommendations cited in Belousov,
A. (2006), the values of the width of the blade row of
the stator blade Sgzand rotor wheel Sgyy,, axial 45 and
radial Ar clearance.

As a result, the permissible RW rotational speed
of'the HPT at cruise mode is calculated as nypr gqqa =
60U 14 wpr/ (TD; mig) in terms of the strength of the
rotor blades.

When determining the permissible highest
rotational speed nyprgaqq in terms of the working
process efficiency of the last HPC stage, we find in
the first approximation the cross-sectional area at the
HPC outlet F, ,; and the corresponding reduced flow
velocity at take-off mode A¢ yp take—of s> Which value
should not exceed 0.30-0.35, Bakulev, V. (2003). If
this condition is not fulfilled, the value of the area at
the outlet of the HPC is corrected (Figure 4).

After that, the flow velocity at the outlet of the
HPC C, ypis found at cruise mode. Then, the largest
permissible circumferential velocity at the middle
diameter of the last RW stage is determined as
Unid c up adda = Ccup/Camin- Where Cgin= 0.39-
0.41 is the range of selection of the smallest
permissible value of the flow rate coefficient at the
outlet of the last compressor stage, recommended in
terms of an acceptable degree of flow diffusivity in
the blade passage of the RW and guided vane of the
last stage.

The circumferential velocity Unigcnupadd 1S
related to the middle diameter at the outlet of the last
stage of the HPC D, yp miq and the rotor speed of the
HPC nypcaaa by the expression Unigcupada =
D¢ yp miaMupc aaa/ 60. By specifying the diameter
D¢ yp mia» from the last expression, the rotational
speed Nypcqaaa - that provides the highest
circumferential velocity Upigcppada » can be
obtained.

In this case two variants are possible:

- If nypcaaa 18 larger than nyprgaq , then
Nupr aaaq 15 taken as the shaft rotational speed of the
HP cascade nyp;

- if Nype gaq 18 less than nypr gaa, then Nype qaa
is taken as the shaft rotational speed of the HP cascade
Nyp.

As the GTE design experience of the latest engine
generations shows, Bakulev, V. (2003), the second
variant of events turns out to be practically
impossible. The point is that even at the largest
middle diameter at the HPC outlet D¢ yp miq 1argest>
which is calculated by the formula: D, yp mid max =
F. yp/The gp min, Where the smallest blade height of
the last HPC guided vane h. yp mirn 1S taken not less

than 15-20 mm, Bakulev, V. (2003), the value
Nupr add = 60Umia ¢ up aaa /D¢ up mia max appears
to be higher than the rotational speed nypr qq4-

The performed example calculation confirmed
this trend. The value of nypy,qq Obtained at
he yp min= 21 mm and D, yp mid max Was found to be
greater than Nypr gqq-

After that, the shape of the HPC flow path in the
meridional plane is selected and such parameters at
its inlet as the diameters D;, yp nub » Din Hp mid »
Dinnpper and blade height hy,pp , the
circumferential velocity at the RW periphery of first
stage Uy, ypper and the corresponding reduced
circumferential velocity
determined.

At the same time, there is a check of compliance
with the restrictions on the values of these last
velocities. Namely, the velocity Uiy, yp oer» based on
strength conditions, should be less than 450-520 m/s,
and the velocity Ui ppperrea for gas dynamic
reasons should not exceed 320-350 m/s.

Otherwise, it is necessary to increase h. yp and
decrease D, yp miq Or change the FP shape of the HPC
in the meridional plane and correct the calculation,
starting with determination of geometrical parameters
at the HPC inlet (Figure 4).

After that, according to the standard
methodology, the HPC stage number zyp. is
determined and geometrical parameters of each blade
row (diameters, height and width) characterising it in
the meridional plane are calculated, and axial AS and
radial Ar clearances are selected.

Uin HP per red are

S DESIGN OF A INTRMIDEATE
PRESSURE CASCADE

It is reasonable to estimate the main parameters of the
flow path of the intermediate-pressure cascade in the
same sequence as the parameters of the high-pressure
cascade, but taking into account a number of
peculiarities.

Firstly, since the middle diameter at the outlet of
the IPT rotor wheel D, ;pr miq 1S significantly larger
than the same diameter at the HPT outlet D, ypr mid,
the intermediate pressure turbine should be made
diagonal. This makes it possible to exclude the
transition duct between the HPT and IPT.

Secondly, for design reasons related to the
necessity to place the rotor of the low-pressure
cascade inside the shaft of the intermediate-pressure
cascade, it is required to provide the hub diameter of
the IPC larger than the minimum permissible value.
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Thirdly, it should be taken into account that the
circumferential velocity at the RW periphery of the
first stage of IPC Uiy p perin terms of strength is
limited by the value of 450-500 m/s, Belousov, A.
(2006), and the reduced circumferential velocity
Uin 1p per rea in the same section is limited by the
values of 430-450 m/s for gas-dynamic
considerations.

Fourthly, as well as in the case of high-pressure
cascade, the permissible IPC rotational speed
Nypc aaa 1S usually higher than the permissible IPT
rotational speed Myprgqq . Therefore, niprgqq 1S
taken as the rotational speed of the IP shaft n;p, and
in order to maintain the accepted value of the
circumferential velocity Up, p per rea @nd, possibly,
not to increase the IPC stage number, it is reasonable
to increase the middle diameter of the IPC by a factor
OfnIPC required /nIPT add-

The increase of the middle diameter
Dipc miq leads to the necessity of the transition duct
between [PC and HPC.

For the considered example, the flow path scheme
of the turbomachinery of a two-shaft core engine with
observance of proportions in axial and radial
directions is shown in Figure 1.

6 CONCLUSIONS

The developed algorithm of the flow path design
formation of the turbomachinery of a two-shaft core
engine makes it possible to find rational proportions
of pressure ratios of IPC and HPC, as well as pressure
ratios of HPT and IPT, using the reduced flow
velocities at the outlet of the turbine blade row as
rationality criteria.

It makes it possible to select the rotational speed
of intermediate and high-pressure cascades taking
into account strength and gas dynamic limitations, as
well as to determine the main structural and
geometric  parameters of the core engine
turbomachinery in the meridional plane.

To reduce the axial dimensions of the turbine part
of the core engine a diagonal-type IPT can be used.
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