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Abstract: The aim of this publication was to investigate the effects the blade count of a high-pressure
centrifugal compressor’s impeller has on the performance of the DGEN 380 turbine engine at take-off.
The study began with the development of a zero-dimensional thermo-fluid model of the engine.
The model was matched with experimental data from the WESTT CS/BV virtual test bench for the
baseline count and then implemented to analyse the engine behaviour at alternative counts. The
corresponding changes in the compressor pressure ratio and efficiency were modelled in a commercial
3D CFD software and transferred to the zero-dimensional model with proper scaling. The results
proved that the baseline design lied in the optimal range of thrust-specific fuel consumption. The
increase in the blade count led to a crisis of the aerodynamic loading at the splitters, so that no
further rise in the pressure ratio could be achieved. The results of the study could be implemented by
mechanical engineers while solving the tasks of the maintenance and modernisation of gas turbines
with radial compressors.
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Compressor Impeller. Energies 2023, The blade number is known to be a crucial design parameter of every annular cascade
16,5251. https://doi.org/10.3390/ presented in a modern aircraft jet engine. Its aerodynamic significance lies in the definition
en16145251 of solidity and, therefore, the balance between the effective flow deflection, blade loading,

friction losses, and area contraction effects [1]. Its main structural role is to ensure resonance-
free rotor—stator interactions inside the nominal range of engine rotational speeds [2—6].
Its acoustic merit stems from its ability to control the amplitude and phase of the tonal
noise [7,8]. At a global scale, this implies a direct impact on thrust-specific fuel consumption,
carbon footprint, noise emissions, and operational safety.
The impact of cascade solidity (chord-to-pitch ratio) on the aerodynamic performance
of either turbines or compressors has been the subject of vast research for more than a
century [9]. Decades of experimental activities conducted in wind tunnels resulted in
well-established fundamentals of axial cascade aerodynamics available both in the form
Copyright: © 2023 by the authors. of reference books [10] and research papers [11]. However, the strong influence of three-
Licensee MDPL, Basel, Switzerland, dimensional and compressibility effects typical of the fan, HPT, and LPT stages has moti-
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a number of approved design strategies, none of which neglects the role of a proper blade
number selection [18-20]. The majority of researchers agree that, for a given rotational
speed and work input factor, the optimal blade number should be searched through the
optimisation of the aerodynamic loading.

Recent studies on multi-fidelity “whole-engine” modelling have demonstrated that
the approach is able to forecast the sensitivity of engine performance to changes in the
geometry of turbo-spool components with substantial accuracy. Turner et al. [21] pioneered
the field by coupling the zero-D-cycle procedure, 1D mini-map generator, and 3D CFD
APNAGSA [22] simulations into the technology known as Numerical Propulsion System
Simulation (NPSS). It was shown that the initial version of this software could predict
the specific fuel consumption (SFC) and thrust of the GE90-94B unit within 1% deviation
from the data provided by the OEM. In later development stages, the software was fully
automated [23] and implemented to study the concepts of novel propulsion systems [24].
Reitenbach et al. [25] presented a DLR version of a multi-fidelity system initially based on
the coupling of the zero-D-cycle model to a 2D throughflow solver. The system was linked
to the GA optimiser, and then, the Pareto front of the optimal VSV settings discovered
substantial room for improvements in both the surge margin and SFC of the IAE-V2500-
A5 engine. Later on, Klein et al. [26] integrated 3D high-fidelity simulations with this
system, emphasising the role of proper component performance map scaling. The final
model was able to reproduce the negative effect of fan blade deterioration at the tip on the
engine pressure ratio, SFC, and exit gas temperature [27]. Successes in the application of
multi-fidelity modelling have been achieved in the field of stationary GTs as well. Petrovi¢
and Wiedermann [28] investigated the performance of an in-house throughflow-based
procedure on the cases of single- and twin-shaft industrial gas turbines. The authors finally
arrived at the sufficient accuracy of the model to utilise it for maintenance and root-cause
analysis purposes.

To the best of the authors” knowledge, available studies with a focus on the perfor-
mance of the entire engine have not yet assessed the effect of cascade solidity or blade num-
ber on the overall thermodynamic cycle output. The contribution by Saini and Defoe [29]
seems to be the closest attempt. The authors investigated the influence of the blade count
on the accuracy of Hall’s body-force model [30] applied to an automotive axial fan stage.
The highest and the lowest accuracies corresponded to the extreme cases of 5 and 22 blades,
respectively, which to a large extent were contributed by the contraction or blade metal
blockage effects at the inlet. The model was finally implemented to predict correlations
between the blade number, the fan’s work input characteristics, and the distortions of the
velocity upstream and downstream of the rotor.

This work intended to introduce the effects of a variable blade count into the zero-
dimensional mathematical model of the entire engine in the form of changes in the compo-
nent’s efficiency borrowed from 3D CFD computations. The considered component was an
HPC impeller, since it was found to play a crucial role in the power balance of the studied
unit. The ultimate aim of the work was to provide a quantitative insight into the merits of
blade number in the resultant engine thrust and specific fuel consumption.

2. Materials and Methods
2.1. Objective and Scope of the Study

The investigation was carried out with the use of the WESTT CS/BV virtual test bench
located at the Aerospace Engineering Department of Rzeszéw University of Technology
(Figure 1a). The test bench was a digital simulator of the DGEN 380 general aviation
turbofan offered by Price-Induction SA (currently Akira Technologies [31]). Its hardware
incorporates the full-scale performance data of the real engine and enables an execution of
virtual manoeuvres with experimental-order accuracy as long as the regions of the flow
transients (e.g., rotating stall, surge, etc.) are omitted [32].
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(a) Simulation environment Object impeller

Figure 1. View of (a) the engine virtual test stand WESTT CS/BV and (b) core engine with the
high-pressure turbo-spool components of DGEN 380 (WESTT SE-HP).

The DGEN 380 is a two-spool geared turbofan engine (GTF). Its scheme is presented
in Figure 2. It consists of a single-stage fan powered by a single-stage low-pressure turbine
with a gear of rotation speed reduction ratio of 3:1 and a single-stage centrifugal compressor
in the internal duct powered by a single-stage high-pressure turbine. A reversed flow
burner is located between the compressor and the HPT. The engine parameters at take-off
are as follows: the air mass flow at the entrance to the engine is 13 kg/s; the maximum
thrust is 2550 N; the bypass ratio (BPR) is 7.6; the turbine inlet temperature (TIT) is 1178 K.
The weight of the entire engine is approximately 85 kg.

The high-pressure compressor (HPC) stage of the DGEN 380 includes a transonic
centrifugal impeller (Figure 1b), a vaned diffuser (VD), and a cascade of outlet guide vanes
(OGVs). The baseline impeller has 11 main blades and 11 splitters, an outlet diameter of
D, = 200 mm, and a backswept configuration (8, = 54°). For convenience, the rest of the
manuscript will refer to the number of main blades z; as the reference blade count. The
alternative values of z; considered in the study were: 7, 9, and 13.

0

Figure 2. The cutaway illustration of the DGEN 380 [31] engine: (a) engine inlet, (b) fan, (c) gearbox,
(d) high-pressure compressor, (e) combustion chamber, (f) high-pressure turbine, (g) low-pressure
turbine, (h) fan nozzle, (i) core nozzle, and (j) stator.

The research campaign was divided into three steps.

*  Inthe first step, the reference test data were collected through a series of virtual engine
manoeuvres carried out at WESTT CS/BV. The manoeuvres were run at ISA ambient
conditions and a take-off thrust level setup, which eventually led to the establishment
of a design point for further research.

* In the second step, the CFD numerical model was developed in ANSYS CFX and
then implemented to study the impact of the HPC impeller’s blade number on its
performance.
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*  In the final step, the results of the CFD simulations were utilised as the input dataset
to the analytical zero-D model of the entire engine, and the sensitivity of thrust and
specific fuel consumption to z; was assessed.

The aforementioned analytical and numerical models are briefly introduced in the
following subsections.

2.2. DGEN 380 Engine Analytical Model in MATLAB

The one-dimensional analytical model of the DGEN 380 was prepared in MATLAB
and was based on the available representative models of a turbofan with separated core
and bypass flows [33-41]. The model was split into the main components, i.e., the inlet,
fan, HPC compressor, burner, HPT and LPT turbines, bypass and core flow nozzles, and
additional components in between: the splitter, as well as intermediate ducts (Figure 3). All
components were modelled conservatively and individually in a 1D mean line-averaged
fashion. For the turbo components such as the fan, HPT, and LPT, the original DGEN 380
performance maps were implemented, whereas the parameters of the HPC (CPR, efficiency,
etc.) were borrowed from the CFD model presented in the following subsection. The
pressure losses and efficiencies of the rest of the components (e.g., burner, nozzles, ducts,
etc.) were evaluated by matching the thermodynamic cycle parameters of the MATLAB
model with the data collected at the WESTT CS/BYV test stand for the take-off condition. For
convenience, it was assumed that the local losses at these components remained insensitive
to the HPC impeller’s blade number.
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Figure 3. Flow-chart scheme of the turbofan engine model prepared in MATLAB.

The model chart in Figure 3 also represents the flow of total temperature T}, total
pressure p;, and mass flow rate i1 across the system with indexation consistent with the
engine’s section nomenclature in Figure 2. The global input parameters were the altitude
H, engine (aircraft) flight speed Vj (assumed as zero for take-off), and ambient temperature
correction AT, which was omitted in this work. The parameters were utilised to derive
the ambient conditions (p;9, T;) in accordance with the ISA standard and to initialise the
model. The model then evaluated the performance of the individual components in a
sequence illustrated in the flow-chart (green arrows), matched the power balances of the
turbo components (red arrows), and ended at the “Performance calculation” module. The
latter served to derive the engine thrust Th and specific fuel consumption SFC:

Th = 1igVg + 1i118Vig — 1ig Vo 1)
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2.3. Geometric and CFD 3D Model of HPC Impeller

The 3D CAD model of the baseline HPC impeller (Figure 4b) was built by implement-
ing a reversed-engineering procedure. An STL-model (Figure 4a) was initially acquired
through 3D scanning (ATOS Core) and then converted into a solid in the Geomagic Design
X2020.0.2 software. Afterwards, the model was further processed to obtain alternative
designs with z; = 7,9, 13, respectively (Figure 4c—e).

Figure 4. (a) STL-model of the impeller after 3D scanning, (b) solid CAD model of baseline impeller
with z; = 11, and (c—e) solid models of alternative impellers with z; = 7,9, 13, respectively.

Prior to proceeding to the generation of the fluid flow domains, the mass and solidity
characteristics of the solid models were compared and are shown in Table 1. The blade
number affected the cascade solidity to a significantly larger extent than the impeller’s
mass. From the viewpoint of the overall engine performance, this implied that the thrust
Th, as well as SFC could be assumed insensitive to the observed changes in m;;,, and be
treated solely as functions of the impeller’s aerodynamic performance.

Table 1. Influence of the number of blades on the mass and solidity characteristics of the HPC
impeller (material: titanium alloy).

. Change in the Average Change in the
Bladze Config.  Impeller 11:4ass Mass of Solidity Outlet Solidity,
= Mimpr K& Impeller, % L aveltave, — %
7 2.62 =57 2.05 —36.3
9 2.67 —-3.8 2.64 —18.0
11 2.78 0.0 3.22 0.0
13 2.83 1.9 3.80 18.0

The entire CFD modelling workflow was completed in ANSYS Workbench 22R2. The
fluid flow domains of the baseline and alternative impellers were prepared in ANSYS
SpaceClaim. The grid generation was then carried out in ANSYS Meshing. To first study
the sensitivity of the numerical model to the grid size, three tetrahedral meshes of the
baseline impeller were built and were categorised as “Medium”, “Fine”, and “Very fine”.
The grids differed primarily in the number of elements distributed along the tip gap in the
tangential direction. The characteristic parameters of each grid are listed in Table 2.
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Table 2. Characteristic parameters of finite-volume meshes subjected to the grid sensitivity procedure.

No. of Wall Blade Tip
Grid Nodes, Inflation Res-Tion, Y+max
N,,q X 10° Data tan. dir-n
No. of No. of
Layers Y1, mm ER el-ts
Medium 3.1 10 0.01 1.2 3 46
Fine 4.5 10 0.01 1.2 5 46
Very Fine 12.3 10 0.01 1.2 10 45

The resolution of the “Fine” grid (Figure 5b) was found sufficient to bring the grid
convergence indices of essential impeller performance parameters under 1%, which will be
shown in the next section. This mesh was utilised in the rest of the numerical campaign
due to almost three-times faster performance as opposed to the “Very Fine”: 32 s/iteration
over 94 s/iteration on an Intel Xeon E2660 (MPI local parallel run on 16 threads).

The solver selected for the implementation of the numerical part of the study was
ANSYS CFX 22R2. Since the study focused primarily on the analysis of engine’s perfor-
mance at the nominal design point, all governing equations were solved in a steady-state
Reynolds-averaged fashion. The entire computational domain (Figure 5a) was solved in the
rotating frame of reference with counter-rotating walls prescribed at stationary boundaries
(whole shroud surface, hub end-wall surfaces upstream and downstream of the impeller’s
blade cascade). Turbulence was modelled by the k — w SST model with the intensity I,
and length-scale I;,,,;, specified at the inlet boundary.

X7

(a) P 7
] rotating Y/ ‘ ‘:"

Inflation{

Figure 5. (a) Fluid flow domain of the baseline HPC impeller and (b) hybrid plot with the distribution
of the y+ parameter and visualisation of the final finite-volume grid.

The rest of the boundary conditions involved stagnation pressure and temperature
at the inlet (p¢25, Ty 25), integrally averaged static pressure at the outlet py7, zero relative
velocity at the walls, as well as a lack of external heat transfer. The exact values of the
parameters are listed in Table 3. For the spatial discretisation of both the convective, as well
as turbulent fluxes, the second-order high-resolution scheme was utilised. The convergence
of each simulation was recognised as sufficient after the imbalance parameter lay stably
under 0.5% for all governing equations for at least 100 iterations.

Table 3. Boundary and operating conditions of HPC impeller used in the numerical simulations.

pi2s, kPa

Ti2s5, K Lyr, %o ltyrp, mm p27, kPa n, rpm

116

adjusted to reach

304 3 46 s = 173 ks

51,410
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3. Results and Discussion
3.1. Virtual Performance Tests
The total pressures, temperatures, and mass flow rates obtained at the WESTT CS/BV

test-bench for the reference take-off condition (z; = 11) are shown in Table 4. The corre-
sponding engine’s performance parameters are listed in Table 5.

Table 4. Inlet-to-outlet distributions of stagnation pressure p;, temperature T;, and mass flow rate 1
in the DGEN 380 obtained at the virtual test-rig WESTT CS/BV for the reference take-off condition.

Parameter Section

1 18 21 25 3 4 45 5 8
rit, kg /s 13.75 11.79 1.75 1.75 1.75 1.78 1.78 1.78 1.78
T, K 288.1 306.3 304.5 304.5 512.8 1170.8 990.2 867.0 867.0
pt, kPa 101.2 120.8 118.7 116.3 534.5 510.2 227.0 122.2 120.0

Table 5. Main performance parameters of the DGEN 380 engine obtained at WESTT CS/BV for the
reference take-off condition.

Thrust Th, N Fuel Mass Flow ri1z, kg/s SFC, kg/daN/h Bypass Ratio
2491 0.031 0.454 6.75

Both datasets were implemented to tune the loss coefficients o and efficiencies # in
the analytical model described in Section 2.2. The parameter set that led the model to a
complete match with the virtual experiment is given in Table 6. During the final assessment
of the engine’s performance sensitivity to the HPC impeller’s blade number, the only varied
parameter was the HPC efficiency #c, whereas the rest of the set was kept constant.

Table 6. Component efficiencies 1 and total pressure loss coefficients o used in the analytical model
of the DGEN 380 to match the model’s performance with the virtual experiment.

Efficiencies Loss Coefficients
e 0.82 OIN 0.99
c 0.80 0B 0.95
B 0.99 OINT 0.96
NHPT 0.85 OEXT 0.98
et 0.87

3.2. Mesh Independence
The grid sensitivity study focused on two sets of the HPC performance parameters:

¢  Global parameters directly present in the implemented analytical model of the DGEN
380, i.e., HPC total pressure ratio CPR and isentropic efficiency #¢;

*  Local parameters with higher sensitivity to impeller blade number, i.e., inlet relative
Mach number M1, work input coefficient I, and slip factor u [18,42].

The study was based on the procedure recommended by Celik et al. [43], which links
the numerical uncertainty of a single parameter with its grid convergence index (GCI).
The values of the GCIs were computed for each of the five aforementioned parameters
twice: (1) as the grid was coarsened from “Very Fine” to “Fine” resolution (GCI??) and
after further coarsening from “Fine” to “Medium” (GC I?1). The results in Table 7 show that
the maximal value of numerical uncertainty reached 2.7 % for GCI25y. This reasonably
high uncertainty level resulted in the elimination of the “Medium” grid from the rest of the
research. In general, the GCI??s were at least by an order of magnitude lower than GCI?'s
and in all cases fell under the magnitude of 1%. The latter served as a solid ground to select

the “Fine” resolution as a representative one for further numerical simulations.
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Table 7. Results of grid convergence indices’” estimation for grids used in CFD simulations (the
subscript “2” refers to the grid finally used in the study (“Fine” resolution); the nomenclature is in
accordance with [43]).

CPR nc M1 1 n
N3, Np, Ny, (x10°) 34.1,12.1,8.3
32,121 1.41,1.13
e2,e21(x1072) 1.9,3.0 0.8,1.4 0.1,0.2 04,07 06,15
GCI*,GCI? (x1072) 0.20,2.70 0.01,1.00 0.01,0.10 0.04, 0.60 0.02,0.70

Since the blade loading parameter Aw is known to be a crucial link between the blade
number, outlet blade angle, and the resultant theoretic work or CPR [18], its sensitivity to
the grid resolution was also assessed. The distributions of the relative flow velocity at the
suction (ws;.) and pressure (wpm) sides of the main and splitter blades were plotted over the
meridional coordinate M in a normalised fashion (Figure 6a,b). The distributions revealed
that the strongest influence of the grid resolution on the blade loading was achieved close
to the trailing edge of the main blade, namely at M/ L,,.,;; = 0.81. The lower value of ws;,
returned by the “Very Fine” grid yielded here a 7 % higher local Aw/w; if compared to
the “Fine” grid. This also was a reason for the 4.5 % difference in the integrally averaged
loading of the main blade (Aw /w1 )0 mp Observed in Figure 6¢. Despite their presence,
these discrepancies marginally affected the grid convergence of either the global or local
parameters reported in Table 7. With the support of this observation, it was eventually
decided to affirm the “Fine” resolution as sufficiently accurate to be implemented in the
primary part of the numerical study.

1.4

(a) Wsuc (b) (C)
1.2' 1.2' (]
E-
1.0 1.0 c:
—_ — £
Losg] ! J.o.s8 2
s L w g
< 0.61 , pres 7 < 0.6 . °
S ' = £ ' y-
| 8
0.41 (@B Grid1:83Mel. , 041 s b2
] id2: ! ' £
0.2 : : gr!d 2 12.1Mel. : 0.2 > H : o8 : 2
H rid3:34.1Mel. ' norm : . *
0.0+—1— - - : —L 0.0 . ' v . —
0.3 04 05 0.6 0.7 08 0.9 0.3 04 05 0.6 0.7 08 0.9 0.0 04 0.8
M/Lmeria [—1 M/Lmeria [—] (AW/Wl)ave[_]

Figure 6. (a,b) Distributions of normalised relative flow velocities w/w; along the suction and
pressure surfaces of the main (a) and splitter (b) blades as functions of the normalised meridional
coordinate M/ L,,,;; and computational grid resolution. The graphs were obtained from respective
static pressure distributions at 80% of the blade span and under the assumption of zero flow viscos-
ity [44]. (c) Integrally averaged blade-loading parameters (Aw/w1)ave computed for the main and
splitter blades based on the charts (a,b), respectively.

3.3. Influence of Blade Number on the Impeller’s Performance

Equation (3) is a classical definition of the CPR as a function of four non-dimensional
design parameters: isentropic coefficient x, tip Mach number M,, total-to-total isentropic
efficiency #¢, and the work input factor I [18,44]:

CPR=(1+ (k—1) x M2 x ¢ x I)71. 3)
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Since the impeller’s blade number would obviously not affect either x or M,, the
main task of this subsection was to focus on the way it influenced 7¢ and I. To begin with,
the numerically derived efficiencies were scaled so that the prediction for z; = 11 could
match the reference value 7c ¢ evaluated based on the virtual test data in Table 7. These
results are plotted in Figure 7a and demonstrated the possibility of a 1% efficiency rise
as the blade number was reduced to z; = 9 or 7. There was a rather more pronounced
2% drop of 7 as the impeller solidity was raised to z; = 13. The explanation of the flow
physics underlying these trends could be based on the contour maps in Figure 7al-d1,
which illustrate the combined inlet-to-outlet distributions of the relative Mach number
My, and normalised wall shear stress T/ Ty ref. The increase in z; obviously resulted in
a higher overall friction area, higher contraction (blade metal blockage) at the inlet, and
higher levels of My,. Besides, the level of Twave/ Ty gve ref averaged over the endwall and
blades’ surfaces grew gradually from 0.92 atz; = 7 to 1.09 at z; = 13 (Figure 7b). According
to [44], these trends should primarily contribute to the growth of the profile efficiency loss
Anprof expressed as:

1 Cimp prof w%

| 1 13+13

1,02 1.00 0.98 0.96

nC/nC ref [_]

(b)

1.2

Tw ave/Tw ave ref [_]

1.0 0.8

7+7
9+9
11+11
13+13

Figure 7. Influence of impeller’s blade number z; on the normalised isentropic compression efficiency
1c/1c ref (a) and normalised average wall shear stress Twave / T aoe ref (b)- (a1-d1) Contour plots of
relative Mach number My, (blue legend) and normalised shear stress Tw /T s (red legend) from
z1 =7 to z1 = 13, respectively.

The effect of z; on the work input coefficient I was assessed based on Figures 8 and 9.
Figure 8a shows that the work input reached the maximum at the baseline z; = 11 and
declined whenever the solidity decreased (z; = 9,7) or increased (z; = 13). This trend is
replicated in Figure 8b in the form of the slip factor plot.
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(a)

1.02 1.00 0.98 0.96

I/I ref [_]

(b)

1.02 1.00 0.98 0.96

11+11
13+13

1/ Brer [-]
Figure 8. Influence of the impeller’s blade number z; on the normalised work input factor I/1,, f (a)
and normalised slip factor yi/ i, ¢ (b). (al-d1) Contour plots of circumferential velocity normalised
by impeller tip speed c, /us (green legend) and local work input factor I (violet legend) from z; =7
to z; = 13, respectively.

The proportionality of the impeller’s solidity to the work input seen at z; < 11 was
apparently a consequence of the growth of the circumferential velocity component at outlet
cy2 [18]. This growth was seen both locally in the form of a larger area covered by higher
cy/up in Figure 8cl over Figure 8al and globally in the form of the gradual slip factor
increase in Figure 8b. On the other hand, the decline of the work input at z; = 13 needs an
explanation. The explanation will be based on the analysis of the blade-loading charts in
Figure 9.

1.4 1.4
(a) £ (b)) (0
1.2 1.21 o
) B
1.0 1 LE N Wsuc 1.0 2
—_ — ‘©
Los Lo.s 2
s s |
N 0.6 N 0.6 : e
1 )
0-41 0-41 (‘Blade number: H ;'
8 7+7 @ 11+11 ! E
0.21 0.2 | =
@8 9+9 @13+13 ' &
0.0 L

v v v v 0.0 T T v T T
0.3 04 05 0.6 0.7 0.8 0.9 0.3 04 05 0.6 0.7 0.8 0.9 0.0 04 03

M/Lmerid [_] M/Lmerid [_] (Aw/wl)ave[—]

Figure 9. (a,b) Distributions of normalised relative flow velocities w/w; along the suction and
pressure surfaces of the main (a) and splitter (b) blades as functions of the normalised meridional
coordinate M/ L,,,,; and impeller blade number z;. The graphs were obtained from the respective
static pressure distributions at 80% of the blade span and under the assumption of zero flow viscos-
ity [44]. (c) Integrally averaged blade loading parameters (Aw/w1 )40 computed for the main and
splitter blades based on the charts (a,b), respectively.
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Reference [45] demonstrated that the relation for the work input factor I could be

rewritten as:
_ 22 % AWgye % wy X — 1—-D1/Dy ' ®)
2wy up o sin(0.5(B1 + B2))

In context of this work, the only three variables in Equation (5) are the overall im-
peller’s blade number z, the integrally averaged blade loading Awgy,, and the coefficient of
inlet area contraction 77. The graphs and bar charts in Figure 9 show that every consecutive
increase of z, caused Aw,ye to drop by a certain rate. Until z; < 11, this rate was relatively
monotonic and remained overweighted by the corresponding increase in solidity, which
resulted in an overall incline of the work input. However, as the blade number reached
z1 = 13, the effect of contraction at the leading edge of the splitter became too high to
sustain the amount of splitter loading needed for the further rise of I. It was, therefore, ap-
parent that any increase of z; beyond the baseline of z; = 11 would affect the performance
of the HPC negatively: the increasing friction losses would reduce the efficiency, whereas
higher contraction would reduce the work input.

3.4. Analysis of Engine Performance

The implementation of the engine’s zero-D analytical model described in Section 2.2
required a single pre-processing step, namely the determination of the HPC's total-to-total
pressure ratio CPR for each z; considered in the study. This was accomplished through
the use of Equation (3). The values of #¢ and I were borrowed from the results of CFD
modelling and scaled so that the baseline CPR (z; = 11) could match the virtual-test-
based value of 4.6. The results normalised by the reference baseline value are presented
in Figure 10a. The effect of the blade number on the CPR was minimal (0.2% growth) at
z1 = 9 and maximal (3.1% decline) at z; = 13. The former was a consequence of the higher
efficiency counter-balanced by the lower work input, whereas the latter was caused by the
mutual efficiency and work input deficit, both explained in Section 3.3 (Figures 7a and 8a).

First, the results of the analytical modelling of the entire engine performance repre-
sented the effect of z; on the total temperature at either the HPT (T}4) or LPT (T}45) inlet and
are shown in Figure 10b. The results assumed that variations in Ty45 should imply constant
Ty and vice versa. Apparently, any change in the HPC blade number did not noticeably
affect either Tyys5 or Tyy. The highest impact was achieved at z; = 7, where Tj45 rose by 0.5%
and Ty fell by 0.4%. Both effects were caused by a lower total enthalpy drop required from
the HPT as the HPC work input decreased at z; # 11.

(a) (b)

1.02 1.02 :
T @ Ty45 (Trq = const)
'l_' O T4 (Tess = const)|
\ | |
& 1.00 4------ - = o o o ] | 1.00
] —
S B
O S
\ ~
& 098 ------ NN EEEE— t 0.98
m ~
= ~
0.96

7 9 11 13 7 9 11 13
5[] z3[-]
Figure 10. Dependences of the normalised total-to-total HPC pressure ratio CPR/CPR,. (a) and

normalised inlet total temperatures T/ T; .y at HPT(4) and LPT(ys) (b) on the HPC impeller blade
number z7.
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The influence of z; on the engine thrust Th and specific fuel consumption SFC is
illustrated in Figure 11 in a normalised form. The reference values correspond to the
baseline z; = 11 (Table 5). The results suggested that any sensible improvements in engine
performance could be gained only at z; = 9. Thrust could be increased by 0.4% with
a simultaneous 0.3% decrease in SFC. A higher number of blades (z; = 13) introduced
a thrust penalty of 1.4% together with a 1.3% SFC rise. The impact of constant total
temperature location was negligible, with the exception of z; = 7, where the thrust at
Tis = const was higher than at Ty5 = const to a degree of 0.5%.

(b)

1.02 1.02

@ T, = const
O Tyys = const

™ 1.00 1.00
-
)
~

< 0.98 0.98
~
S
~

0.96 0.96

7 9 11 13 7 9 11 13
z4[—] zq[—]

Figure 11. Dependences of normalised engine thrust Th/Th,s (a) and normalised specific fuel
consumption SFC/SFC,s (b) on the HPC impeller blade number z;.

From the viewpoint of thermodynamics and the implemented analytical model, the
results in Figure 11 reflect the combined effect of the HPC'’s efficiency and work input on
two quantities:

*  On the isentropic Mach number Mg at the outlet of the core nozzle:
My = Vg/+/xRIg or
1
k=1 2 (6)
B 2
Mss = [((;fffm) _1> X (Kl)] ’

*  On the amount of fuel heat power j; required to support either the condition of
T4 = const or Tys = const:
qf ZLHVXWlf or %
qr = cp x1i3 X (Typurp — Ti3)-

The observed inclines in the thrust Th (see Equation (1)) at z; = 9 were, therefore,
achieved, on the one hand, thanks to the higher p;s/ pam (influence of higher CPR) and, on
the other hand, due to the lower Tg (influence of higher 7¢). The increments in thrust then
outweighed the growth of § f (0.10% for Ty = const and 0.02% for Tys = const) caused
by the decrement of Ti3 (influence of lower work input) and resulted in the observed
improvements in SFC.

The above logic is equally applicable to the case of z; = 13. The lowest #c and CPR
introduced the strongest thrust deficit, led to the maximal SFC, and eventually, disqualified
this design. This also appeared to be consistent with the works [36,37], where the authors
emphasised the role of the compressor pressure ratio and efficiency in the optimisation of
engine performance.
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4. Conclusions

The study considered the sensitivity of the DGEN 380 general aviation geared turbo-
fan’s performance to changes in the HPC impeller’s blade number. The research assumed a
steady-state ISA-based take-off condition at sea-level elevation and a constant rotational
speed. The performance of the HPC was analysed numerically in a commercial CFD en-
vironment. The performance of the entire engine was modelled analytically in MATLAB
with the HPC work input and efficiency borrowed from CFD simulations. For the baseline
design with 11 main and 11 splitter blades, the analytical model was matched with the
virtual test data from the engine’s digital simulator WESTT CS/BV. The most-essential
findings are summed up below:

*  The growth in the main blade count from z; = 7 to z; = 13 (overall blade count from
zp = 14 to zo = 26) resulted in a 2% drop in the total-to-total isentropic compression ef-
ficiency.

¢  The effect of increasing solidity led to an 2.5% incline in the impeller work input
between z; = 7 and z; = 11. At z; = 13, the aerodynamic loading of the splitters
experienced a crisis caused by the highest rate of the inlet area contraction, and the
work input fell by 1%.

*  The design with z; = 9 was the only one to outperform the baseline z; = 11 from
the viewpoint of engine thrust and specific fuel consumption. The room left for
improvement, however, was marginal: 0.4% of rise in Th and 0.3% of fall in SFC.

¢ The poor performance of the HPC at z; = 13 translated into the worst engine charac-
teristics: 1.4% drop in thrust and 1.3% rise in SFC.
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Abbreviations

The following abbreviations are used in this manuscript:

Latin

Cy Circumferential component of absolute flow velocity (m/s)
Cp Specific heat capacity at constant pressure (J/ (kg K))

Cw Equivalent friction drag coefficient of impeller [44]

CFD Computational fluid dynamics

CPR Compressor pressure ratio (-)

DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace Center)
eq Approximate relative error [43]

ER Expansion ratio

GA Genetic algorithm

GCI Grid convergence index [43]

GT Gas turbine
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HPC High-pressure compressor
HPT High-pressure turbine
I Work input factor mmmi’w [18]
ISA International Standard Atzmosphere
L ave Spanwise averaged meridional length of the blade (mm)
LHV Low heating value (J/kg)
Loerid Meridional length of the blade at current span (mm)
LPT Low-pressure turbine
i1 Mass flow rate (kg/s)
M Meridional coordinate (mm), Mach number (-)
n Rotational speed (rev/min)
OEM Original equipment manufacturer
r Grid refinement factor [43]
SST Shear stress transport
tave Streamwise averaged blade pitch computed for cascade with both main
and splitter blades (mm)
Uy Tangential velocity at impeller outlet (impeller tip speed, m/s)
VSV Variable stator vanes
WESTT Whole-engine simulator turbine technology
Y1 Height of next-to-wall element of the grid (mm)
z Number of blades (-)
Greek
B Flow angle in relative frame of reference, measured from tangential direction (deg)
Buiz Blade angle at impeller outlet, measured from tangential direction (deg)
7 Efficiency (-)
i Slip factor —=2— [18]
1o Total pressure loss coefficient % -)
T Coefficient of area contraction (blade metal blockage, -)
2
Cimp prof Profile loss coefficient of impeller c;, x l';’ﬂ% X <Z’—%> [44]
Subscripts
1 Refers to HPC impeller leading edge location (equal to 26 in engine scale)
2 Refers to HPC impeller trailing edge location (equal to 27 in engine scale)
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