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Featured Application: This study consists of a contribution to the design of mixed inflow turbines

with the view to improve their performance when integrated in internal combustion engines.

Abstract: The blade shape is of great interest to hybrid turbine designers, due to its significant and
direct impact on turbine performance. The inlet and outlet diameters of the vane affect the size of the
rotor, which is limited because of the small space available in internal combustion engines. The effect
of the ratio of the average inlet diameter and the average exducer inlet diameter on the performance
of a mixed inlet turbine will be the focus of this study, which consists of two cases included herein for
the purpose of illustrating the means of improving rotor performances and controlling the flow mass
rate. In the first case, we achieved this by changing the average diameter of the exducer inlet, while,
in the second one, we achieved this by changing the average inlet diameter. Additionally, the angles
of the inlet and outlet blades were recalculated to preserve the same blade profile and to eliminate
the effect of curvilinearity. It was noted that the shape of the blade was very sensitive to changes in
the ratio of the investigated diameters, and—in both cases—interesting results were obtained. First,
an increase in output work and in total static isentropic efficiency by 2.16% and 2.15%, respectively,
was generated, with a saving of 3.52% of the used mass flow and a lighter rotor compared to one that
used to take up the same space by using fixed average inlet diameter blades. In the second case, there
was an increase in the output work by 3.31%, and in the total static isentropic efficiency by 3.34%,
but the rotor became heavier and required an increase in the mass flow used. Since inter-blade flows
are very complex, three-dimensional and viscous—featuring various types of secondary and eddy
flows—the CFX.15-CFD code was used in all models to solve the averaged Navier-Stokes equations.

Keywords: mixed flow turbine; blade; exducer average root diameter; camberline

1. Introduction

The issues of intensifying technological processes and increasing the efficiency of
mixed-flow turbines, which are important components of internal combustion engines,
are a priority in modern mechanical engineering. The peculiarity of such turbines lies
in the simultaneous presence of an axial and a radial flow, with none of these flows
being negligible.

To increase the power of an engine, the quantity of air and fuel admitted into the
combustion chamber must be increased. For this purpose, turbocharging is used—a
technique that uses a turbocharger for the purpose of expanding the exhaust gases along

Appl. Sci. 2022,12,12165. https:/ /doi.org/10.3390/app122312165 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122312165
https://doi.org/10.3390/app122312165
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4880-9496
https://orcid.org/0000-0002-8549-4788
https://orcid.org/0000-0001-9680-9370
https://orcid.org/0000-0002-4917-2474
https://doi.org/10.3390/app122312165
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122312165?type=check_update&version=2

Appl. Sci. 2022,12,12165

2 of 21

a mixed or radial turbine to drive them to a centrifugal compressor interposed between
the air inlet and the intake manifolds. In this process, a heat exchanger (an intercooler) is
generally added to lower the temperature.

In this light, due to the great importance of using mixed and radial inflows turbines in
the internal combustion engine field to raise their energy, they have attracted the attention
of many researchers who are trying to find ways to improve their performance.

To this end, Sawada et al. [1] presented a method of performance estimation for radial
inflow turbines by basing the analysis on the so-called one-dimensional flow.

Other, such as Milton et al. [2] studied the effect of reducing rotor blade inlet diam-
eter on turbine performance. The results of this investigation indicated that maximum
efficiencies were obtained with a Clearance ratio of 0.075 for the turbine, in which case
the Clearance ratio was defined as the difference between the diameter at the stator blade
trailing edge and the rotor blade inlet diameter divided by the diameter at the stator blade
trailing edge.

Other authors also had important contributions. Baines [3] presented the development
of the primary and secondary flows in the rotors of radial-inflow turbines. Richard [4]
studied radial turbine cooling to produce high specific work output at safe rotor stress
levels. Anthony [5] designed and tested a small, high-pressure ratio radial turbine and
described the aerodynamic rotor design. Takamura et al. [6] analyzed the influence of blade
aerodynamic loading on the efficiency of the radial-inflow turbine. Chen et al. [7] studied
the effect of blade loading in radial and mixed-flow turbines. Rodgers [3] analyzed the
aerothermodynamic, structural, and economic factors which influence the performances
of small gas turbines in the 50-100 kw class. Wallace et al. [9] developed a unified ap-
proach to the one-dimensional analysis and design of radial and mixed-flow turbines.
Carlos et al. [10] realized a preliminary design and performance estimation of a radial
inflow turbine (an automated approach). Zeng et al. [11] studied the effects of the squealer
geometry of the turbine blade tip on the tip leakage flow and loss. Pesiridis et al. [12]
analyzed an experimental evaluation of active flow control mixed-flow turbines for au-
tomotive turbocharger applications. Copeland et al. [13] combined experimental and
computational results to study the various timescales associated with pulsed turbine opera-
tion. Hagen et al. [14] presented equation-oriented methods for the design optimization
and performance analysis of radial inflow turbines. Dadone et al. [15] clarified a method
for evaluating the off-design performance of a radial inflow turbine with comparison
experiments. Wasserbauer et al. [16] programmed the Fortran program for predicting the
off-design performance of radial-inflow turbines. Rodgers [17] established an advanced
radial inflow turbine rotor program design with dynamic testing and studied direct con-
duction cooling at turbine inlet temperatures from 1478 K (2660°R) to 1700 K (3060°R).
Lauriau et al. [18] implemented preliminary design considerations for variable geometry
radial turbines with multipoint specifications. Alawadhi et al. [19] studied the design and
optimization of a radial turbine to be used in a Rankine cycle operating with an OTEC
System. Zahed et al. [20] presented the radial turbine design process. Rodgers [21] studied
radial turbine-blade number and reaction effects. Doran et al. [22] presented an experi-
mental performance evaluation of a 99.0 mm radial inflow nozzle turbine with varying
shroud profiles; the results have helped to confirm some of the trends noted in the earlier
tests. Gao et al. [23] validated a mean line performance prediction method for radial and
mixed-flow turbines. Palfreyman et al. [24] carried out a numerical study of the inter-
nal flow field characteristics in mixed flow turbines. Chou et al. [25] treated the design
and testing of a mixed-flow turbine for turbochargers. Minegishi et al. [26] developed a
small mixed-flow turbine for automotive turbochargers. Wallace et al. [27] presented a
design construction and testing of a mixed-flow gas turbine. Rajoo et al. [28] examined
an experimental study on the performance of a variable geometry mixed flow turbine for
an automotive turbocharger. Pesiridis et al. [29-31] realized an experimental evaluation
of an active flow control mixed-flow turbine for automotive turbocharger applications.
Lee et al. [32] analyzed a tilted turbine housing volute design under pulsating inlet condi-
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tions, and Ketata et al. [33] examined a numerical study of a vanned mixed flow turbine
operating in various steady flow conditions. Ali et al. [34] studied the number of blade
effects on the performance of a mixed turbine rotor, and Meghnine et al. [35] presented
the influence of the volute cross-sectional shape on mixed inflow turbine performances.
Hamel et al. [36] investigated a twin entry mixed flow turbine volute and its benefits for
the eco-system. Morrison et al. [37] demonstrated the effects of flow conditions at the rotor
inlet on mixed-flow turbine performance for automotive applications; Padzillah et al. [38]
analyzed an experimental and numerical investigation of flow angle characteristics of
an automotive mixed-flow turbocharger turbine. Udayakumar et al. [39] presented the
impact of mixed-flow turbines on the efficiency of automotive turbocharger applications.
Karamanis [40] examined the steady and unsteady performance of mixed-flow turbines
for automotive turbochargers. Zhang et al. [41] created a 3D inverse design method for the
optimization of radial and mixed-inflow turbines. Leonard et al. [42] analyzed the design and
performance of mixed-flow turbine rotors with extended blade chords. Chelabi et al. [43—45]
studied the effects of the cone, inlet, and deviation blade angles on mixed inflow turbine
performances and analyzed the three-dimensional accelerating flow in a mixed turbine
rotor. A smaller number of blades was suggested for a cone angle of 20° in the case of
parallel surfaces [43] because of parameters, such as a large surface, weight, inertia, and
a wide range of operation, for maximum efficiency. Also, the machine experienced [44]
a 3.71% and 3.67% increase in work output and efficiency, respectively. It has been estab-
lished [45] that for larger absolute exit kinetic energies, for values of deviation blade angle
between —10° and —20°, an exhaust diffuser is recommended to recover a part of it into
a greater expansion ratio. Kononenko et al. [46] examined the deflections and frequency
in the milling of thin-walled parts with variable low stiffness; Dobrotvorskiy et al. [47]
developed an optimum thin-walled parts milling parameters calculation technique.

This study will present the effect of inlet average diameter to exducer mean root
diameter ratio on mixed inflow turbine performances in two cases. The first is by fixing
the average inlet diameter and the second is by fixing the average exducer root diameter
while preserving:

The same ratio values for the two cases discussed.

The same dawn profile needed to eliminate the effect of the camberline shape on the

turbine performance, resulting in the need to calculate the new outlet blade angles in

the first case and the inlet blade angle in the second case.

e  Theinlet and outlet blade height needed to eliminate the flow convergence effect at
2d, resulting in the need to calculate the new hub and shroud radius at the outlet in
the first case, and the new hub and shroud radius at the inlet in the second case.

2. Materials and Methods

Due to the complexity and importance of the blade shape and its impact on the
turbine’s efficiency, it is necessary to use an easy mathematical model that enables control
of all angles and dimensions of the blade. To this end, we used the Bezier polynomial
model of four degrees to determine the meridian plane and the camberline profile.

2.1. Initial Rotor Design
2.1.1. Meridian Plane

The blade meridian plane (Figure 1) is characterized by its shroud and hub profiles; the
relations below of the Bezier polynomial are respected (Equations (1) and (2)) to determine
de meridional plan:

r=(1—u)*rg+4u(l —u)’r; + 6u>(1 — u)’re + 40’ (1 — u)ry + u'rs, 1)

x = (1—u)*xg+4u(1 —u)’x; +6u>(1 — u)?xc + 4u3(1 — u)xz + u*xs 2)

where u is acoefficient between 0 and 1.
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D3s |D3rm:
D2

(d)

Figure 1. The mixed turbine rotor dimension’s view: (a) Intel view; (b) Outlet view; (c) Rotor length

view; (d) Rotor in 3D view.

For the hub, the items of 0 and 3 are defined as follows (Equations (3) and (4)):

1 .
xXp — 0,‘ rg — E(DZ - bZSln(SZ))' (3)

1
x3 =X1; r3 = EDsh' 4)

and, for the shroud, the items of 0 and 3 are defined as follows (Equations (5) and (6)):

N =

xp = bacos(82); 19 = = (D2 + basin(8,)) (5)

1
X3 — Xl,‘ r3 — §D3S. (6)

2.1.2. Camberline Profile

The camberline consists of a leading edge and a trailing edge; the first one is obtained
based on the following relations (Equations (7) and (8)):

1 ’ dx
0 =0pf + sin(3) / tan(ﬁzb)7, )

Xref

r = ron + (x — xqp) tan(dp). ®)
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The rotor type A has a constant blade angle, and by merging Equations (7) and (8), the
equation of the leading edge camberline becomes (Equation (9)):

tan(Bop) | (ron = Xon tan(&)) + x tan(dr)
sin(6,) tan(dy) (ron — Xon tan(d2)) + Xy tan(dz) |

0= Qref + )

To complete the remainder of the camberline, it is necessary to calculate the trailing
edge profile (Figure 2); this is where the Bezier polynomial is used. The following formulas
are applied (Equations (10) and (11)):

X=(1—-u)xg+4u(l —u)'x3+6u°(l—u)x, +4u’(1 —u)xp +u-xs,
(1w +4u(l —ul’xs + 6w’ (1 - w)’x + 4 (1 —wpxo +utxs,  (10)

0 = (1—u)*0p+4u(1 —u)0; 4+ 6u>(1 — u)?6y, + 4u’(1 — u)6;, + u'6s. (11)

A Thefirst point of legding edge

camberine angle

LEADING EDGE TRAILING EDGE

P3

The last point of trailing edge

blade lenght

Figure 2. The camberline blade view.

2.2. Numerical Simulation
2.2.1. Numerical Method Applied

The task of obtaining solutions to the governing equations of turbomachinery flow
represents one of the most challenging problems in science and research. In most in-
stances, the mathematical formulation equations of the momentum, continuity, and energy
are expressed as partial differential equations (PDE). Second-order partial differential
equations—which must be solved within an irregular domain subject to various initial and
boundary conditions—arise frequently. In general, these equations do not admit analytical
solutions, except in very simplified cases. Therefore, resorting to digital resolution methods
called CFD is necessary. The ANSYS-CFD is used in this project—where it is based on
the finite volume methods in its calculation—because it is well suited to conservative
problems. The first stage is to identify discrete locations (that generate a grid), in which
the variables are to be calculated and defined by the numerical grid—which is essentially
a discrete representation of the geometric domain on which the problem is to be solved.
It divides the solution domain into a finite number of subdomains. This study used the
unstructured hexahedral grid because it adapts well to turbomachine simulations. In the
second and the final stages, the transport equations are solved after simplifying them in
line with the nature of the flow. To reach more precise results, the grid corresponding to the
surface located in the vicinity of the walls of the object were refined to obtain more exact
thermodynamic results.
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2.2.2. Boundary Conditions

The rotor type A of a mixed inflow turbine (with a constant inlet blade angle) with
dimensions recorded in Table 1 is under examination in this section. The general calculation
conditions applicable are summarized as follows: the simulation domain was an inter-
blading channel (as per the periodicity condition), the mesh used was an unstructured one
in the shape of a hexahedron, the fluid used was an ideal air gas (ideal gas), the conditions
at the channel inlet were the total pressure of 2.91 bars, the total temperature was 920 °K,
and the absolute flow angle was —13°. The conditions at the channel outlet included the
static pressure of 1 bar, the rotation speed of 98,000 rpm and the use of k-¢ was a model of
turbulence. In Figure 3, the different geometrical zones are regrouped and depicted.

Table 1. The geometrical parameter values (in mm).

b, D,

ROs X1 bs D3h D3-rms D3s 6,(°) 05(°) B (°) B3 ()

17.99 83.58

47.57 40 25.79 27.07 55.7 78.65 40 —-25 20 -52

Periodic 2

Inlet
Shroud Extrados

Periodic 1

i Periodic 2
Exit wall E:
z

Hub

Inradox

Periodic 1 Outlet

Figure 3. The different geometrical zones.

2.2.3. Grid Solution Dependency

To find the optimal grid condition that indicated the smallest number of elements
without generating a difference in the numerical results based on the evaluation of various
grid conditions, grid independence was mandatory. Four grids of 107,244, 233,844, 333,372,
and 415,030 elements were examined for the rotor type A. The analysis of the graphs
revealed that the number of elements did not have any effect on the parameters of torque
and the mass flow rates (Figure 4). The report also noted a negligible impact on the static
pressure distribution around the rotor blade (Figure 5a,b). The efficiency graph reached
stability at 333,372 elements. According to this indicator, the grid parameter corresponded
to 333,372 elements—which were then applied in the numerical simulations.

1.6+
Number of elements

1.5 —e— 107.244 —4A— 233.844
. 4 333.372 —&— 415.030
T 1.4
=2
(]
5 1.3 O-ang_
A
(0]
5 1.2
)
8 1.1
]

1.0 Pl 78 S XYY

0.9 T T T

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Streamwise at radius mean

Figure 4. Effect of element number on static pressure around the blade for an average radius.
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100.000 200.000 300.000 400.000
number of elements
(a)
0.060
0.8380
0.83754
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c
2
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]
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0.000- T T T —-
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number of elements number of elements
(b) (9

Figure 5. Effect of the number of elements on the result of the study: (a) torque, (b) mass flow rate,
(c) efficiency.
2.2.4. Numerical Model Validations

The used numerical model was validated by the experimental work of Chen and
Abidet [7], who found an agreement between the experimental and numerical results

(Figure 6).
2.04
Pr 2.3 ry:
1 Experimental ——— ——
1.8 Nume rical ——
*

5] A \\\:
MY
1.u_- \\\iﬁ?;:;f—-ﬁ

turbine canal length (m}

Pressure ratio

UB T T T T T T T T
0.04 0.02 0.03 004 0.05 0.08

Figure 6. Change in pressure distribution along the turbine canal length.
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Below, the expansion pressure ratio defined as the inlet stagnation pressure over the
exit static pressure was represented along the blade axial direction.

2.3. New Design Theory

It is known that the shape of the rotor is important in the design process of a mixed-
flow turbine because it affects the efficiency of the turbocharger. However, the space
occupied by the structure is also important because of the difficulty in accommodating
a large structure in the internal combustion engine structure. The influence of the ratio
between the average diameter of the inlet and the average diameter of the outlet pipe on
the characteristics of the mixed turbine is investigated in the two cases illustrated below.

2.3.1. A Fixed Value of the Inlet Means Diameter Case

In the first stage of research, the average inlet diameter was chosen as constant, and
the average diameter of the exducer root varied. In this stage, the average inlet diameter
was preserved and—at the same time—the exducer average root diameter was varied. An
iterative calculation described by Figure 7 was carried out to determine the value of the
diameter ratio and to keep the same degree of the meridian plane. The ratio between the
average inlet diameter and the average exducer root diameter is presented in Figure 8, and
it was obtained from the following relation (Equations (12) and (13)):

D,
R = , 12
D37rms ( )
1 2
D3_yms = E(Z D;:,Z) (13)

D3e0,D3p0,D0z .6

INPUT

D3 = D3gp — i # step

= -
2,825 m,a3 ,R,i

(DSSG — DSTICI}

Dap = Dagi— 2

Y

-
*

4

NO

Calcul of meridian plan

Dy, =Djygy +1i+step

(DS:U - Daho)

DSM = DSS(’ - 2

Calcul

of B3

Y

4

QUTPUT
D3, Dap D3 pne, B3

!

END

Figure 7. Iterative calculation of the meridian plane based on the D3_,,,; verification.
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D2
D3,1= D3s
D3, i

D3, i+1

D3, x=D3-rms
D3, n-2

D3, n-1
D3 ,n=D3h
Figure 8. The inlet mean diameter and exducer mean root diameter presentation.

In order to study the same values of diameter ratio (1.4-1.45-1.5-1.55-1.6) and keep
the same blade height at the outlet blade to eliminate the flow convergence effect at 2D, it
is obligatory to calculate the new hub and shroud radius at the outlet.

The outlet relative angle (Figure 9) was recalculated according to Equation (14), which
maintained the same camberline slope at the rotor exit in order to preserve the same
camberline shape and to eliminate its effect.

_[d0] tan(B3)
w5 =2 "

Tangent of the blade at the
¥
/‘ end of trailling edge

SHROLD

Tangent of the shroud
at outlet blade

INTRADOS

I_@>

Figure 9. The outlet blade angle presentation.

The new meridian plan geometries—with its camberline angle obtained and the
different blade shapes—are presented respectively in Figures 10 and 11; all its dimension
values are regrouped in Table 2.

Table 2. The meridian plan geometrical parameter values for a fixed value of average inlet diameter

(in mm).
b, D, ROh ROs Bop () b3 D3h D3-rms D3s B3 (©) A(@mm?) R
17.99 83.58 36.008 47.57 20.00 25.79 38.7970 59.7 90.3770 —53.90 1046 14
17.99 83.58 36.008 47.57 20.00 25.79 329157 57.6 84.4957 —52.94 1029 1.45
17.99 83.58 36.008 47.57 20.00 25.79 27.0700 55.7 78.6500 —52.00 1013 1.5
17.99 83.58 36.008 47.57 20.00 25.79 21.1200 53.9 72.7000 —51.08 998 1.55

17.99 83.58 36.008 47.57 20.00 25.79 14.9810 52.2 66.5610 —50.18 986 1.6
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5 &-104 * A R=14
§ 251 g - v R=145
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é 20 R=D2/D3-rms % _154 R- 155 “‘
« Ny o R=16 2

Bl —r=15 -20 \

—R=155
09} —Rr-16 s \
5 T T T T T T T T T
0 10 20 30 40 0 10 20 30 40
Axial length (mm) Axial length (mm)
(a) (b)

Figure 10. The new meridian plane geometries: (a) with the same camberline shape; (b) for a fixed
value of average inlet diameter.

R=1.45

Figure 11. The different blade shapes view for a fixed value of average inlet diameter.

2.3.2. A Fixed Value of the Average Exducer Root Diameter Case

In this stage, the average diameter of the exducer root remained constant and the
average diameter at the inlet was changed. The calculation described by Figure 12 was
created in order to preserve the same diameter ratio values used in the first case and the
same meridian plane point.

The inlet blade angle (Figure 13) was recalculated according to Equation (15) to
maintain the same camberline slope at the inlet rotor and for its shape to go unchanged,
thus excluding its effect. The new meridian planes geometries—with their camberline
angle obtained and different blade shapes—are presented in Figures 14 and 15, respectively.
All their dimension values are regrouped in Table 3.

tan(Baps)

do
0= %] w0 Ros siney) (1)
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INPUT
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!

Calcul of D,

!

Calcul of meridian plan

'

Calcul of ff35,

!

OUTPUT
D3, , D3y , Dy, B2

Figure 12. Calculation of the meridian plane based on the input value of D3_ ;.

!

END

v

50

45 1

40

35

30

25

20

154

10

D3-rms fixed case

R=D2/D3-rms
—R=14
——R=145
——R=15
——R=155
—R=16

Axial length (mm)

(a)

Tangent of the blade

at leading edge

Cambrure angle (?

INTRADOS

Tangent of the shroud
atinlet blade

5 D3-rms fixed case
‘},ir'] \%\{\
0 , e
/ﬂ/
—5- n/,}
v
R=D2/D3-rms
-104 §f ——R=14
—<¢—R=145
154 —+—R=15
—>—R=155
~—<4—R=16
204
—254
T T T T T
0 10 20 30 40

Axial length (mm)

(b)

Figure 14. The new meridian planes geometries: (a) with the same camberline shape; (b) fixed value
of average exducer root diameter.
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R=14 R=145 R=1.5

R=1.55 R=1.6

Figure 15. The different blade shapes views for a fixed value of average exducer root diameter.

Table 3. The meridian planes geometrical parameter values for a fixed value of average exducer root
diameter (mm).

b» D, ROh ROs Bap ©) bs D3h D3-rms  D3s Bs ) A(mm?) R
17.99 77.98 33.211 44.769 18.91 25.79 270700 557 903770  —52.00 1001 14
17.99 80.77 34.603 46.162 19.45 25.79 270700 557 844957  —5200 1007 145
17.99 83.58 36.008 4757 20.00 25.79 27.0700 557 78.6500  —52.00 1013 15
17.99 86.34 37.388 48.947 20.53 25.79 27.0700 557 727000  —52.00 1019 1.55
17.99 89.12 38.781 50.339 21.07 25.79 27.0700  55.7 665610  —52.00 1025 16

3. Results and Discussions

The three-dimensional shape of the blade and its area is influenced by the ratio between
the average inlet diameter and the average exducer root diameter and, in general, this
change is reflected—in turn—in the rotor performance. For comparison purposes, the
numerical simulation results of the diameter ratio effect in the two cases at full rotation
speed on the same schematic diagram were discussed: the first by fixing the average inlet
diameter and the second by fixing the average exducer root diameter.

Figure 16 shows that the flow is inversely proportional to the ratio of the diameter in
the case of a fixated average inlet diameter and is directly proportional in the case of a fixed
average exducer root diameter. This can be explained—in the first case—by the narrowness
of the rotor outlet channel caused by the decrease in the effective hydraulic diameter at the
outlet, which is a function of the casing and hub diameters at the rotor outlet. In the second
case, this can be explained by the widening of the rotor, as the inlet channel depends on the
increase in the effective hydraulic diameter at the inlet, which is a function of the casing
and hub diameters at the rotor inlet. For the purpose of the cases discussed above, the
effective hydraulic diameter is the ratio between the passage section and the perimeter
affected by the flow.

Figure 17 shows that the output work increased as the ratio between the diameters
increased in both cases, and by using Table 3, it could be justified as a result of increasing
the contact surface area in the case of fixed average exducer root diameter. However, for the
fixed average inlet diameter case, it was observed that the blade area decreased with the
increase in the ratio of the diameters (Tables 1 and 2) and in spite of that, the output work
was escalating. This can be explained by increasing the length of the blade streamwise,
which is the actual contact area between the blade and the gas (Figure 12a). It was noticed
that the output work for the fixed value of the average exducer root diameter case was
higher than the output work obtained for the fixed value of the average inlet diameter case
for all diameter ratios. Perhaps this is due to the new values of the inlet blade angle making
it compatible with the gas flow.

Figure 18 illustrates the power that corresponded to the multiplication between output
work and flow mass rate was directly proportional to the ratio of the diameter in the case
of the fixed average exducer root diameter, due to the escalation of output work and mass



Appl. Sci. 2022,12,12165 13 of 21

flow rate together. As for the inlet mean diameter case, the power was escalating to a peak,
which was proportional to the 1.55 of the diameter’s ratio value, and then it went down.
It can be justified by the decline in the flow values and the increase in output work at the
same time.
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Figure 16. Mass flow rate for a different ratio between the average inlet diameter and average exducer
root diameter.
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Figure 17. Output work for different ratios between the average inlet diameter and average exducer
root diameter.
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Figure 18. Power for different ratios between the average inlet diameter and average exducer root
diameter ratio.
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Figure 19 shows that the relative Mach number behavior for the fixed average inlet diam-
eter case was similar to the behavior of a fluid flow moving across two successive channels.
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Figure 19. Relative Mach number for a fixed average inlet diameter case.

The first one was a convergent-divergent channel, which led to the acceleration of the
relative Mach number and then to its deceleration, since the flow regime was subsonic at
the inlet of the rotor. It was observed that the default length of the (converging) first part of
the convergent-divergent channel increased with the increase in the ratio of the diameter,
while the default length of the second (diverging) part of the convergent-divergent channel
increased with the decrease in the diameter ratio in the first part of the convergent-divergent
channel; this can be explained by the boundary layer formation that did not change the
actual, convergent, shape of the turbine channel, while its length was directly proportional
to the diameter’s ratio. As for the second part of the channel (the divergent part), this can
be justified by a thick boundary layer formation in this region, which changed the real
shape of the rotor channel, making it divergent, and whose length is inversely proportional
to the ratio of the diameters. It was observed that the relative Mach number at the rotor
inlet increased with a decreasing ratio between the diameters, even though the rotor inlet
area remains constant. This can be justified by the fact that the thickness of the boundary
layer is greater in the case of a smaller diameter ratio.

The second one was a convergent channel, which led to the acceleration of the relative
Mach number because the flow regime remained subsonic at the outlet of the first channel.
It is noted that the length of this channel decreased with the increase in the diameter’s
ratio, and the reason for this was the formation of the boundary layer without changing the
actual, convergent, shape of the turbine channel, along with an inverse proportion for its
length with the ratio of the diameter. It was observed that the relative Mach number at the
outlet of the rotor increased with the increase in the ratio of the diameter, except for the case
in which the ratio’s value was 1.45. This can be justified by the fact that the outlet area of
the rotor decreased proportionally with the increase in the diameter’s ratio. However, the
situation occurring in the case of the 1.45 value can be explained by the thicker boundary
layer generated at this value.

The same observations were extracted from Figure 20. It was observed that the
relative Mach number was more likely to increase for the fixed average inlet diameter case
compared to the fixed average exducer root diameter case. This is because the default axial
length of the second part of the convergent-divergent channel was shorter in the first case
and longer in the second case.

Figure 21 illustrates that the total static isentropic efficiency was directly proportional
to the diameter ratio for the two cases under investigation. It can be explained by the
decrease in the blade friction losses for the fixed average inlet diameter case (Table 2) and
the decrease in the incidence losses that were dominant for the average fixed mean root



Appl. Sci. 2022,12,12165

15 of 21

diameter case. It was remarked that the total static isentropic efficiency for the fixed value
of the average exducer root diameter case was higher than the output work for the fixed
value of the average inlet diameter case for all diameter ratios, so it can be argued that
friction losses were evident.
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Figure 20. Relative Mach number for the fixed average exducer root diameter case.
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Figure 21. Total to static efficiency for different ratios between the average inlet diameter and the
average exducer root diameter.

The importance of the contour of static pressure on the extrados and the relative Mach
number near the rotor for the two cases are presented in Figures 22 and 23. Generally, at the
intrados, the pressure gradient is almost positive in the radial direction while it is negative
in the axial direction (Figures 22a and 23b). This proves that the pressure is uniformly
distributed in this part of the blade. Contrary to the inlet areas, the pressure variation
on the extrados is disturbed, and this can be justified by the appearance of a “pocket” of
recirculation within this zone. The low-pressure area can cause high stresses on the blade,
and the high-velocity flow concentration can erode the surface of the blade. Therefore, the
area of low pressure and high velocity should be avoided, or at least the pressure gradient
should be minimized if these areas cannot be eliminated. Comparing all pressure and
relative Mach number contours on the blade, designs with a 1.6 ratio for the discussed
two cases were not a very good choice in terms of design vis a vis the blade lifetime.
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(@) (b)

Figure 22. Static pressure contours on extrados: (a) With the relative Mach number contours near the
extrados; (b) For a fixed value of the average inlet diameter.
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(@) (b)

Figure 23. Static pressure contours on extrados: (a) With the relative Mach number contours near the
extrados; (b) For a fixed value of the average exducer root diameter.
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The choice of the rotor material depends on the highest static temperature over the
blades. A good distribution of the static temperature over the blade could result in a
well-balanced thermal stress in the rotor. It may also indicate a lower temperature loss
occurring near the blade. Figure 24 shows the static temperature contours on the exducers
in the two cases. From the contours, one can see a drop in temperature from the inlet to the
outlet, due to the acceleration of the flow through a converging passage. By comparing
the contours of the two cases, it is obvious to notice that all blades have compatible
thermal stress.

R=1.45 R=1.45

(a) (b)

Figure 24. Static temperature contours on extrados: (a) For a fixed value of the average inlet diameter;
(b) For a fixed value of the average exducer root diameter.
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4. Conclusions

The change in the complex of physical, gas-dynamic parameters and the efficiency of
a mixed turbine depends on the ratio between the average diameter of the rotor at the inlet
and the average diameter of the inlet of the exducer. A mathematical model for controlling
the three-dimensional geometric dimensions of the blade was used. It was described by a
Bezier polynomial of the fourth degree, with the definition of the meridian plane and the
Cumberline profile. An iterative calculation was used to compare the characteristics of a
rotor with a given ratio of diameters. The inlet and outlet blade angles were recalculated to
keep the blade profile unchanged.

It was found that—with a change in the exducer average root diameter and a fixed
value of the average diameter of the rotor at the inlet—the output work and the total static
isentropic efficiency were directly proportional to the ratio between the blade diameters.
At the same time, the output work increased by 2.16%, along with a mass flow saving of
3.52%, which ultimately led to an increase in the isentropic efficiency by 2.15%. It should
also be noted that the weight of the rotor was reduced by 31.98% while maintaining the
size required to fit in the casing.

In the second scenario, with a change in the average diameter at the inlet and a
fixed value of the exducer average root diameter, the work at the exit and the total static
isentropic efficiency was also directly proportional to the diameter ratio, but higher than in
the first case, since they reached values of 3.31% and 2.34%, respectively. However, this
was accompanied by an increase in the mass flow rate by 4.07% and an increase in the
dimensions of the rotor by 6.63%.

An analysis of the static temperature distribution, static pressure, and relative Mach
number revealed dangerous low-pressure areas on the blade surface, accompanied by a
high relative Mach number. The most rational choice would be to use the diameter ratio
(R) in diapason from 1.5 to 1.55. The higher probability of blade surface erosion with a
diameter ratio of 1.6 in both cases should be expected.

In general, a more accurate determination of the economic efficiency of a turbine in
the stages of design and while running is a complex multi-parameter problem that requires
an optimization solution, which the authors plan to approach in future studies.
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Abbreviations
by Height at the inlet of the rotor
D, Means diameter at rotor inlet

Dsrms  Exducer mean root diameter
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D3y Exducer hub diameter

D3g Exducer shroud diameter

i Iteration

r Radial polar variable

R Ratio

Ton The radius at hub inlet rotor

R. The calcul ratio

X1 Length of the rotor

Xon The axial distance for the initial hub
Xref Reference axial distance of the blade

Bop Inlet balde angle
0 Camber angle

Oref Reference camber angle
dn Cone angle at the inlet blade
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