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Featured Application: This study contributes to the design of mixed inflow turbines to improve
their performance in internal combustion engines.

Abstract: The choice of blades for mixed turbines is to achieve the required deflection with minimal
losses. In addition, it is necessary that the blade functions without a detachment in a wide area
outside the nominal operating point of the machine. In the blade profile study, it is required to
satisfy the conditions relating to fluid mechanics and those relating to the possibility of realization of
construction. The work carried out presents the effect of the blade deviation angle on the geometric
blade shape and the performance of the mixed inflow turbine on keeping the same rotor casing in
order to improve its performances. It was remarked that the efficiency is proportional to the deviation
angle’s increase, but the rotor became heavy. It has been determined that the effect of the blade
deviation angle on mixed inflow performances decreases dramatically starting from the angle −20◦

for a 100% of machine load. It was urged to avoid relying on angles greater than −20 as values for
blade deviation angles. The study noted that the maximum obtained in the output work and power
is related to the highest the efficiency for a specific optimum design case (−35◦ of deviation blade
angle) due to the increase in the contact surface between the blade and the fluid, but the problem is
that the rotor gets a little heavy (4.37% weight gain). Among recommendations, attention was given
to the more significant absolute exit kinetic energies, for values of deviation blade angle between
-10◦ and −20◦, where an exhaust diffuser is recommended to use to recover a part of it into a greater
expansion ratio. These simulation results were obtained using a CFD calculation code-named CFX.15.
This code allowed for the resolution of the averaged dynamic equations governing the stationary,
compressible, and viscous internal flow.

Keywords: energy efficiency; industrial growth; mixed turbine; blade; hub; shroud; deviation

1. Introduction

The issues of intensifying technological processes and increasing the efficiency of
mixed-flow turbines, which are also used in internal combustion engines, are a priority in
modern mechanical engineering. The peculiarity of such turbines lies in the simultaneous
presence of both axial and radial flow, and neither of these flows is negligible.

Appl. Sci. 2022, 12, 3781. https://doi.org/10.3390/app12083781 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12083781
https://doi.org/10.3390/app12083781
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/0000-0002-0938-8772
https://orcid.org/0000-0003-0595-2660
https://orcid.org/0000-0002-6136-1040
https://doi.org/10.3390/app12083781
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12083781?type=check_update&version=2


Appl. Sci. 2022, 12, 3781 2 of 20

The mixed inflow turbine mainly consists of a volute, a rotor, and a diffuser. The
volute is used to convert the potential energy into kinetic energy. It can be used as fixed
blades at the outlet volute to direct the fluid at a specific angle. It is an established fact that
the optimum absolute flow angle at the outlet volute is approximately −13◦. The role of
the rotor is to convert kinetic energy into mechanical energy, which is the subject of the
proposed research. As for the diffuser, it converts the remaining kinetic energy into the
potential energy, and it can be dispensed if there is an ideal energy transition in the rotor.

Due to the importance of the mixed flow turbine’s role on the turbocharger used in
internal combustion engines, many scientists are studying it. As a result of a deep analysis of
works in this area, we have identified a number of interesting studies. Rajoo et al. [1] offered
a comprehensive review of mixed-flow turbines. Watson et al. [2] compared the efficiency
of axial, radial, and mixed turbines by different speed ratios, improving the turbocharged
engine’s performance with variable geometry. The potential improvements that the mixed
flow turbine offers have been a great motivation for many research works on the application
of ICE mixed flow turbines, such as Yamaguchi et al. [3], Chou et al. [4], Naguib [5],
and Minegashi et al. [6]. In research [7], the authors argue that mixed flow turbines
are considered the best option that offer significant benefits for automotive turbocharger
applications. Wallace [8] symmetrically approached radial and mixed turbine design.
Zhang et al. [9] tested mixed inflow turbine performances and compared them with the
experimental results.

In parallel, the works of scientists who work in the field of studying the volute shape
of mixed inflow turbine and its working conditions were considered. Wallace et al. [10,11]
mentioned that the VGT (variable geometry turbine) is the next step in turbo compression
technology at this time, and they conducted a series of VGT-equipped engine tests and
examined the improvement achieved. They found that an “ideal” nozzle, specially designed
for mixed-flow rotor entry, is essential for obtaining the maximum VGT performance. Baets
et al. [12] used a pivoting nozzle vane to control the inlet mixed flow turbine. The recent
development of VGT was experimentally tested by Rajoo et al. [13], which was designed to
match the 3D of the mixed-flow turbine geometry at the leading edge. The design and the
experimental data obtained by Rajoo [14] are used for validation throughout the current
research. Gao Y. et al. [15] investigated stator end wall designs numerically for a mixed flow
turbine. Lee et al. [16] designed and analyzed the volute of a radial and a mixed flow turbine.
Ketata et al. [17] numerically studied a mixed flow turbine volute operating in various
steady flow conditions. Maghnin et al. [18] presented the influence of volute cross-section
shape on mixed inflow turbine performances. Lee et al. [19] analyzed the impact of a volute
aspect ratio on the performance of a mixed flow turbine performance. Hamel et al. [20]
investigated a twin entry flow turbine volute and benefits concerning the eco-system.
Leonard et al. [21] studied the inlet mixed inflow turbine geometry. Ketata and Driss [22]
studied the volute to rotor interspace loss on mixed turbine performance. Some researchers
were interested in the operating conditions of mixed inflow turbines: Pesiridis [23] and
Pesiridis and Martinez-Botas [24–26] modified the mechanism of actuation of sliding vanes
to adapt to the nature of the pulsating flow of exhaust gas by inducing artificially sinusoidal
motion. Wallace and Blair [27] reported the earliest experimental study of the irregular
flow effect on mixed inflow turbine performance. Yamaguchi et al. [3] analyzed four rotors
of inflow mixed turbines with different camber curves. Morrison et al. [28] studied the
effects of flow conditions at rotor inlet on mixed flow turbine performance for automotive
applications. In work [29], the unsteady rotor flow-field timescale in a highly loaded mixed
flow turbine using validated 3-D unsteady computational fluid dynamics (CFD) carried
out by ANSYS-CFX was quantitatively investigated. In paper [30], to control the shock
wave and to improve the flow conditions of highly-loaded turbine cascades, an inverse
method study on the S1 stream surface was conducted to weaken shock wave strength
using the blade profile at the mid-span of the second stage rotor blade of an E3 turbine.
Chen and Baines [31] concluded that the mixed inflow turbine design could be optimized
by adjusting the volute outlet vortex angle to zero or a certain positive value. Padzillah
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et al. [32] numerically and experimentally studied the flow angle effect on mixed inflow
turbine performance and discovered that only one rotor blade part operates in optimal
conditions. Karamanis et al. [33] studied the constant blade angle effect on the mixed inflow
turbine performance in the steady and in the unsteady state.

Given the fact that the rotor shape has great importance, as it is the main element for
the transformation of kinetic energy into mechanical energy, much attention has also been
paid to this issue in modern literature. Palfreyman et al. [34] obtained the rotor geometry
of the mixed flow turbine by radially scanning the leading edge of a radial turbine. This
modification resulted in a blade curvature reduction of the secondary flow concerning
its radial counterpart. Whitfield et al. [35] established a relationship between the blade
angle, the cone angle, and the camber angle. Litim et al. [36] studied the effect of blade
number on mixed inflow turbine performances. Leonard [37] presented mixed flow turbine
rotor design and performance analysis with extended blade chords. Ketata et al. [38] tested
seven designs of inflow mixed turbines with different numbers of blades from 3 up to 15
that have been considered for investigation and obtained porch results at Blair’s work.
Wallace et al. [39] based on one-dimensional analysis and empirical energy loss models to
determine the optimal mixed inflow turbine rotor dimensions. Ke et al. [40] established a
specific procedure for mixed flow turbine rotor design. Uswah et al. [41] optimized the hub
and shroud by changing the position coefficient introduced into the Bezier polynomial to
obtain better performance. Whitfield and Baines [35] developed a relationship (1) between
cone angle, inlet blade angle, and camber angle.

tan(β2b) = cos(λ) tan g(φ) (1)

Chelabi et al. [42] studied the effect of cone and inlet blade angles on mixed inflow
turbine performance in two cases, the first for a fixed outlet section volute and the second for
a variable outlet section volute which was parallel to the rotor leading edge, some geometric
parameters were fixed to keep the same rotor casing. Authors [43] analyzed the three-
dimensional accelerating flow in a mixed turbine rotor. The studies [44,45] include research
to ensure high-quality mechanical machining of turbine blades for regular operation.

Thus, the analysis of the current state of the issue shows a high interest in the research
and manufacture of mixed-flow turbines due to their great promise. However, the com-
plexity of the ongoing processes does not yet allow one to unambiguously determine the
physical, technological and design parameters of products.

In particular, the relationship between the deviation blade angle and the shape of
the rotor, and the performance of mixed-flow turbines has not been sufficiently studied.
However, the importance of this parameter has been emphasized in many works.

Therefore, the search for optimal and rational parameters of turbines must be carried
out at the design stage since the manufacture of turbines is an expensive process. This task
can be accomplished by modeling the processes and structures of the developed turbines
on digital models. Therefore, the present work aims to create a digital model of a mixed
flow turbine and to analyze the effect of the deviation blade angle on the rotor shape and
on the performance of a mixed flow turbine at various rotation speeds, which provide
50%, 75% and 100% performance. The main goal of the work is to increase the turbine’s
efficiency by increasing power and reducing the weight of its rotor. The body parameters
remain unchanged.

2. Materials and Methods
2.1. Initial Rotor Design

Two existing techniques in progress are available to sufficiently meet our ambitions,
which engage in the description of the blade geometry. Its complex configuration character-
izes the latter at the level of the multiple curvatures in three-dimensional form arranged
between the shroud and the hub. The first technique considers the projection of the struc-
ture in the perspective of the blade on parallel and perpendicular planes to the wheel’s
axis of rotation. The geometry is defined at the hub of a functional representation of the
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two-dimensional curves. The second technique directly represents the geometry of the
surfaces considered using a three-dimensional functional model by applying the Bezier
polynomials mentioned in this article; this technique offers great interest for our choice to
specify the blade geometry, which effectively adapts mixed inflow turbine. The meridian
plane of rotor type A with constant blade angle [30]; Ref. [43] used in the mixed inflow
turbines shown in Figure 1 is under examination [42]. The Bezier polynomial is used for
this purpose. The relations below are respected (Equations (2) and (3)).

r = (1− u)4r0 + 4u(1− u)3r1 + 6u2(1− u)2rc + 4u3(1− u)r2 + u4r3 (2)

x = (1− u)4x0 + 4u(1− u)3x1 + 6u2(1− u)2xc + 4u3(1− u)x2 + u4x3 (3)

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 20 
 

characterizes the latter at the level of the multiple curvatures in three-dimensional form 
arranged between the shroud and the hub. The first technique considers the projection of 
the structure in the perspective of the blade on parallel and perpendicular planes to the 
wheel’s axis of rotation. The geometry is defined at the hub of a functional representation 
of the two-dimensional curves. The second technique directly represents the geometry of 
the surfaces considered using a three-dimensional functional model by applying the 
Bezier polynomials mentioned in this article; this technique offers great interest for our 
choice to specify the blade geometry, which effectively adapts mixed inflow turbine. The 
meridian plane of rotor type A with constant blade angle [30]; Ref. [43] used in the mixed 
inflow turbines shown in Figure 1 is under examination [42]. The Bezier polynomial is 
used for this purpose. The relations below are respected (Equations (2) and (3)). 𝑟 = (1 − 𝑢)ସ𝑟 + 4𝑢(1 − 𝑢)ଷ𝑟ଵ + 6𝑢ଶ(1 − 𝑢)ଶ𝑟 + 4𝑢ଷ(1 − 𝑢)𝑟ଶ + 𝑢ସ𝑟ଷ (2)𝑥 = (1 − 𝑢)ସ𝑥 + 4𝑢(1 − 𝑢)ଷ𝑥ଵ + 6𝑢ଶ(1 − 𝑢)ଶ𝑥 +  4𝑢ଷ(1 − 𝑢)𝑥ଶ + 𝑢ସ𝑥ଷ (3)

The leading edge camber line is obtained by the following relations (Equations (4) 
and (5)): 

𝜃 = 𝜃 + 1𝑠𝑖𝑛 (𝛿ଶ) න tan (𝛽ଶ) 𝑑𝑥𝑟௫
௫ೝ  (4)

𝑟 = 𝑟 + (𝑥 − 𝑥)tan (𝛿ଶ) (5)

To complete the remainder of the camber line, it is necessary to calculate the coordi-
nates of items 0, 1, b, 2, and 3 (Figure 2) given according to the blade dimensions in refer-
ence [30], where the Bezier polynomial is used. The following forms are applied, where 𝑥, 𝑥ଵ, 𝑥, 𝑥ଷ, 𝜃, 𝜃ଵ, 𝜃ୠ and 𝜃ଷ are axial and radial coordinates of items 0, 1, b, and 3 (Equa-
tions (6) and (7)). 𝑥 = (1 − 𝑢)ସ𝑥 + 4𝑢(1 − 𝑢)ଷ𝑥ଵ + 6𝑢ଶ(1 − 𝑢)ଶ𝑥 + 4𝑢ଷ(1 − 𝑢)𝑥ଶ + 𝑢ସ𝑥ଷ (6)𝜃 = (1 − 𝑢)ସ𝜃 + 4𝑢(1 − 𝑢)ଷ𝜃ଵ + 6𝑢ଶ(1 − 𝑢)ଶ𝜃ୠ +  4𝑢ଷ(1 − 𝑢)𝜃ଶ + 𝑢ସ𝜃ଷ (7)

 

Figure 1. The blade Meridian view [42]. 

𝑅 

𝛿ଶ 

Shroud 

Hub 

Figure 1. The blade Meridian view [42].

The leading edge camber line is obtained by the following relations (Equations (4) and (5)):

θ = θre f +
1

sin(δ2)

x∫
xre f

tan(β2b)
dx
r

(4)

r = r0h + (x− x0h) tan(δ2) (5)

To complete the remainder of the camber line, it is necessary to calculate the coor-
dinates of items 0, 1, b, 2, and 3 (Figure 2) given according to the blade dimensions in
reference [30], where the Bezier polynomial is used. The following forms are applied,
where x0, x1, xb, x3, θ0, θ1, θb and θ3 are axial and radial coordinates of items 0, 1, b, and 3
(Equations (6) and (7)).

x = (1− u)4x0 + 4u(1− u)3x1 + 6u2(1− u)2xb + 4u3(1− u)x2 + u4x3 (6)

θ = (1− u)4θ0 + 4u(1− u)3θ1 + 6u2(1− u)2θb + 4u3(1− u)θ2 + u4θ3 (7)
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2.2. Grid Discretization and Numerical Method Applied

The CFD object is to solve the fundamental equations that govern flows, the mo-
mentum, and the continuity equations. An additional conservation energy equation is
solved for flows involving heat transfer phenomena or fluid compressibility. Transport
equations are also taken into consideration when the turbulence phenomenon is concerned.
The physical problems encountered in this study are described by strongly coupled and
non-linear partial differential equations. In general, these equations do not admit analyt-
ical solutions except in very simplified cases. This is why recourse to digital resolution
methods is necessary. The code used in this study is ANSYS ICEM-CFD, and it is based
on the finite volume methods. This numerical resolution method is divisible into two, one
phase of mesh and the other is discretization. The mesh phase divides the field of study
into small volumes called control volumes. There exist two types of grids, the first is a
structured grid, and the second is an unstructured grid. This study used the unstructured
hexahedral grid because it adapts well with turbomachine simulations (Figure 3). To reach
more precise results, the grid meadows of walls are refined (Figure 4) in object to obtain
more information on the thermodynamic parameters in the boundary layer. The ANSYS
ICEM CFD code gets the inter-blade channel geometry with its mesh. The discretization
phase transforms the continuous problem into a discrete problem: discrete equations and
conditions approximate equations and boundary conditions.
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2.3. Flow Simulations in a Mixed Inflow Turbine

The three-dimensional Navier–Stokes equations consist of conservation equations of
mass (8), momentum (9), and energy (10), supplemented by the ideal gas laws (11). The
flows in the turbomachines are mainly gaseous and generally consist of air, which allows
us to neglect the volume forces in the system of equations.

∂

∂t

y
ρ.dv +

x
ρV .dA = 0 (8)

x
(ρV.dA)V +

y ∂(ρV)

∂t
.dv =

y
ρ f .dv−

x
p.dA (9)

y
qρ.dv−

x
pV.dA +

y
ρ( f .V)dv =

y ∂

∂t

[
ρ

(
e +

V2

2

)]
dv +

x
ρ(e +

V2

2
)V.dA (10)

p = ρRT (11)

Generally, all the flows in the turbomachines are turbulent. The RANS method is used,
and the statistical treatment of turbulence in this method assumes that each instantaneous
turbulent quantity can be decomposed into a mean amount and a turbulent fluctuation.
This decomposition in the middle and in the fluctuating parts, applied to the Navier–
Stokes equations, brings up new terms related to turbulence. The loss of information by
the average operation leads to a system with more unknowns than equations and which
requires closure models to complete it. The standard k-ε turbulence model is used because it
gives numerical results closer to experimental results in turbomachinery flows; specifically,
that the y+ value for the near-wall node has to be in the range of 20 to 100. This model
is based on the eddy viscosity concept, which assumes that the Reynolds stresses −ρuiuj
can be expressed in terms of the mean velocity gradients and the eddy or the turbulent
viscosity µt, in a manner analogous to the viscous stresses τij for laminar Newtonian flows:

τij = µ

(
∂Uj

∂Xi
+

∂ui
∂Xj

)
− 2

3
µδij

∂Uk
∂Xk

, (12)

− ρuiuj = µt

(
∂Uj

∂Xi
+

∂ui
∂Xj

)
− 2

3
µtδij

∂Uk
∂Xk
− 2

3
δijρk (13)
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This model assumes that the eddy viscosity µt is related to the turbulent kinetic energy
k and its dissipation rate ε presented by the relation (14):

µt = ρCµ
k2

ε
(14)

where Cµ = 0.09 and k, ε are defined by the Equations (15) and (16):

∂(ρk)
∂t

+∇.
(

ρk
→
U
)
= ∇.

[(
µ +

µt

σk

)
∇k
]
+ Pk − ρε (15)

∂(ρε)

∂t
+∇.

(
ρε
→
U
)
= ∇.

[(
µ +

µt

σk

)
∇ε

]
+

ε

k
(C1εPk − C2ερε). (16)

In this model Pk is the turbulence production and σk = 1.00, σε = 1.30, C1ε = 1.44,
C2ε = 1.92 are constants determined experimentally.

2.4. The Boundary Conditions

The calculation field is an inter-blade channel, the fluid is an ideal gas, with the sta-
tionary mode; its speed is equal to 98,000 rpm, and the k-ε was used as a turbulence model.
The inlet mode is subsonic, where the totals pressure and temperature are, respectively,
equal to 2.91 bars, 920 K with an absolute flow angle of −13◦. At the exit, the static pressure
is equal to 1 bar, the heat transfer mode of the walls is adiabatic; the blade (intrados and
extrados) was considered a dynamic wall; the shroud and the hub as the static wall with
the periodicity condition for periodic walls. Figure 5 presents the different parts of the
boundary condition.
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2.5. The Mesh Optimization and Grid Generation Solution Dependency

The generation of the mesh (2D or 3D) is a significant phase in a CFD analysis. The
influence of its parameters on the calculated solution was given. Excellent mesh quality is
essential for obtaining an accurate, a robust, and a meaningful calculation result. The mesh
specification depends on the complexity of the geometry and the simulation code used.
Four mesh elements were examined (107,244, 233,844, 333,372, and 415,030). The graphical
analysis shows that the element number does not influence the torque and the mass flow, a
negligible influence on the static pressure distribution (Figures 6a,b and 7).
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On the other hand, a variation in the total to static isentropic efficiency graph sta-
bilizes with element numbers greater than or equal to 333,372 elements used in numer-
ical simulations (Figure 6c). The turbulence model reliability of the mesh number used
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(333,372 elements) has been verified by the Y+ contours on intrados and extrados, where
the majority of values Y+ are between 20 and 100 (Figure 8).
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2.6. Numerical Model Validations

The numerical validation was confirmed by the experimental works of Chen and
Abidat [30] on rotor type A with the geometrical parameter values shown in Table 1. The
pressure ratio is defined as the total pressure at the inlet relative to the static pressure at
the outlet; the distribution is in the axial direction of the blade. The results are shown in
Figure 9. A good reconciliation between the numerical simulation and the experimental
results is remarked.

Table 1. The geometrical parameter values (mm).

b2 D2 R0h X1 D3H D3 D3s δ2(◦) θ3(◦)

17.99 83.58 36 40 27.07 59.7 78.65 40 −25
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2.7. The Flow Examination of Mixed Inflow Turbine

The static pressure distribution on the blade surface presented in Figure 10 shows that
the blade load is higher on the shroud side than on the hub side. Zero blade loads were
noticed due to a change in the flow incident near the hub at the leading edge.
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Figure 11 shows that at the intrados, the pressure gradient is almost positive in the 
radial direction while negative in the axial direction; this proves that the pressure is uni-
formly distributed in this part of the blade. Contrary to the intrados, the pressure variation 
on the extrados is really disturbed. This confirms a “pocket” of recirculation within this 
zone. 

Figure 10. The pressure distributions around the blade profiles: (a) static pressure near the hub;
(b) static pressure near the shroud; (c) static pressure in the mean radius.

Figure 11 shows that at the intrados, the pressure gradient is almost positive in
the radial direction while negative in the axial direction; this proves that the pressure is
uniformly distributed in this part of the blade. Contrary to the intrados, the pressure
variation on the extrados is really disturbed. This confirms a “pocket” of recirculation
within this zone.
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Figure 11. Static pressure contours: (a) hub; (b) shroud.

The vortices density was increased along the rotor length, which reduces the relative
tangential speed of the inter-blade flow, as shown in Figure 12. A decrease in the absolute
speed along the rotor in the mean meridian plane was remarked in Figure 13 because of
the work exchange at the blades level.
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2.8. The New Design Approach

The new rotor wheels under study are designed by varying the deviation blade angle
(−10◦, −15◦, −20◦; −25◦; −30◦ and −35◦), which allows for a complete change of the
camber line shape as well as the aerodynamic blade shape. The horizontal sliding of the
new camber lines revealed that the actual length of the blade increased by increasing the
deviation blade angle. Hence, the rotor becomes more prolonged and heavier. The new
camber lines blade is shown in Figure 14. The three-dimensional shapes of the blades
are configured in Figure 15a,b. The blade characterized by −25◦ deviation blade angle is
considered a reference blade.
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blade angle is not clear for a load of 50%; the expansion rate is proportional to the increase 

Figure 15. The suggested blade design: (a) geometrical forms view; (b) view of blade geometries
comparison.

3. Results and Discussions

The investigation of the deviation blade effect is based on the operation of the ro-
tor in three rotation speeds (50%, 75%, and 100% of load), which represent successively
49,000 rpm, 73,500 rpm, and 98,000 rpm. Figure 16a shows that the output work is clearly
proportional to the deviation angle for a 100% load and a negligible effect for 50% and 75%
loads. The same influence is noted for the case of power (Figure 16b). This behavior is
probably due to the rotor surface increase due to the deviation angle (Table 2). Therefore,
the exchange surface is larger on one side, and on the other side, the flow adapts with the
new blade curvatures.
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Figure 16. The investigation of the deviation blade effect: (a) output work for different deviation
blade angles; (b) power for different deviation blade angles.

Table 2. The blade area in mm2 resulted in different deviation blade angle.

θ3 −10 −15 −20 −25 −30 −35

A (mm2) 940 970 987 1006 1027 1050

Gain A (%) −6.56 −3.58 −1.89 A-ref 2.09 4.37
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The analysis of Figure 17, which presents the expansion rate, shows that the deviation
blade angle is not clear for a load of 50%; the expansion rate is proportional to the increase
in the deviation angle for a 100% load; the opposite is just for a 75% load. The lowest
expansion rate corresponds to −10◦ for a 100% load, and the best expansion rates for value
−35 ◦ are noticed in the case of a 100% load.
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Figure 17. Expansion ratio for different deviation blade angles.

Figure 18 shows that the total kinetic energy at the exit rotor is compassionate by the
variation of the blade deviation angle; it is essential for the cases of −10◦, −15◦, and −20◦

for a rotation speed of 98,000 rpm. A slight influence in the opposite direction for the case
of 73,500 rpm and an influence is not evident when 49,000 rpm has been detected.
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Figure 18. Rotor exit total kinetic energy for different deviation blade angles.

The variation of the relative Mach number along the axial direction of the flow for
different deviation blade angles at a rotational speed of 50% is presented in Figure 19.
It can be noticed that the gas seems to subsonic flow through a diverging–converging
channel connection which causes a flow deceleration in the diverging part of the channel
to a minimum relative Mach number located at the same axial distance from the entrance,
equaling approximately 0.015 mm, followed by flow acceleration in the converging part
of the channel. The variation of the relative Mach number between the exit and the rotor
entrance is negligible for −10◦ of deviation blade case, which implies a minimal degree
of reaction.



Appl. Sci. 2022, 12, 3781 15 of 20Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 20 
 

axiale lenght (m)

0.0450.0400.0350.0300.0250.0200.0150.0100.005
0.1

0.2

0.3

0.5

0.4

0.6

0.7

0.8

0.9 49000 RPM

re
la

tiv
e 

M
ac

h 
nu

m
be

r

 − 10°  − 15°   − 20°
 − 25°   − 30°   − 35°

 
Figure 19. Relative Mach number for different deviation blade angles at 50% rotation speed. 

The variation is negatively confirmed for the other design cases by falling off the out-
put work magnitude. The variation of the relative Mach number along the axial direction 
of the flow for different deviation blade angles at a rotational speed of 75% and 100% are 
successively presented in Figure 20a,b. 

axiale lenght (m)

0.0450.0400.0350.0300.0250.0200.0150.0100.005
0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70
73500 RPM

 

 

re
la

tiv
e 

M
ac

h 
nu

m
be

r

 − 10°  − 15°  − 20°
 − 25°  − 30°  − 35°

 

 

axiale lenght (m)

0.0450.0400.0350.0300.0250.0200.0150.0100.005
0.28

0.32

0.36

0.40

0.44

0.48

0.52 98000 RPM

 

 

re
la

tiv
e 

M
ac

h 
nu

m
be

r

 − 10°  − 15°  − 20°
 − 25°  − 30°  − 35°

 
(a) (b) 

Figure 20. The variation of the relative Mach number along the axial direction of the flow for differ-
ent deviation blade angles: (a) relative Mach number for different deviation blade angles at 75% 
rotation speed; (b) relative Mach number for different deviation blade angles at 100% rotation speed. 
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followed by flow deceleration in the diverging part of the channel. All the relative Mach 
number curves intersect at an axial distance from the inlet within the interval 0.01–0.015 
mm, reflecting a starting state of the flow deceleration. Then, there is an acceleration in 
the convergent blade channel from an axial length of 0.025 m until the exit rotor. The rel-
ative Mach number behavior is probably due to the formation of the boundary layer near 
the blades at several places, making it possible to vary the passage section of the flow, 
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Figure 19. Relative Mach number for different deviation blade angles at 50% rotation speed.

The variation is negatively confirmed for the other design cases by falling off the output
work magnitude. The variation of the relative Mach number along the axial direction of
the flow for different deviation blade angles at a rotational speed of 75% and 100% are
successively presented in Figure 20a,b.
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Figure 20. The variation of the relative Mach number along the axial direction of the flow for differ-
ent deviation blade angles: (a) relative Mach number for different deviation blade angles at 75% 
rotation speed; (b) relative Mach number for different deviation blade angles at 100% rotation speed. 
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Figure 20. The variation of the relative Mach number along the axial direction of the flow for different
deviation blade angles: (a) relative Mach number for different deviation blade angles at 75% rotation
speed; (b) relative Mach number for different deviation blade angles at 100% rotation speed.

It can be observed that (Figure 20b) the gas seems to subsonic flow through a converging–
diverging channel connection and later through a convergent form which causes acceleration in
the converging part of the channel to a maximum relative Mach number—followed by flow
deceleration in the diverging part of the channel. All the relative Mach number curves intersect
at an axial distance from the inlet within the interval 0.01–0.015 mm, reflecting a starting state of
the flow deceleration. Then, there is an acceleration in the convergent blade channel from an
axial length of 0.025 m until the exit rotor. The relative Mach number behavior is probably
due to the formation of the boundary layer near the blades at several places, making it
possible to vary the passage section of the flow, which will cause converging or diverging
passages. The pressure distributions around the blade profiles become more uniform with a
more significant pressure difference between the pressure side and the suction side, which
results in higher loadings at a full rotational speed (Figure 21a–c)).
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Figure 21. The pressure distributions around the blade profiles: (a) static pressure for different de-
viation blade angles in the mean radius at 50% rotation speed; (b) static pressure for different devi-
ation blade angles in the mean radius at 75% rotation speed; (c) static pressure for different deviation 
blade angles in the mean radius at 100% rotation speed. 

From the total to static isentropic efficiency graph, it is clear that the efficiency is pro-
portional with the increase of the deviation angle for the cases of a 75% and a 100% load 
but the case of a 50%, which decreased by increasing the deviation angle (Figure 22). 

Figure 21. The pressure distributions around the blade profiles: (a) static pressure for different
deviation blade angles in the mean radius at 50% rotation speed; (b) static pressure for different
deviation blade angles in the mean radius at 75% rotation speed; (c) static pressure for different
deviation blade angles in the mean radius at 100% rotation speed.

From the total to static isentropic efficiency graph, it is clear that the efficiency is
proportional with the increase of the deviation angle for the cases of a 75% and a 100% load
but the case of a 50%, which decreased by increasing the deviation angle (Figure 22).
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4. Conclusions

A 3D digital model of a mixed-type turbine has been created in this work. Simulation
modeling of gas-dynamic and design features of such a turbine has been carried out. By
varying the blade deviation angle, some geometric parameters were fixed in order to keep
the same rotor casing; several rational geometric shapes of the blade were obtained. It is
shown that this approach makes it possible to completely change the three-dimensional
shape of the blade and increase the efficiency of the turbine. Geometric tests were carried
out at three rotational speeds to demonstrate the effect of deviation blade angle at different
machine loads (50%, 75%, and 100%). It has been established that the maximum output
work and the resulting power are associated with the highest efficiency for a specific
optimal design case of a 100% machine load (deviation blade angle −35◦), and they are
achieved by increasing the contact surface of the blade with the fluid. It was also remarked
a negligible effect of blade deviation angle on power, output work and efficiency for 50%
and 75% loads. It was observed that the deviation blade angle is not clear for a load of
50%; the expansion rate is proportional to the increase in the deviation angle for a 100%
load; the opposite is just for a 75% load. It has been observed that the static pressure
distribution will be more uniform in the case of a 100% load. The variation of the relative
Mach number along the axial direction of the flow for different deviation blade angles at
different rotational speeds showed that the fluid behaviors in the rotor are the same in the
converging–diverging nozzle due to the formation of the boundary layer near the blades at
several places.

It should be noted that with such a rational turbine geometry, the weight of the rotor
increases by only 4.37%, which is quite acceptable. For higher absolute output kinetic
energies at deviation blade angles from −10◦ to −20◦, it is recommended to use an exhaust
diffuser to recover part of it to a larger expansion ratio. The effect of blade deviation angle
on mixed flow performance drops sharply starting at −20◦ at a 100% machine load, so it is
recommended to avoid using angles greater than −20◦ as vane angle values.

The developed digital model can also be effectively used at all subsequent stages of
the design and manufacture of turbines, including for use in CAD to create 3D models
and drawings, in automated control systems to create a processing technology using CNC
equipment, as well as to determine the power and the frequency characteristics in other
sections of Ansys. It will significantly reduce the time and the cost of creating a turbine.
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Nomenclature

→
B body Forces
b2 Blade height at rotor inlet
D2 Mean diameter at rotor inlet
D3 Exducer hub diameter
D3S Exducer tip diameter
e Specific internal energy
→
f Friction forces

P pressure
q Heat transfer energy
R Perfect gas constant
r Radial polar variable
R0h The radius at the tip rotor inlet.
t time
T Temperature
U variable between o and 1
→
V Absolute velocity
we The specific external force work
X Axial polar variable
X1 Length of the rotor
x0h The axial distance for the initial point of the hub.
xre f Reference axial distance of the blade
φ The inlet blade angle in the axial and tangent plan
λ The flow cone angle
η efficiency
ρ Density
δ2 Cone angle at rotor inlet
β2b Mean blade angle at rotor inlet
θ Camber angle
θ3 Deviation blade angle
θre f Reference camber angle
∇P Pressure forces
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