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Abstract
Helium liquefaction systems are widely used in nuclear fission, superconductivity, space industries, and other scientific instru-
ments. However, the efficiency of these systems is quite low due to the cryogenic operating temperature. In this regard, the 
one-dimensional design methodology of the helium turbine and nozzle (hereafter, renowned as turboexpander) is important to 
increase the efficiency of the system. This paper demonstrates the sensitivity analysis and optimal range of non-dimensional 
design variables on which the radial inflow turbine has maximum efficiency, minimum losses, and maximum power output 
using artificial intelligence techniques. On this basis, three turboexpander models are developed within the optimal range of 
predicted non-dimensional variables. After that, a comparative numerical study is carried out to highlight the flow field and 
thermal characteristics of helium fluid. The standard two equations k−� SST model is used to solve the three-dimensional 
incompressible flow inside the computational domain. The numerical results are validated with the available experimental 
data from the existing literature. The variation of Mach number, Reynolds number, Prandtl number, static entropy, static 
enthalpy, temperature, and pressure inside the turboexpander is significantly affected by blade profile which is enormously 
affected by the design methodology. The study also demonstrates the flow separation region, vortex formation, tip leakage 
flow, secondary losses, and its reasons along with the spanwise location. The results highlight the importance of the design 
methodology, sensitivity analysis, the prediction capability of the artificial intelligence network, numerical methodology, 
and development of the helium turboexpander prototype models.

Keywords  Helium turboexpander · Sobol sensitivity analysis · Flow pattern · Thermal characteristics · Artificial 
intelligence

List of symbols
b	� Blade height (m)

bt	� Nozzle height (m)

C	� Absolute velocity (m∕s)

C0	� Spouting velocity (m∕s)

Chn	� Chord length (m)

Cmt	� Nozzle throat velocity (Meridional component) 
(m)

C
�t
	� Nozzle throat velocity (Tangential component) 

(m)

cp	� Specific heat capacity (J∕kgK)
D	� Turbine diameter ratio
Dh	� Hydraulic diameter (m)

Dn	� Diameter of nozzle ring (m)

Dt	� Nozzle throat circle diameter (m)

Di(Y)	� First-order variance
Dij(Y)	� Second-order variance
ds	� Specific diameter
h	� Enthalpy (kJ∕kg)
k0	� Thermal conductivity of fluid (W∕mK)

Lt	� Total loss
.
m	� Mass flow rate (kg∕s)
ns	� Specific speed
P	� Power (kW)

p	� Pressure (Pa)
R2	� Turbine inlet radius (m)

Rh	� Hub radius (m)

Rs	� Shroud radius (m)

rp	� Pressure ratio
Si	� First-order sensitivity index
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U	� Mean flow velocity (m∕s)

u	� Blade speed (m∕s)

Var(Y)	� Total variance of the output
vs	� Velocity ratio
W	� Relative velocity (m∕s)

Wt	� Throat width (m)

X	� Parameters
xi	� Number of inputs
Y	� Target function
Z	� Number of blades
Zr	� Rotor axial length (m)

Greek symbols
�	� Absolute flow angle (◦)
�	� Relative flow angle (◦)
�b	� Back friction
�l	� Leakage loss
�x	� Axial clearance (m)

�r	� Radial clearance (m)

�	� Ratio of rotor outlet to inlet
�	� Coefficient of viscosity (Pa s)
Ω	� Degree of reaction
�	� Density kg∕m3

�z	� Zweifel number
�	� Flow coefficient
�	� Stage loading coefficient
�	� Absolute meridional velocity
�is	� Isentropic efficiency
�	� Rotational speed (rpm)

Subscripts
1	� Nozzle inlet
2	� Turbine inlet
3	� Rotor outlet
h	� Hub
m	� Meridional
n	� Nozzle
r	� Radial
s	� Shroud
t	� Throat
z	� Axial
�	� Tangential

Abbreviations
ANFIS	� Adaptive neuro-fuzzy inference system
ANN	� Artificial neural network
GA	� Genetic algorithms
HEX	� Heat exchanger
MAE	� Mean absolute error
MF	� Membership function
MLP	� Multilayer perceptron
ORC	� Organic Rankine cycle
PS	� Pressure surface
RMSE	� Root-mean-squared error

SS	� Suction surface
SST	� Shear stress transport
TF	� Transfer function
TKE	� Turbulence kinetic energy

1  Introduction

Cryogenic turboexpanders are employed to produce the 
ultra-low temperature, which are beneficial in different fields 
such as space applications, superconductivity, industrial 
applications, and biomedical and chemical instruments [1]. 
The development of large-scale cryogenic systems operating 
at liquid helium temperature is used in the field of nuclear 
fusion and high-energy physics [2]. Some recognized inter-
national research centers like Large Hadron Collider (LHC), 
the ITER, and the National Advanced Experimental Super-
conducting Tokamak are based on helium cryogenic systems 
and need a huge amount of liquid helium. The demand can 
be fulfilled by using a Collins cycle based turboexpander 
system. The energy consumption of these systems is signifi-
cant at ultra-low temperature. Therefore, small increment 
in turboexpander efficiency has a significant effect on the 
performance of the system.

Researchers suggest that the radial inflow turbines are 
best suited for the cryogenic turboexpander, aircraft power 
units, and other industrial applications due to its higher effi-
ciency, compact size, low manufacturing cost, and relatively 
easy design process as compared to axial turbines [3–5]. 
Therefore, the optimal design methodology of these com-
ponents is necessary for higher thermal efficiency of the 
system and a matter of interest among the research com-
munity [6]. Also, the aforementioned specialty enforces the 
usage of these types of turbine where the high-pressure ratio 
(above 2) is required, and the size of the turbine is another 
constraint. Generally, the pressure ratio across the turbine 
depends on the thermodynamic boundary conditions, i.e., 
pressure and temperature at inlet, outlet, and working fluid 
as well. Some available literature for high-pressure ratio 
turbines is mentioned in Table 1. Aungier [7] proposed the 
most celebrated one-dimensional design methodology for 
radial inflow turbine.

The efficiency of small-scale radial turbine can be 
increased by minimizing the losses. The impeller back fric-
tion, incidence, blade loading, and leakage loss are essential 
to be considered in the design process of helium turbine for 
cryogenic applications [15]. These losses depend on some 
non-dimensional design variables which must be optimized 
for better performance of the turbine. For this purpose, arti-
ficial neural network (ANN) and adaptive neuro-fuzzy infer-
ence system (ANFIS) are used due to its better prediction 
capability, fast response, reliability, and computationally less 
expensive [16–19]. Moraal and Kolmanovsky [20] suggest 
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that ANN is superior to the curve fitting approach for opti-
mizing the turbine geometry. These models can also com-
bine with genetic algorithms (GA) to optimize the design 
parameters of different components [21]. Several researchers 
report the usage of ANN and ANFIS model for performance 
prediction of gas turbines. Some of them apply this meth-
odology in turbomachinery as well as to investigate the per-
formance of gas turbines, and compressors [22–25]. Kong 
et al. [26, 27] use GA and neural network to obtain the vari-
ables on which the performance of a compressor depends.

The exact analysis of the flow field and thermal char-
acteristics of the turboexpander can be obtained from the 
experimental investigation. But, it is extremely difficult and 
cost-effective to develop such type of experimental setup at 
cryogenic temperature using helium as a working fluid. In 
recent decades, the evolution of numerical techniques over-
comes these issues [28, 29]. It is also beneficial to charac-
terize the flow field and thermal behavior at different points 
inside the turboexpander which is extremely difficult in 
experiments. Sam et al. [30] investigate the design and flow 
field analysis of a high-pressure helium turboexpander for 
Claude-based liquefaction cycles. They discuss the effect of 
geometrical variables on the design methodology and per-
formance of the turboexpander. Kushwaha and Bora [31] 
design a mixed flow turbine for helium turboexpander using 
similarity principles. Some remarkable numerical works are 
reported on aerodynamic investigations of high-pressure 
ratio turbine [32, 33].

Literature review illustrates that there are some math-
ematical models available for predicting the performance of 
radial turbine, but none of them report the variation of isen-
tropic efficiency, total loss, and power output with the non-
dimensional design variables for cryogenic helium turbine 
using artificial intelligence technique. Also, a comparative 
numerical analysis of fluid flow and thermal characteris-
tics of high-, medium- and low-pressure turboexpander are 
missing in the existing literature. The present work reports 
fulfilling this literature gap.

In this paper, the one-dimensional design methodology of 
a radial inflow turbine and nozzle are proposed considering 

the effect of different loss models. Sobol sensitivity analysis 
is carried out to study the effect of major non-dimensional 
variables on the performance of turbine. The optimal range 
of these variables is predicted by developing the artificial 
neural network (ANN) and adaptive neuro-fuzzy inference 
system (ANFIS) model. Finally, three turboexpander models 
are designed for three different operating conditions. Fur-
thermore, three-dimensional numerical simulations are con-
ducted to visualize the fluid flow and thermal characteristics 
of the designed turboexpander using helium (real gas) as a 
working fluid.

The paper is systemized as follows: Section 2 illustrates 
the design methodology of the turbine and nozzle consid-
ering loss models and Sobol sensitivity analysis to iden-
tify the important design variables; Sect. 3 illustrates the 
development of ANN and ANFIS network and their pre-
dicted results; Sect. 4 illustrates the numerical methodology, 
boundary conditions, and grid independence study; Sect. 5 
reports the experimental validation and important findings; 
Sect. 6 concludes the results.

2 � Preliminary design procedure 

2.1 � An approach to design a helium turboexpander 
system

Figure 1 illustrates the design of a helium turboexpander 
system based on Collins cycle. The system consists of a 
helium compressor, cryogenic valves, cryogenic helium 
turboexpanders (high, medium, and low pressure), heat 
exchangers, reservoir, etc. The helium is compressed from 
atmospheric pressure to high pressure (17 bar), and then 
precooled in the HEX 1 which is equipped with liquid nitro-
gen. In this way, the high-pressure (16 bar and 80 K) helium 
passes through the high-pressure turboexpander (T1) . The 
outlet pressure is maintained to be 8 bar to decrease the 
irreversibility of the system. The temperature drop in the 
first stage expansion is approximately 17 K. To overcome 
the turbulence and vortices at the outlet of the first stage 
expansion, HEX 2 is placed in which the subcooling of the 
fluid takes place. After that, the fluid (8 bar, 60 K) passes 
through medium-pressure turboexpander (T2) . In this stage, 
14 K temperature drop is achieved. In the last stage of expan-
sion, 12 K temperature drop takes place. After the expansion 
through the low-pressure turboexpander (T3) , the pressure 
and temperature of the fluid are 2 bar and 37 K. In this way, 
approximately 43 K temperature drop is achieved during the 
one complete process. The Joule–Thomson valve is placed 
after the HEX 3, and the process is repeated.

Table 1   Radial inflow turbine design and testing summary

Authors Field Pressure ratio Fluid

Ino et al. [8] Cryogenics 7.0–12.0 Helium
Ghosh [9] Cryogenics 1.8–6.0 Air
Balaji [10] Cryogenics 2.0–5.8 Air
Larjola [11] ORC 10.0 R114
Kumar et al. [12] Cryogenics Air
Sam et al. [13] Cryogenics 1.5 Helium
Pei et al. [14] ORC 7.0 R123
Li et al. [15] Cryogenics 5.53 Helium
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2.2 � Preliminary design of radial inflow turbine

The aforementioned analysis prescribes the necessity of effi-
cient helium turbine to maximize the system performance. 
In this regard, the one-dimensional design methodology of 
a radial inflow turbine is introduced by adopting the analyti-
cal approach proposed by Hasselgruber and Balje using the 
underlying primary data (thermodynamic properties) and 
non-dimensional parameters in MATLAB® 2017b. Gener-
ally, the cryogenic fluids are diatomic gas, and its thermo-
physical properties are significantly varied at high-pressure 
and ultra-low temperature. Also, the turbine used in such 
kind of system must possess a low mass flow rate and higher 
enthalpy drop. Due to this, the thermophysical properties 
of the working fluid have a significant effect on the aerody-
namic design of the radial inflow turbine [34]. Therefore, 

the thermodynamic state needs real gas properties which are 
obtained from REFPROP [15].

In the design process, inlet pressure (p) , mass flow rate 
(ṁ) , pressure ratio 

(
rp
)
 , rotational speed (�) , blade speed 

ratio, flow angles and a number of blades (Z) , etc. are the 
decision variables on which the performance of the turbine 
depends. Velocity ratio 

(
vs
)
 , degree of reaction (Ω) , turbine 

diameter ratio (D) , and the number of blades (Z) are other 
parameters on which the feasibility of the turbine design 
depends. The ranges of different parameters are mentioned 
in Table 2.

In the design process of a radial-type turbine, machining 
precisions are carefully considered; therefore, low values of 
the degree of reaction are taken. To maintain the flow in the 
subsonic region, stage loading (�) and flow coefficient (�) 
values are taken to be higher. The first step is to select the 
degree of reaction (Ω) , stage loading, and flow coefficient.

Fig. 1   Schematic diagram of helium liquefaction cycle

Table 2   Ranges of different 
parameters of radial turbine 
design for cryogenic 
applications

Design variables Other reasonable variables
.
m (kg∕s) 0.01–0.09 Velocity ratio 

(
vs

)
0.62–0.74

Tip clearance 0.1 Rs∕R2 0.85–0.96
� (rpm) (Million) 0.14–0.25 Rh∕R2 0.22–0.26
L/D 0.35–0.46 rp 1.4–3.5
Blade speed ratio 0.60–0.82 Specific speed 

(
ns

)
0.482–0.596

Blade inlet angle (◦) 72–82 Specific diameter 
(
ds

)
2.81–3.38

Blade exit angle (◦) − 2.8 to − 3.6
Z 8–17
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where � represents the absolute meridional velocity at the 
inlet and outlet of the rotor and � is the outlet to inlet radius 
ratio of the turbine.

Power output,

In the design process of helium turbine, the back friction (
�b
)
 and leakage loss 

(
�l
)
 are considered [15]. The isentropic 

efficiency 
(
�is
)
 of the turbine is updated in one-dimensional 

design procedure. Figure 2 illustrates the one-dimensional 
design approach of a radial inflow turbine. The velocity 
triangles and geometrical specifications of a radial inflow 
turbine are represented in Fig. 3.

(1)� =
Cm3

u2
=

Cm2

�u2

(2)� =
△h0

u2
2

=
C�2

u2
− �

C�3

u2

(3)P = ṁ
(
h2 − h3

)

2.3 � Sensitivity analysis of non‑dimensional 
and geometrical variables

It is noted that the isentropic efficiency, total losses, and 
power output of the turbine are significantly affected by 
velocity ratio (vs) , degree of reaction (Ω) , nozzle velocity 
coefficient (�) , turbine velocity coefficient (�) , turbine diam-
eter ratio (D) , velocity ratio 

(
vs
)
 , absolute inlet flow angle (

�1
)
 , and relative outlet velocity angle 

(
�2
)
 . The velocity 

components are important to encounter the flow losses. It 
depends on different parameters like wall friction, boundary 
layer separation, secondary flow, etc. Since the flow field 
inside the turbine is complex due to the rotation, the turbine 
velocity coefficient (�) is usually less than the nozzle veloc-
ity coefficient (�) . The decrease in �1 increases the turbine 
efficiency but at the same time, the nozzle losses may be 
increased; therefore, it is limited in a selected range as men-
tioned in Table 3. The decrease in �2 reduces the turbine 
outlet velocity losses but it is limited by the manufacturing 
constraint.

The velocity ratio directly affects the efficiency of the tur-
bine. The turbine diameter ratio is also an important param-
eter to define. The increase in diameter ratio increases the 
isentropic efficiency and reduces the total loss of the turbine. 
It is also useful in determining the outlet diameter of the 
turbine which is directly related to the impeller loss. The 
number of blades is a fundamental parameter on which the 
turbine losses and its efficiency depend. The less number of 
blades is always beneficial for flow stability, but the power 
output is low, whereas flow blockage and total losses are 
increased by increasing the number of blades. The inertia of 
the small turbine is also considered. In this regard, Glassman 
proposes a formula to determine the number of blades of the 
turbine which is as follows:

where � = 90 − �2.

2.3.1 � Sobol method

The performance of radial turbine depends on the non-
dimensional and geometrical design variables. It is compli-
cated to identify the effect of these variables. Through the 
sensitivity analysis, the dependability of such variables on 
the performance of radial turbine can be evaluated. Sobol 
sensitivity analysis is a variance decomposition-based global 
sensitivity analysis method commonly used for nonlinear 
systems [35, 36]. In this study, Sobol method is utilized to 
evaluate the effectiveness of such design variables on the 
isentropic efficiency of the turbine.

The variance decomposition and the total output variance 
to input constants are derived as follows:

(4)Z =
�

30
(110 − �)tan�

Fig. 2   Mean-line design approach of a radial inflow turbine



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:484

1 3

484  Page 6 of 31

where Var(Y) is the total variance of total loss (output), 
Di(Y) is the first-order variance of input constants Xi and 
Dij(Y) is the second-order variance of Xi and Xj which are 
formulated as:

Thus, the first-order sensitivity index is written as follows:

Figure  4 represents the sensitivity index of six non-
dimensional variables. It is found out that the variation of 

(5)Var(Y) =
∑

Di(Y) +
∑

Dij(Y) +⋯ + D12…d(Y)

(6)Var(Y) = E(Y2
i
) − E2(Yi)

(7)Di(Y) = Var
[
E(Y ∣ Xi)

]

(8)Si =
Di(Y)

Var(Y)

isentropic efficiency is higher for D,  vs, Ω, and Z as com-
pared to � and � . The ranges of these design parameters 
used in this study are mentioned in Table 3.

Therefore, the isentropic efficiency, total losses, and 
power output are defined in the functional form as follows:

2.4 � Design of nozzle

The flow at the outlet of the nozzle does not follow the blade 
profile path. It turns toward the meridional direction due to 
the boundary layer growth (accelerating flow) and instan-
taneous expansion because of trailing edge thickness. The 

(9)�is = f
(
vs,Ω,D,Z

)

(10)Lt = f
(
vs,Ω,D,Z

)

(11)P = f
(
vs,Ω,D,Z

)

Fig. 3   a Schematic of the veloc-
ity triangle of the turbine, b 
turbine geometry
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velocity at the exit of the throat consists of two components, 
Cmt and C�t . The meridian component is perpendicular to the 
nozzle throat circle diameter, which determines the mass 
flow rate, whereas the other component C�t is tangential to 
the throat. Therefore, the meridional velocity component is 
used in defining the mass balance equation of a convergent-
type nozzle which is as follows:

(12)Cmt =
m

�Dt�tbt

(13)C�t =
C0D2

Dt

(14)bt = 0.8 × b2

(15)Dt = 1.068 × D2

where Dt , Cmt and bt are throat circle diameter, meridian 
component velocity, and height of the nozzle, respectively. 
Generally, it is lesser than turbine inlet blade height which 
enables small margin for expansion in annular space and also 
accommodating the axial misalignment.

2.5 � Sizing of the nozzle vanes

The throat angle for the trailing edge thickness of the nozzle 
is calculated using conservation of momentum and continu-
ity of the flows. Aerodynamically, it is preferable to make 
the trailing edge finer under mechanical design limit. The 
throat width 

(
Wt

)
 and the throat angle 

(
�t
)
 are calculated 

based on continuity equation:

The nozzle throat outlet angle must be different from the 
turbine blade inlet angle. This inconsistency is permitted for 
the expansion of the fluid in the vaneless space.

The losses inside the nozzle are directly related to its 
number of blades. The increase in the number of blades 
can guide the flow in a better way, but at the same time, it 
induces the frictional losses. Generally, the prime number 
is used for the number of blades in the nozzle. The blade 
pitch length 

(
pn
)
 , nozzle ring inner diameter 

(
Dn

)
 , and chord 

length 
(
Chn

)
 are calculated as:

The solidity value is obtained from the aerodynamic load 
coefficient �z , which may be defined as the ratio of actual 
tangential force to ideal tangential force, renowned as 
Zweifel number. The optimal value for the aerodynamic load 
coefficient is taken to be 0.82.

3 � ANN and ANFIS models

The ANN and ANFIS are soft computing models which 
are developed using the design variable of a radial 
inflow turbine to predict their ranges in which it has the 

(16)Wt =
mt

Zn�tbtCt

(17)�t = tan−1
(
Cmt

C�t

)

(18)Pn =
�Dt

Zn

(19)Dn =

√
D2

t +W2
t − 2WtDtCos

(
�t
)

(20)Chn =
2s
(
cot �t − cot �0

)
sin2 �t

�z sin �

Fig. 4   Sensitivity analysis of isentropic efficiency

Table 3   Range of radial turbine 
performance parameters

Bold symbols indicates the most 
effective parameters

Parameter Range

v
�

0.62–0.74
� 0.36–0.50
Z 8–17
D 0.25–0.55
� 0.88–0.98
�1 11◦−32◦

�2 28◦−44◦

� 0.70–0.92
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highest performance. The models are developed to predict 
the isentropic efficiency, total losses, and power output of 
a radial inflow turbine with a set of design variables using 
MATLAB® 17.b toolbox.

3.1 � ANN model development

The number of layers, neurons, and transfer function type 
are identified in the ANN model. The multilayer perceptron 
(MLP) neural network with a single hidden layer has opted 
for the training process using a backpropagation algorithm. 
Three transfer functions (TFs) are used for a comparative 
study of data prediction in hidden as well as the output layer. 
From several trials, the best network is obtained and the hid-
den neurons variation in the range of 1–10. For every hidden 
neuron, the training process is repeated. The details of the 
ANN model are mentioned in Table 4.

The ANN model is developed using the aforementioned 
four non-dimensional inputs variable for the prediction of 
the isentropic efficiency, total losses, and power output. Ini-
tially, the datasets are divided into three parts, namely train-
ing, testing, and validation datasets containing 80% , 10% , 
and 10% , respectively. The training data train the network, 
and the accuracy of the network is tested by the validation 
datasets. Figure 5 represents a schematic of an MLP with a 
single hidden layer. Every unit in the network is connected 
with the node in the very next layer. The input parameters are 
given to the network; it can multiply with the weight of the 
hidden neurons. The weighted input values are summed up 
and transformed when it passes through the hidden neurons. 

The output of the hidden layer is the input of the next layer, 
and the process is continued in the forward direction. The 
functional relation is expressed as follows:

where n is the inputs, k is the hidden neurons, and m is the 
outputs.

3.2 � ANFIS model development

The fuzzy system is a computing framework originated from 
fuzzy set theory, if-then rules, and fuzzy reasoning. When 
the system combines with the neural network, it advantages 
the assimilating features of the neural network and has an 
implementation equal to the fuzzy inference model [37]. 
ANFIS model is developed to estimate the isentropic effi-
ciency, total losses, and power output of the turbine with a 
set of design variables. There are four input and three output 
variables which are divided into 80% and 20% datasets for 
training and validation purpose.

3.3 � Structure of adaptive neuro‑fuzzy inference 
system

The number of input membership functions (MFs) is deter-
mined to establish an ANFIS network. MFs are arbitrary 
curves which depend on the type of application that can be 
utilized. Theoretically, the increase in MFs can decrease the 
error until it reaches its minimum value; after that further 
increase in MFs deduces less error but takes higher compu-
tational time. Therefore, to determine the optimum number 
of MFs, the error occurred from each network is checked by 
varying the number of MFs until the errors stop to decrease 
and that MFs is the optimum one. In the present case, four 
MFs for every input are opted [38]. There are various mem-
bership functions types available; but for the present case, 
Gauss, Tri, Trap, and Gbell MFs are employed for input 
parameters and compared their predicted results, training, 
and testing errors. For the output parameters, a linear MF 
has opted. The basic structural information of ANFIS net-
work is shown in Fig. 6 and Table 5.

(21)ym = g

(
k∑

j=0

w2
mj
�

(
n∑
i=0

w1
ji
xi

))

Table 4   Details of ANN model

Parameter Value

Number of inputs 4
Number of outputs 3
Network structure MLP
Number of hidden layers 1
Training algorithm Backpropagation
Transfer function Logsig, Purelin, Tansig
Error function MSE
Number of epochs 1000
Hidden neuron range 1−10 with step size one

Fig. 5   Schematic of the ANN 
model network
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The output of first-order T–S FIS with IF–THEN fuzzy 
inference rules are expressed as follows:

•	 Rule-1: If x = Ai and y = Bj then 

where x and y are non-fuzzy inputs variables, fi is the output 
in the fuzzy region which is specified by the fuzzy rules, Ai 
and Bj are fuzzy variables of the MFs, pi , qi , and ri are design 
parameters (first-order polynomial) which are determined in 
the training process.

The performance of the model is verified using three error 
factors including R-squared, mean absolute error MAE, and 
root-mean squared Error (RMSE) which are as follows:

(22)fi = pix1 + qiyn + ri

(23)
R2 = 1 −

ΣN
t=1

(
ft − Ot

)2

ΣN
t=1

(
ft −

−

ft

)2

(24)MAE =
1

N
× ΣN

t=1
∣ ft − Ot ∣

where Ot is model output, ft is overall output, N is the total 
number of samples, and t is the number of samples.

ANFIS structure contains five layers of neurons. Each 
neuron performs as a processing element with the activation 
function to generate the output [37].

3.4 � ANN and ANFIS results

Table 6b shows that the LOGSIG transfer function is best 
fitted for this ANN network because of minimum error. Fig-
ure 7 illustrates the comparison of regression curves of cal-
culated and predicted isentropic efficiency, total losses and 
power output for LOGSIG transfer function.

Initially, the ANFIS networks are trained based on the 
non-dimensional variables used in the designing process. 
There are three networks: ANFIS-1 estimates the isentropic 
efficiency, ANFIS-2 estimates the total losses, and ANFIS-3 
estimates the power output. Table 6c shows a comparison of 
the predicted results from four different types MFs (Gauss, 
Tri, Trap, and Gbell), out of which the training and testing 
error of Gauss MF has less. Therefore, decision surfaces 
obtained from Gauss MF are presented hereafter. The final 
decision surfaces obtained from ANFIS training are repre-
sented in Figs. 8, 9 and 10. It illustrates that the isentropic 
efficiency of the turbine is higher when � and Z is in the 
range of 0.42−0.48 and 10−14 , whereas the diameter ratio 
(D) , and vs in the range of 0.35−0.50 and 0.67−0.70 , respec-
tively. In this range, the power output is on the higher side 
which is directly related to the refrigerating capacity of the 
system. But the total losses are also on the higher side in 

(25)RMSE =

√
1

N
× ΣN

t=1

(
ft − Ot

)2

Fig. 6   Basic structure of ANFIS

Table 5   ANFIS network design

MFs type of input parameters Gauss, Tri, 
Trap, 
Gbell

MF type of output parameters Linear
Number of MFs 4
Optimization method Hybrid
Number of training data 54
Number of epochs 200
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these zones. Therefore, we have to compromise between 
the isentropic efficiency, power output, and total losses. The 
samples of geometrical input and output parameters and its 
predicted values from ANN and ANFIS are summarized in 
Table 6. Based on the predicted geometrical variables, the 
major geometrical specifications of the turbine and nozzle 
are mentioned in Table 7.

4 � Numerical methodology

4.1 � Computational domain and mesh generation

The numerical analysis is limited to the turbine and nozzle, 
which are the critical components on which the performance 
of the system depends. The obtained dimensions of the turbine 
and nozzle from the one-dimensional design are transferred 
to ANSYS BladeGen in which three-dimensional models are 
generated. The computational domain represents a single 
blade passage, and is discretized using a multi-block struc-
tured grid which is generated using ANSYS Turbo-Grid. The 
H-type topology is used for inlet and outlet blocks, whereas 
J/O type is selected for the passage block to solve the near-
wall region which is required for boundary layer flow visu-
alization near the wall. The node distribution of the grid and 
its scheme are mentioned in Table 8. The O-grid includes in 
the periodic boundary and from hub to shroud in the passage 
block. Since the mesh in the nozzle and turbine are generated 
separately, the GGI connection has opted for combining the 
interface mesh in ANSYS CFX. Apart from this, the y+ value 
which shows the non-dimensional distance from the wall is 
also considered to solve the boundary layer effect in the vicin-
ity of the turbine blade and flow passages. The opted y+ value 
for all the models is mentioned in Table 9.

4.2 � Boundary conditions

The total pressure (16, 8, and 4.5 bar) and total temperature 
(80, 60, and 48 K) are set at the nozzle inlet and the static 
pressure (8, 4.5, and 2 bar) has opted at the turbine outlet. 
The walls (hub, blade, and shroud) are assumed to be adi-
abatic and hydraulically smooth. It is also assumed that the 
fluid velocity is negligible relative to the solid wall bound-
ary. For this reason, non-slip boundary condition is imposed 
on the walls. The rotational speed of high-, medium-, and 
low-pressure turboexpander is set to be 0.24, 0.19, and 0.15 
million, respectively. Additionally, the numerical analysis 
is performed using a single blade flow passage in place 
of simulating the whole turboexpander. In this regard, the 
rotational periodicity is applied along the circumferential 
direction of the flow passage to reduce the computational 
overhead. Figure 11 illustrates the details of the computa-
tional domain.Ta

bl
e 

6  
(c

on
tin

ue
d)

(c
) E

sti
m

at
ed

 A
N

FI
S 

re
su

lts
 fo

r d
iff

er
en

t M
Fs

G
au

ss
Tr

i
Tr

ap
G

be
ll

�
L
t

P
�

L
t

P
�

L
t

P
�

L
t

P

0.
81

9
0.

31
8

7.
94

0.
81

4
0.

32
4

7.
91

0.
81

9
0.

32
5

7.
84

0.
80

9
0.

31
1

8.
01

0.
73

8
0.

20
9

6.
12

0.
73

1
0.

21
4

6.
05

0.
73

8
0.

21
6

6.
21

0.
76

1
0.

19
9

6.
23

0.
78

9
0.

28
4

6.
98

0.
78

6
0.

28
9

6.
89

0.
78

5
0.

29
0

6.
79

0.
78

5
0.

29
1

6.
99

0.
80

9
0.

29
5

8.
11

0.
78

6
0.

29
8

7.
98

0.
80

1
0.

30
1

8.
33

0.
83

7
0.

29
8

8.
21

0.
66

4
0.

11
7

4.
52

0.
66

2
0.

11
9

4.
49

0.
67

4
0.

12
1

4.
61

0.
65

1
0.

11
4

4.
46

Tr
ai

ni
ng

 
er

ro
rs( ×

1
0
−
3
)

0.
19

3
0.

01
2

0.
43

1
0.

23
0

0.
01

9
0.

80
0.

19
6

0.
02

0
0.

61
9

0.
19

8
0.

02
2

0.
79

3

Te
sti

ng
 e

rr
or

s
0.

73
6

0.
72

1
0.

69
4

0.
95

4
0.

79
3

0.
96

8
0.

87
2

0.
73

7
0.

74
1

0.
89

4
0.

74
3

0.
86

6



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:484

1 3

484  Page 12 of 31

4.3 � Numerical setup

Firstly, the interface between the nozzle and turbine is mod-
eled as a stage frame change (mixing plane) with automatic 
pitch change to compute the rotation of turbine in steady-
state condition. In this method, the fluid around the blade is 
set as a moving reference frame, whereas the blade and hub 
are assumed to be stationary with respect to the inner fluid. 
In this way, there is no need for grid movement during the 
steady-state simulation. Secondly, a sliding mesh method 

has opted during transient blade row simulation with auto-
matic pitch change. The flow through the turbine is analyzed 
in a rotating coordinate system to consider the rotational 
effect. Therefore, the transient rotor–stator model is imposed 
at the interface of the two domains. The rotor domain rotates 
at each time step which is defined by the pitch ratio. Thus, 
the boundary nodes of nozzle and turbine domain slide with 
respect to each other. Transient simulations are run using the 
passing period and second-order backward Euler transient 
scheme. The maximum number of loops is fixed to be 10. 

Fig. 7   Regression curve of ANN a isentropic efficiency, b total losses 
(
L
t

)
 , c power output
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The turbulence intensity is set to be 5% . The convergence 
and conservation criteria are set when normalized residu-
als are less than 10−6 and 10−5 , respectively. The simula-
tion takes about 150 h to obtain a converged solution on 
Intel®Xeon®CPU E5-1660 v3 @ 3.00 GHz with 64 GB 
RAM system.

4.4 � Turbulence model and governing equations

Reynolds-averaged Navier–Stokes (RANS) equation with 
finite volume solver is used for numerical simulations using 
commercial CFD platform ANSYS CFX. Navier–Stokes 
equations are discretized using a second-order upwind 
advection scheme. The better visualization of the near-wall 
flow among the available turbulence models, k − � shear 
stress turbulence (SST) model is used to conduct the tran-
sient blade row analysis for flow visualization taken effect 
of gravity into the count [39]. The k − � turbulence model 
can enumerate the eddy viscosity in the RANS by resolv-
ing turbulent kinetic energy and turbulent dissipation rate. 

Although, the model is computationally stable but cannot 
estimate the secondary flow behavior, flow separation, and 
reattachment point accurately. The k − � SST model pos-
sesses assimilating features of k − � and k − � model. The 
inner portion of boundary layer is solved by k − � turbulence 
model, whereas the wake region and free shear layers are 
considered by k − � model. A blending function is defined 
for even transformation between the two models. This model 
is used due to its better capability for automatic wall treat-
ment of the nodes near the wall to capture the turbulence 
closure and flow separation [40]. The shear stress transport 
(SST) k − � turbulence model has opted for its capability to 
capture the turbulence closure and flow separation effects 
on the eddy viscosity. This turbulence model can accurately 
predict the turbomachinery flows having boundary layer 
separations [41, 42]. In this aspect, the k − � SST model can 
predict the boundary layer through the passage (excellent 
turbulent boundary layer modeling behavior), in which � 
near the wall is more stable than that of the � . The governing 

Fig. 8   Decision surface of 
isentropic efficiency a degree 
of reaction (�) and number of 
blade (Z), b velocity ratio 

(
v
s

)
 

and diameter ratio (D)
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equations used in the numerical simulations are mentioned 
as follows:

4.4.1 � Continuity equation

4.4.2 � Momentum equation

Since the analysis has been done in rotating coordinate 
frame, the conservation of momentum equation in terms of 
velocity components (radial, tangential) Ur , U� , and Uz are 
written as [43]:

(26)
��
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4.4.3 � Total energy equation

where SE is the source term (energy), � is the mean stress 
tensor, and h tot is the total enthalpy:
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Fig. 9   Decision surface of total 
losses a degree of reaction (�) 
and number of blade (Z), b 
velocity ratio 

(
v
s

)
 and diameter 

ratio (D)
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For the rotating frame of reference, to observe the effects 
of Coriolis and centrifugal forces, additional sources of 
momentum have been taken into account at constant angu-
lar velocity �.

(32)htot = h +
1

2
U2

(33)SM,rot = SCor + Scfg

(34)SCor = −2�� × U

(35)Scfg = −�� × (� × r)

Fig. 10   Decision surface of 
power output a degree of reac-
tion (�) and number of blade 
(Z), b velocity ratio 

(
v
s

)
 and 

diameter ratio (D)

Table 7   Major geometrical specifications of the turbine and nozzle

Specifications Model 1 Model 2 Model 3

Turbine diameter (mm) 15.74 16.08 16.22
Turbine inlet blade height (mm) 0.65 0.67 0.68
Turbine outlet blade height (mm) 2.65 2.68 2.49
Turbine hub diameter (mm) 5.21 5.24 5.25
Shroud clearance (mm) 0.1 0.1 0.1
Number of nozzle blades 17 19 21
Number of turbine blades 10 11 13
Tip clearance (mm) 0.1 0.1 0.1

Table 8   Node distribution and 
its scheme in different blocks 
(models 1/2/3)

(Model 1/2/3) Inlet block Outlet block Passage block

Streamwise Blade-to-blade Streamwise Blade-to-blade Streamwise Blade-to-blade

Turbine 22/20/20 54/52/50 20/20/18 36/34/34 86/86/82 40/40/38
Nozzle 16/16/16 35/36/36 14/14/14 34/32/34 54/54 /50 28/28/28
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where r and U are the location vector and relative frame 
velocity vector, respectively. Advection and transient scheme 
use rothalpy (I) in place of total enthalpy 

(
ht
)
 for energy 

equation (Eq. 5).

The term ∇.(U.�) represents the work due to viscous stress, 
which is called as viscous work. Internal heating due to the 
viscosity of the fluid is assumed to be negligible. The term 
U.SM represents work due to external momentum which is 
neglected in this solution.

4.4.4 � SST k‑ω governing equations

4.4.5 � Turbulence kinetic energy

4.4.6 � Specific dissipation rate

(36)I = hstst +
1

2
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2
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where �, and � are constants and F1 is blending function.

where �∗ is a constant and CDk� is represented as:

�T is kinematic eddy viscosity represented as:

F2 is the second blending function represented as:

Pk is production limiter:

4.5 � Real gas model

The implementation of the equation of state significantly 
affects the accuracy of the numerical results. In this regard, 
the Peng–Robinson real gas equation of state is used in the 
CFD simulations.

where a, a0 , b are constants which is find out as follows:
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Table 9   Non-dimensional wall 
distance of the turbine and 
nozzle (model 1/2/3)

Sections (Model 1/2/3 ) y+ value Sections (Model 1/2/3 ) y+ value

Turbine inlet 0.8/0.8/0.8 Nozzle inlet 0.92/0.90/0.90
Near turbine blade 0.72/0.72/0.72 Near nozzle blade 0.85/0.85/0.86
Center of the flow passage 1.4/1.4/1.6 Center of the flow passage 1.8/2.0/2.0
Turbine outlet 0.86/0.86/0.86 Nozzle outlet 0.78/0.78/0.78

Fig. 11   Computational fluid domain and boundary setup for nozzle 
and turbine
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Fig. 12   Three-dimensional 
mesh of nozzle and turbine 
passages a model 1, b model 2, 
c model 3

Table 10   Grid independence 
analysis (model 1/2/3)

Nozzle (nodes in million) Turbine (nodes in million) Isentropic efficiency CPU time (h)

0.30/0.29/0.30 0.54/0.52/0.54 0.68/0.73/0.72 92/90/91
0.51/0.50/0.51 0.86/0.85/0.86 0.72/0.76/0.75 126/129/128
0.78/0.79/0.78 1.45/1.44/1.46 0.75/0.79/0.77 151/153/153
1.30/1.29/1.30 1.96/1.94/1.97 0.76/0.80/0.78 176/179/181
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and ‘n’ is calculated as follows:

where ‘ � ’ is the acentric factor.

4.6 � Grid independence analysis

To examine the authenticity of the numerical results, a grid 
independence test is carried out. For this purpose, four grid 

(48)n = 0.480 + 1.574� − 0.176�2
0

resolutions for all the models are used to discretize the com-
putational domain. The isentropic efficiency and computa-
tional time for obtaining a converged solution are compared 
which are mentioned in Table 10. It is observed that among 
the four investigated grid resolutions, the difference in the 
isentropic efficiency of the third and fourth rows is least. 
After that, the computational time is increased with less 
effect on the isentropic efficiency. Therefore, as a compro-
mise between the accuracy of the results and computational 
time, the third row of Table 10 is opted for the remainder 
of the analysis. The three-dimensional images of the final 
mesh of nozzle and turbine flow passages are represented 
in Fig. 12.

4.7 � Assumptions at the rotor–stator interface

The stator and rotor connection is made for fully developed 
flow to overcome the pressure loss. The following assump-
tions are taken in the present numerical study:

•	 The total enthalpy is conserved in between the stator 
outlet and the rotor inlet, as this zone is considered as an 
adiabatic, and there is no work transfer in this zone.

•	 After this zone, the fluid flow direction changes which 
result in pressure loss. The enthalpy of the fluid decreases 
due to the pressure drop which finally results in a 
decrease in temperature.

5 � Results and discussion

5.1 � Experimental validation

The validation of the computational results is necessary for 
the reliability of the solution. There are very few experi-
mental works reported in the open literature for cryogenic 
helium turboexpander operating at cryogenic temperature. 
The present results are validated with experimental results 
of high-pressure helium turboexpander with Chakravarty 
et al. [44] at a different rotational speed. Figure 13 illustrates 
the comparison of isentropic efficiency of present numerical 
results with the experimental analysis. It shows the reliabil-
ity of numerical results at high-, medium-, and low-pressure 
turboexpander.

5.2 � Effect of pressure variation on the flow field 
characteristics

The flow field and thermal characteristics of helium at high 
pressure and cryogenic temperature are entirely different 
because of random change in density and molecular viscos-
ity of the fluid. In this regard, it is essential to distinguish 
the flow properties inside the turboexpander at different 

Fig. 13   Comparison of the present numerical results with experimen-
tal investigation [44]

Fig. 14   Area-averaged density variation along the streamwise loca-
tion
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operating conditions. The flow field characteristics are 
illustrated in the form of pressure contour, Reynolds num-
ber, Mach number, velocity vectors, etc. Additionally, the 
attention is extended to study the thermal behavior of the 
fluid such as temperature, Prandtl number, density, static 
enthalpy, and static entropy.

The pressure drop inside the turboexpander depends on 
the design of the blade profile of the nozzle and turbine. The 
flow must be in the subsonic regime throughout the domain. 
Therefore, the pressure ratio is the limiting factor to define 
the flow condition inside the turboexpander. Since the den-
sity of the fluid changes (Fig. 14), it must affect the quan-
titative variation of pressure. Under these circumstances, 

Fig. 15   Pressure contours at 
0.5 span
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it is essential to design three different types of turbine to 
overcome these effects.

Figure 15 illustrates the pressure contours of the turboex-
pander at 50 % span (mid-span). The nozzle is designed in 
such a way that the maximum pressure drop is approximately 
1.2 bar. This pressure energy is converted into the kinetic 
energy due to which a subsonic flow regime is obtained at 

the nozzle exit which is essential for flow stability at the inlet 
of the turbine (Fig. 16). During the energy transformation 
process, the enthalpy decreases due to which the temperature 
drop takes place. The pressure ratio inside the turboexpander 
is approximately 2.0, 1.78, and 2.25 for high-, medium-, and 
low-pressure fluids, respectively. The approximate uniform 
pressure distribution states that the preliminary design of the 

Fig. 16   Mach number contours 
at 0.5 span
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Fig. 17   Velocity vectors for 
high-pressure fluid
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turboexpander is adequate for all the three models. However, 
some instantaneous pressure drop near the trailing edge is 
obtained due to rotation of the turbine blade.

Figures 17, 18, and 19 illustrate the velocity vectors 
for high-, medium-, and low-pressure turbines. It depicts 
the flow separation, vortex generation, scraping flow, pas-
sage vortices, tip leakage flow, and trailing edge vortices at 
a different span. For high-pressure fluid, it is noticed that 
the flow separation takes place at the pressure surface and 
passage vortices appear at 0.2 span. The adverse pressure 
gradient along the downstream direction is responsible for 

flow separation inside the turbine. The intensity of passage 
vortices are increasing at 0.5 span where it combines with 
the main flow and completely disappeared at the higher 
span. The scraping flow dominates near the leading edge 
which is responsible for vortex generation. The tip leakage 
flow is also appeared near the blade tip clearance due to 
the difference in pressure between pressure and the suction 
side. For medium-pressure fluid, flow separation occurs at 
the suction side. Also, small vortices are generated near the 
trailing edge. At higher span, the scraping flow occurs at the 
trailing edge. For low-pressure fluid, the vortices appear near 

Fig. 18   Velocity vectors for 
medium-pressure fluid
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the leading edge. The flow separation and the intensity of 
vortices are relatively lower as compared to the higher span. 
Additionally, the secondary flow occurs in the vicinity of the 
blade wall boundary layer because of the relatively higher 
radial component of Coriolis acceleration as compared to the 
radial pressure gradient. This phenomenon is also observed 
by Zangeneh et al. [45] for the centrifugal impeller. The 
secondary flow also appears due to the induced pressure 

gradient by the curvature of the blade profile. The tip leak-
age flow introduces the non-uniformity and turbulence in 
the fluid flow and a major cause of losses in the rotating 
machines.

The boundary layer formation, passage vortices, free 
stream layer, etc. are responsible for increase in entropy. Fig-
ure 20 represents the static entropy contours at 0.5 span. The 
viscous friction increases due to the generation of vortices 

Fig. 19   Velocity vectors for 
low-pressure fluid
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in the flow passage which also increases the entropy of the 
fluid. It is also observed that the mixing of fluid streams 
from pressure and the suction side of the blade increases 
the shear strain which leads to increase in the entropy. It is 
noted that the entropy increases for the portion of the blade 

where the tip leakage flow, flow separation, and vortices are 
generated.

Reynolds number is defined as:

(49)Re =
�vDh

�

Fig. 20   Static entropy variation 
for a different inlet temperature 
of the fluids at 0.5 span



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:484	

1 3

Page 25 of 31  484

Figure 21 illustrates the effect of the Reynolds number along 
with the streamwise location. The Reynolds number varia-
tion is significantly affected by hydraulic diameter, density 
and kinematic viscosity of the fluid. Since the low-tempera-
ture fluid approaches toward the boiling point temperature, 
the density increases which decreases the kinematic viscos-
ity. It is observed that the Reynolds number is maximum for 
high-pressure fluid near the turbine inlet. For the remaining 
part, the variation is approximately similar.

5.3 � Thermal characteristics

Figure 22 illustrates the temperature contours at 0.50 span. It 
indicates that the temperature drop for high-, medium-, and 
low-pressure turboexpander is 17, 14, and 12 K respectively. 
The temperature drop at cryogenic temperature captivates 
different thermal properties governed by the corresponding 
enthalpy drop (23a). The refrigerating capacity of the turbo-
expander defines the efficiency of the system. Although the 
phenomenon depends on the pressure drop, it also depends 
on the corresponding state of the fluid. The temperature 
drop decreases when the fluid approaches toward its boiling 
point. In those cases, the thermodynamic properties of the 
cryogenic fluids are randomly changed which severely affect 
the fluid flow and thermal behavior during the expansion 
process. The high-pressure helium has higher enthalpy as 
compared to the other cases. Therefore, the enthalpy drop is 
maximum for this case which is the major cause for a more 
substantial amount of temperature drop inside the turboex-
pander (Fig. 24). The area-averaged temperature value is 
computed by dividing the average temperature at the plane to 

the total area corresponding to that plane. In ANSYS CFX®, 
it is calculated in post-processing section using inlet to outlet 
line variation of temperature along the streamwise location 
of the turboexpander (Fig. 24).

The expansion of the fluid is governed by the adiabatic 
or throttling effect hypothesis. The law of conservation of 
energy states that during the expansion process, the enthalpy 
of the fluid decreases. For the present case, the expansion 
process is illustrated through the pressure-static enthalpy and 
temperature-static entropy variation (Fig. 25). The process 
irreversibility always increases the entropy of the system 
(Fig. 20). The ideal properties of the fluid are obtained using 
REFPROP which are based on the corresponding pressure 
and temperature of the fluid. In this regard, the isentropic 
efficiency 

(
�is
)
 is defined to consider the irreversibility of 

the expansion process.
The isentropic efficiency is calculated as:

The isentropic efficiency and power output of the system 
for a different inlet temperature of the fluids are mentioned 
in Table 11.

Prandtl number is important to specify the thermal condi-
tion of the fluid:

Figure 26 illustrates the Prandtl number variation inside the 
turboexpander.

5.4 � Effect on TKE and eddy viscosity

The turbulence intensity is quantifying in terms of TKE in 
turbulent flow. It can be utilized to characterize the flow 
effect of eddy viscosity during the fluid flow. It is not defined 
as a fluid property yet rather remarkably affects the flow 
behavior and depends on the domain and free stream param-
eters [42]. Since the SST model overrates the turbulence in 
the fluid flow which shows the magnitude of eddy diffusion 
and their distribution. Figure 27 illustrates the variation of 
TKE along the streamwise direction. It is noted that the TKE 
is in the lower side in the nozzle for all the cases. It happens 
due to the stationary component and intensity of TKE is 
almost identical for medium- and low-pressure fluids. For 
high-pressure fluid, it increases after 0.8 streamwise loca-
tion. It also depicts the high-pressure fluid as the highest 
TKE near the rotor–stator interface. It is obvious due to 
high flow turbulence, and passage vortices are appeared in 
this zone because of the rotation effect of the turbine. The 

(50)�is =
h1 − h3

h1 − h3, is

(51)Pr =
�cp

k0

Fig. 21   Variation of Reynolds number along the streamwise location
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medium-pressure fluid shows the highest TKE at the trailing 
edge which is due to the profile of the rotor blade. It can be 
reduced by placing the diffuser.

Figure 28 illustrates the eddy viscosity contours at 0.5 
span. It is observed that the intensity of eddy viscosity is 
the highest near the leading edge of the rotor for high- and 

Fig. 22   Temperature contours 
at 0.5 span
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low-pressure fluids, whereas it is higher near the trailing 
edge for medium-pressure fluid. Generally, the intensity is 
increasing toward the trailing edge which is advantageous 
to decrease the losses incurred inside the turbine, but its 
appearance also depends on the domain structure.

6 � Conclusions

In this study, a comprehensive 1 − D design methodology 
and performance prediction of a radial inflow turbine are 
demonstrated. Firstly, Sobol sensitivity analysis is performed 
to obtain the major non-dimensional variable. The optimal 
range of these variables is predicted by developing ANN and 
ANFIS model for better performance of the turbine. Based 
on these ranges, three turboexpander models are developed 
for numerical investigation at different operating conditions. 
Secondly, the numerical results are validated with the avail-
able experimental data in the open literature. After that, a 
comparative analysis of flow field and thermal characteris-
tics of a helium turboexpander are explained. The analysis 
provides the realistic behavior of fluid flow patterns and their 
thermal characteristics at cryogenic temperature. Further-
more, the scraping flow, flow separation, vortices, etc. at a 
different span of the rotor is visualized. The study is help-
ful in the design and performance prediction of a cryogenic 
radial turbine. Additionally, the study guides to develop the 
experimental prototype of a helium turboexpander system. 
Additionally, the study assists in the development and testing 
of a cryogenic helium turboexpander.

Fig. 23   Area-averaged a static enthalpy, b static entropy variation along the streamwise location

Fig. 24   Area-averaged temperature variation along the streamwise 
location
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Fig. 25   a Pressure versus static enthalpy, b temperature versus static entropy variation

Table 11   Performance of the turboexpander for different operating 
conditions

Fluids Isentropic efficiency (
�
is

) Power (kW)

High pressure 0.748 7.87
Medium pressure 0.785 5.24
Low pressure 0.768 6.51

Fig. 26   Prandtl number variation along the streamwise location

Fig. 27   Area-averaged TKE variation along the streamwise location
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