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ABSTRACT
Certain materials achieve superconductivity at cryogenic temperatures. For this liquid helium is to be supplied
continuously. At RRCAT, there is an indigenously designed and developed helium liquefaction plant of capacity 50 litre
per hour. Presently, there are two expanders used in the plant. Both of them are of reciprocating type.  Expanders are
the main cold generators in liquefaction plant. Their efficiency directly affectsthe liquid yield of entireliquefier. For small
liquefaction plantthe reciprocating type expanderis preferable. Butwhen it comes to higher capacity plants, it is always
recommended to use turboexpandersasit is highly reliable and compact. The design of high speed turboexpanders
working at cryogenic temperature is quite challenging task.  Very few countries have mastered the art of developing
them. Present work focuses on design of turbine wheelof cryogenic turboexpander using well known similarity
principles.The variation of rotational speed, speed ratio and fluid temperature at turbine exit are also studied.

KEYWORDS: Turboexpander, Helium liquefaction plant, Turbomachinery

NOMENCLATURE

- Inlet temperature of fluid to turbine

- Inlet pressure of fluid to turbine

- Exit pressure of fluid to turbinė - Mass flow rateℎ - Enthalpy of fluid at inlet to turbineℎ - Isentropic Enthalpy of fluid at exit of turbineℎ - Actual Enthalpy of fluid at exit of turbine∆ℎ - Isentropic enthalpy drop of fluid through turbine

- Density of fluid at exit of turbine
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- Specific speed of turbine

- Specific diameter of turbineQ - Volume flowrate of fluid at turbine exit

N - Rotational Speed of turbine rotor

- Rotor diameter at inlet of turbine

- Blade velocity at inlet of turbine

- Spouting velocity

- Speed ratio

- Tip diameter of rotor at outlet of turbine

- Hub diameter of rotor at outlet of turbine

- Isentropic efficiency of the turbineγ - Adiabatic index

- Refriferating effect

INTRODUCTION
The performance of the liquid helium plant is governed by the efficiency of the expander. The liquid yield of
the plant increases by a considerable amount with a well-designed and efficient expander. There are two types
of expanders in use. One is reciprocating type and another is rotary type. The rotary type expander is
popularly known as turboexpander. Reciprocating type expander is preferable for small to medium capacity
plants. But when it comes to higher capacity plants, the reciprocating type expanders becomes bulky. That’s
why, turboexpander is used for higher capacity plants as it is highly reliable and compact.

The very first idea that, an expansion turbine can be used in liquefaction plant instead of reciprocating
expander was first given by Lord Rayleigh in a letter to “Nature” dated June 28, 1898. Rayleigh emphasized
that, in liquefaction plant the function of the turbine is to produce refrigeration effect rather than mechanical
work production [1].

Peter Kapitza, a Russian physicist came out with a breakthrough paper in the year 1939 [2]. It contained two
revolutionary conclusions which are stated below.

I. Applying thermodynamic principles, he proved that a low pressure (4-5 bar) liquefier using an expansion
turbine would work better than a high pressure liquefier using a reciprocating expander. Also, the low-
pressure plant would be less expensive.

II. By performing analytical and experimental studies, he also demonstrated that an inward radial flow turbine
would be preferable to an axial impulse type machine. His main argument was that, in an axial flow machine,
the disruption of the regular flow by expansive air from the rotor would make it difficult to maintain radial
equilibrium. He also stated that, cryogenic turbines could follow the general design principles of radial inflow
hydraulic machines.

Following Kapitza’s recommendations, all subsequent developments in the field of cryogenic turbines used
the radially inward flow arrangement. Even Kapitza himself developed a highly effective turbine attaining
83% efficiency. It had an 8 cm Monel wheel with straight blades and operated at 40,000 rpm [2].
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WORKING OF TURBOEXPANDER
The two principal parts of the turboexpander are a turbine wheel and a brake compressor at two opposite ends.
The two components are connected by a single shaft. The shaft is supported by appropriate journal and thrust
bearing.There are also two ducts on at inlet and other at outlet. Generally, cryogenic turboexpanders are
mounted vertically so that it can be installed and maintained easily. The gas to be liquefied enters at high
pressure into the cold end of the turboexpander. Then it enters into the nozzle ring where it gets accelerated.
As a result, both pressure and temperature decreases.  The fluid comes out of the nozzle with very high speed
and impinge on the blades of the rotor. The fluid imparts force on the blade causing torque on the rotor.  In
order to eliminate sudden changes in flow direction and consequent loss of energy, the nozzles and the rotor
blades are aligned properly. The fluid enters into the wheel radially and leaves axially. Hence, the profile of
blade changes continuously from pure radial at inlet to axial at exit. As the result of the expansion, some
amount of work is also produced, which is dissipated by the compressor mounted on the opposite side. That’s
why it is called as brake compressor. At the exit, the fluid has very low temperature which is our objective.
Then it enters the diffuser where some pressure recovery takes place. Hence, turbine outlet pressure of the
fluid is slightly higher than rotor outlet pressure. It has to be noted that, the nozzle and the diffuser are the
parts of the turbine just like the rotor. The schematic of a turboexpanderis shown in the fig 1.

DESIGN OF TURBINE WHEEL
The design method of turbomachines is seldom straightforward. The final design is usually the result of
several engineering disciplines: fluid dynamics, stress analysis, mechanical vibration, tribology, controls,
mechanical design and fabrication. The process design parameters which specify a selection are the flow rate,
gas compositions, inlet pressure, inlet temperature and outlet pressure [3].

Since 1980, performance chart is accepted as an effective mode of presenting characteristics of
turbomachines. Different characteristic values are used for defining performance criteria of turbomachines,
like velocity ratio, flow coefficient, pressure ratio, specific speed etc. Balje developed a simple method to
compute the efficiency of radial turbomachines and to calculate their characteristics [4]. Similarity
considerations offer a convenient and practical method to recognize major characteristics of turbomachinery.
According to similarity principles, two parameters are adequate to find major dimensions and velocity
triangles of the turbine wheel. The specific speed and the specific diameter completely define dynamic
similarity. The physical meaning of the parameter pair ‘ - ’ is that, fixed values of specific speed ‘ ’ and
specific diameter ‘ ’ define that combination of operating parameters which permit similar flow conditions
to exist in geometrically similar turbomachines

Balje introduced specific speed in design of gas turbines and compressors [4]. Values of specific speed and
specific diameter may be selected for getting the highest possible efficiency and to complete the optimum
geometry. Specific speed is a useful single parameter description of the design point of a compressible flow
rotodynamic machine. Balje’schart is used for a wide variety of turbomachinery. The diagram helps in

Fig 1:Schematic of a turboexpander
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computing the maximum obtainable efficiency and the optimum design geometry in terms of specific speed
and specific diameter for constant Reynolds number and Laval number.

Kenneth and Nichols have reproduced Balje Plot [5] and mentioned the ranges for different types of
turbomachines i.e. radial type, axial type and many more. It is really easy to select values from them for
preliminary design study of radial inflow type turboexpander. The values in that plot are in British unit. So
before using appropriate conversion factor of SI units have to be used.

Turbo expanders are generally of radial reaction type because of its geometry is often most efficient. The
reaction turbine avoids the U-Turn (present in Impulse) and its efficiency penalty. In the reaction turbine, half
of the pressure energy is spent across the rotor, so there must be a seal around the rotor. With the rotor inlet at
its periphery, the discharge from the rotor may now be chosen at a reduced diameter radial or quasi axial, shaft
concentric position. Since the discharge is obviously smaller in diameter because it only needs to surround the
discharge portion of the rotor. As a consequence, seal loss is reduced and shaft thrust decreases as well.
Likewise, the discharge or secondary nozzle losses are reduced because the gas exits at lower velocity.
However, there are limits to the diameter reduction because too small an exit opening would increase the axial
discharge velocity and the resulting losses would overtake the other savings. An intermediate design, the
radial reaction design, is often the most efficient compromise. Large, single-stage hydraulic turbines that must
be highly efficient are virtually always of this configuration. On the other hand, large multistage steam
turbines avoid this geometry simply because the fluid entry and discharge portion of radial reaction turbines
would result in design complexities.

CALCULATIONPROCESS
The present calculation is done for the 1st expander of the helium liquefier in our centre. The thermodynamic
state of the helium is the input parameter for the design process which are presented in table 1.

Table 1.Input parameter for turbine design

Parameter Name Value

Adiabatic Index γ 1.67

Turbine Inlet Temperature 50 K

Turbine Inlet Pressure 12 bar

Discharge Pressure 6 bar

Mass flow rate 0.024 kg/s

Balje’s plot is used to find the dimensions of turbine wheel. Balje has made a plot with specific speed as the
abscissa and specific diameter as the ordinate. In that plot the effect of turbine efficiency is also taken into
considered. There are different zones for axial turbine. Radial turbine and piston expander. The procedure is to
select any point on the Balje Plot in the radial turbine zone, calculate the speed ratio and check whether it
comes in-between 0.66 and 0.7 as suggested by Balje [4]. The process is continued until the condition is
satisfied. The ratio of exit tip diameter to inlet diameter of the rotor is taken as 0.6 and the ratio of hub
diameter to hub diameter is taken as 0.425. Both these values are suggested by Ghosh [3]. The basic parameter
for design are presented in the table 2.

Table 2.Basic parameter for turbine design

Parameter Value/ 0.6/ 0.425

0.7

In the calculation procedure the following equations are useful.= (1)
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=
∗ ∗

(5)= 2 ∗ ∆ℎ (6)= (7)

= ̇ * (ℎ − ℎ ) (8)

The assumptions for the calculation process are,

I. The flow of helium throughout the turbine is steady. Means mass flow rate is constant throughout the
turbine
II. Helium is considered as pure substance. Means two property rule is applicable for helium
III. The fluid enters the turbine inlet in pure radial direction and exits the turbine wheel in pure axial
direction.

The detailed calculation procedure is explained in the form of flow chart shown in fig 2.

Start

Input: Temperature, Pressure and mass flow rate

CalculateVolume flow rate and enthalpy difference

Select Specific Speed and Specific Diameter from Balje Plot

Calculate

Check whether
speed ratio is

within 0.66-0.7

NO

Output:Inlet diameter, Eye tip diameter and eye hub diameter

Stop

YES

Fig 2:Flow chart to calculate Dimensions of Turbine
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RESULTS
The graph representing variation of turbine exit temperature with change in turbine efficiency is shown in fig
3. From the graph it is observed that the turbine exits temperature decreases linearly with increase in turbine
efficiency. The reason for linear variation is that, fluid specific heat variation with temperature in the small
range (35K – 50K) is neglected.

Fig 4 represents variation of rotational speed of turbine with change in specific speed. It is observed that speed
of turbine increases linearly with specific speed. The reason is density variation with temperature in the small
range (35K – 50K) is neglected.

Fig 5 shows the dependence of speed ration on specific speed. Speed ratio also varies linearly with the specific
speed. As per Balje the speed ratio must lie in-between 0.66 and 0.7. Here there is only one specific speed at
which the above condition is satisfied i.e. at = 60, = 0.691. So the turbine wheel is designed with = 60.

Table 3.Thermodynamic state of fluid

Fig3:Exit temperature vs Efficiency of turbine

Fig4:Speed of turbine vs specific speed

Fig5:Speed ratio vs specific speed
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The algorithm shown in the fig 2 was solved using Engineering Equation Solver. After solving, the wheel
diameter, eye tip diameter and eye hub diameter were found out and presented in the table 4. The inlet and
exit state of the fluid were also found out and presented in the table 3. The calculated spouting velocity, inlet
blade velocity and speed ratio are 507.2 m/s, 350.9 m/s and 0.691 respectively.

Table 3.Inlet and exit state of fluid

Property Name Inlet
(State In)

Ideal(Isentropic)
Exit state

Actual exit state
( = %)

Pressure(bar) 12 6 6

Temperature(K) 50 37.9 41.53

Specific Enthalpy(J/kg) 276374.136 212068.53 231360

From data shown in table 3, the refrigeration effect is calculated and found to be 1.08 kW.

Table 4.Major specifications of prototype turbine

Name Symbol Value
Rotational Speed N 303742 rpm

Wheel Diameter 22.1 mm

Eye tip Diameter 13.26 mm

Eye hub Diameter 5.64 mm

CONCLUSION
The prototype turbine wheel was designed and its dimensions are reasonable. The refrigeration effect
produced is 1.08 kW at turbine inlet temperature 50K. The exit temperature of the fluid decreases with
increase in turbine efficiency. The rotational speed and speed ratio increase with increase in specific speed.
The rotational speed is selected as 303742 rpm which occurs at specific speed 60 with speed ratio 0.691. The
exit temperature of the fluid is 41.53K for 70% turbine efficiency. The rotational speed of the turbine wheel is
very high. In such a range, aerodynamic journal bearing is suitable.
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