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Abstract

An indigenous programme on design and development of a cryogenic turboexpander has been taken up at NIT, Rourkela.
This paper presents the detailed computational procedure for determining the velocity, pressure and temperature profiles in
the turbine wheel, nozzle and diffuser of the turboexpander. The procedure allows any arbitrary combination of fluid
species, inlet conditions and expansion ratio, the fluid properties being properly taken care of in the relevant equations. The
computational process is illustrated with an example.
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w relative velocity
Nomenclature V4 number of blades
r,0,z cylindrical coordinate fixed to rotor

b channel width
C absolute velocity Greek Symbols
Dy, turbine wheel diameter n efficiency
Dyp eye tip diameter ® rotational speed (rad/s)
Db eye hub diameter € ratio of tip diameter to turbine wheel diameter
ds specific diameter A ratio of hub diameter to tip diameter
h enthalpy (J/kg) B relative velocity angle
Ah;, 35 adiabatic enthalpy drop across turbine wheel T time coordinate

(J/kg) 5 angle between meridional velocity component
K. free parameter and axial coordinate
Kn free parameter P density of fluid
m mass flow rate .
M mach number SUbscnp.ts
N number of revolution n ml.e t to nozzle
ng specific speed ! ?Xlt o nozz@e
P power produced 2 ¥nlet to tqrbme whe.el .
p pressure 3 1n1.et to dlff}lser (exit to turbine wheel)
Q volumetric flow rate (m’/s) ex exit from d¥ffuser .
R, radius of curvature of meridional streamline h.ub hub of turbme wheel at e).ut
r radius tip tip Qf j[urblne wheel at exit
] direction and arclength of a meridional m mendmnal .

streamline u mrcgmferentlal
s entropy (J/kg-K) t Furbme . o
ty blade thickness S 1sentroplc cond1.t ton
T temperature 0 stagnation condition
U circumferential velocity
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Fig.1: Longitudinal section of the expansion turbine displaying the layout of the components.

1. Introduction

The expansion turbine constitutes the most
critical component of a large number of cryogenic
process plants like air separation units, helium liquefiers
and low temperature refrigerators. The primary function
of this unit is to produce cooling by expanding a pre-
cooled high pressure gas stream where power is
extracted from the fluid and enthalpy of the gas
decreases. Compared with the other expansion devices
the use of expansion turbine offers greater economy,
safety and flexibility. We can eliminate problems like
high maintenance cost, large size, difficult valve
operation and improper sealing by using a
turboexpander. In our laboratory a turboexpander has
been designed as shown in Fig.l having the following
specifications.

Working fluid :Nitrogen
Turbine inlet temperature (T ) :130K
Turbine inlet pressure (po in) :6 bar

Exit pressure (Pex) :1.5 bar
Throughput (m) :180 nm’*/hr
Expected efficiency (Mr.s) 1 75%

This turbine is comparable in characteristics to
that developed earlier at IIT Kharagpur [1,2] and draws
heavily from that experience.

A turboexpander assembly consists of the following

basic units:

e the turbine wheel, nozzles and diffuser,

e the shaft,

o  the brake compressor,

e a pair of journal bearings and a pair of thrust
bearings,

e appropriate housing.
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2. Computational Procedure

The design of turbine wheel has been done
following the method outlined by Balje [3] and by Kun
and Sentz [4], which are based on the well known
“similarity principles”. The similarity laws state that for
given Reynolds number, Mach number and Specific heat
ratio of the working fluid, to achieve optimized
geometry, two dimensionless parameters: specific speed
and specific diameter uniquely determine the major
dimensions of the wheel and its inlet and exit velocity
triangles. Specific speed (ng) and specific diameter (d;)

are defined as:
w X ‘/Q3

Specific speed  n, = 3 (1)
(Ahin—Ss )A
]
D Ah. 5. A
Specific diameter d, = M )

Vo5

The true values of Q; and 43, which define n;
and d; are not known a priori. Kun and Sentz [4],
however suggest two empirical factors k; and k, for
finding out these parameters.

m

O =k Q, =k — 3)
p3 = pex /kl (4)
Ahm—3s = k2 (hOin - hexs) (5)

The factors k,and k, account for the difference

between the states ‘3” and ‘ex’ caused by pressure
recovery and consequent rise in temperature and density
in the diffuser. Following the suggestion of Kun and



Sentz [4], we have taken k, = 1.03. The factor k
represents the ratioQ; /Q,, which is also equal to
Por / P3- The value of Q,, is known at this stage, but
that of (Q; is not known. A guess value of £k is

necessary to start the calculations. By taking a guess
value of k&, we find out the initial value of volume flow

rate ( Q5 )and density (p5) at the exit of the turbine wheel
by using equation (3) and (4). This Q; is used for
determining the initial values of D,.and ® from
equations (1) and (2). After solving equations (11) and
(12), we get the absolute velocity Cjat the exit of

turbine.
Using the standard thermodynamic relations,

h03 = hOex

§3 =5, and
c

hy = ho, -

and using the property tables we calculate the value of
p3, and from that the value of the parameter k; . The

calculated p;and initial p5should be same.

We started from a guess value of 1.02 fork;
But that led to a final value of k; much different from
what we assumed. After examining the guessed and
calculated wvalues, we found that the assumed and
calculated values agree closely if we take 1.07 for £; .

From Balje [3] the peak efficiency of a radial
inflow turbine corresponds to the values of:

n;=0.54 andd;=3.4 (6)

Rohlik [5] prescribes that the ratio of inlet
diameter to exit tip diameter should be limited to a
minimum value of 1.42 to avoid excessive shroud
curvature. Corresponding to the peak efficiency point

[3]:

e =D, [D =145, (7)

According to Reference [5], the exit hub to tip
diameter ratio should maintained above a value of 0.4 to
avoid excessive hub blade blockage and energy loss. Kun
and Sentz [4] have taken a hub ratio of 0.35 citing
mechanical considerations.

A=D,,, / Dy, =0.35 8

From continuity equation, the ratio of blade
height at entrance to that of the wheel is computed as:

m
(TEDtr - Ztrttr )pZtr Cm2tr

)

by =
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For small turbines, the hub circumference at exit
and diameter of milling cutters available determine the
number of blades. In summary, the major dimensions for
our prototype turbine have been computed as follows:

Rotational speed: N = 138,800 r/min
=14537.29 rad/s
Wheel diameter: D, =26.23mm
Eye tip diameter: D,, =18.09 mm
Eye hub diameter: Dy, =6.33 mm
Number of blades: Zy =17
Thickness of blades t, =1mm
Blade height at entrance by, =1.10 mm.
_ a)(Dtip + Dhub)
= (10)
(&
tan f3;,, =—*" (11)
3m
z(D,, - D,,)
T 2 2 tip hub
0; = 4,,C;, =G, |:_(Dti — Dy )_—}
e "4t ! 2sin f;,,
(12)
where, A4; is area at the exit of the turbine wheel.
W,=4C:+U? (13)

Equations (11) and (12) are now solved
simultaneously for exhaust velocity C; and mean relative
velocity angle f;,,, giving:

Us;, =88.75m/s  State Points:
Csn =75.84m/s  In Inlet to nozzle (overall inlet)
B, =40.5° Exit of nozzle

1

2 Inlet to wheel (exit from nozzle)
3 Inlet to diffuser (exit from wheel)
4 Exit from diffuser (overall exit)
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Fig. 2: The fluid flow path in a turbine and
definition of the state points.




Table 1: Thermodynamic properties at different states of turboexpander

Inlet State (stagnation State 1 State 2 State 3 State 4
condition)

Pressure (bar) 6.00 3.37 3.02 1.36 1.50
Temperature (K) 130.00 111.26 107.8 93.47 96.17
Density (kg/m°) 16.46 10.74 9.92 5.06 543

Absolute Velocity 0 188.20 205.18 75.84 20.00
(m/s)
The function f; depicts the variation of the
Us,hub Us,mean Us,tip relative acceleration of the fluid from the wheel inlet to

8.75 13149

Wo=—Co=Ci=Cs 58.76°\ 405/ 29,
< W, mean

W, hub

‘444444447Lb=u0554444444> 46

C=205.18

Fig.3: Composite velocity diagram for expansion
turbine. (All velocities are in units of m/s)

The blade profiles have been worked out using
the technique of Hasselgruber [6] maintaining the
assumptions made there in such as: i) constant
acceleration of the relative velocity, ii) equal meridional
velocity at the wheel inlet and at exit, iii) relative flow
angle at the wheel inlet 90°. Hasselgruber’s
formulation leads to three characteristic functions
defined as follows.

5 H — coseclp P + fcoseclps )P —(cosecps )P 4

(14)

where,

é x (kh + 1)>< cosec(Bz )+ (cosec(B3,, )~ cosec(p,))x {1 - [1 - Y—ZJ " }
4= Ky, x cosec(ﬁ )+ cosec(B 3m)

(15)
12 [i] = 1 i
cosec(B, )+ {cosec(ﬁ 3m )—cosec(B )} x (1 - :2 ]
(16)

f3[ij=f1[i]xw—fzz(i] 17)

S2 S2 52
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exit. The function f, gives the relative flow angle along
the flow path while function f; is a combination of f; &
f,.

The radius of curvature of meridional streamline
path is expressed in terms of the three characteristic
functions as:

2
S) S) y v

R, = 18
" r s s cos(ﬁ) (18)
Fim < tan(Bs) s
The angle between meridional velocity
component and axial coordinate is derived to be:
o1
6= || 19
() "

Other relations on the path of determining the
velocity, density, pressure and temperature profiles are
summarized below.

r= J-(sin d)ds (20)
0
s ]’fZZ[S]
o= L NS PR @1
0 rxfz[sj
S§2
z= I(cos 3 )ds (22)
0
B=Asin f, [LJ (23)
$2
Cp =C3x fi [—] % f3 [—j (24)
$2 S2
bw Z(ZHFSiHB—Z,y th)/ztr (25)




C3 X7
_ 26
ry x tanfs (26)
W =Cjyx f{ij (27)
$2
C,=U-WcosP (28)
C= V(sz +C142) (29)
G
M= 30
v (30)
Where

r = radial coordinate of mean stream line

0 = tangential coordinate of mean streamline

z = axial coordinate of mean streamline

B = relative velocity angle

C, = meridian component of absolute velocity

by, = width of the flow channel between two blades
U = circumferential velocity

W = relative velocity

C, = circumferential component of absolute velocity
C = absolute velocity

V= sound velocity

M = Mach number of the absolute velocity

The thermodynamic quantities are computed

using the following relations:
1

_ 2 2 2 Ym—1
p:p3><[l+M2><(m2 by, G +O =W (31)
m C3
P_P3x[pij (32)

3
m—1
T:Ty{piJ (33)
3

Figure 4 presents a flow chart of the computational
process.
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[ Compute wand D, from equations (1) & (2) ]

\ 4
[ Compute D, and D,,,, from equations (7) & (8) ]

A 4
from equations (11) & (12) ]

Compute f;, and C

3m

A 4

-
Compute /4, by using C;,, from standard thermodynamic
relations

!

[ Compute p, by using property chart ]

-

Is this p; and

initial p; is same

[ Compute U, by using equation (10) ]

v
[ Compute Wby using equation (13) ]

ComputeC,,, U, W, f, C, and C at turbine wheel by using
equations (24), (26), (27), (23), (28) and (29) respectively.

A 4

Compute density, pressure and temperature at turbine wheel by using
equations (31), (32) and (33) respectively.

\ 4

)

Fig. 4: Flow chart of the computer program for calculation of velocity, pressure, temperature profiles
in cryogenic turboexpander
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3. Results and Discussion
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Fig. 5: Variation of pressure, temperature, and absolute velocity in turboexpander (length not to scale)
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Fig. 6: Pressure, temperature, relative velocity distribution along the meridional streamline of the turbine wheel.

Figure 5 presents qualitatively the velocity,
temperature and pressure profiles from inlet to exit,
while Figure 6 shows the same profiles along the middle
streamline in the wheel. The results may be used to
compute the net axial thrust by integration of the
pressure over the projected area of the turbine wheel.

£

F

N = J‘2nrpdr + nr32p3

(34

Fpy =l =1, Jxps (35)

where,
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F, = axial thrust force (Newton)

rg = radius of the shaft

Net axial force =5.83 N

4. Conclusions

The turboexpander is an important mechanical
device in the cryogenic plant, which has very wide
applicability. The turboexpander is in the process of
fabrication. This paper gives detailed computational
procedure with an example. Suitability of the
computational process would be confirmed by
conducting experiments.
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