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ABSTRACT h Specific enthalpy
S Specific entropy
Supercritical CO; inward flow radial turbines necessitate Ah Specific work
high operating speeds due to the high density of sCO;, especially a Sound speed
in sub-MW scale power generation where rotational speeds can M Mach number
be in the range of 50k to 150k rpm. Although designing the p Density
turbine at these high rotational speeds is reasonable from the n Isentropic efficiency
aerodynamic efficiency point of view but generally not practical a Absolute flow angle
to operate. A theoretical framework based on 1-D meanline B Relative flow angle
analysis is built to evaluate the minimum and maximum ZL Axial length
rotational speed limits corresponding to a set of boundary r Rotor radius
conditions and operating constraints. The results show that b Rotor blade height
minimum allowable speed depends on the inlet velocity triangle € Rotor tip clearance
(IVT) and is constrained by inlet Mach number, inlet blade ¢ Outlet radius ratio
height, and inlet flow angle. On the other hand, maximum Ds Specific Diameter
allowable speed depends on the outlet velocity triangle (OVT) Ns Specific speed
and is constrained by outlet relative Mach number, outlet hub
radius, and blade speed. The theoretical models are SUBSCRIPT
demonstrated from kilowatt to megawatt power levels, and the
results are compared with commercial software and Balje's Ns- 0 Stagnation condition
Ds diagram. Although this study is highlighted in the context of 1 Rotor inlet
supercritical CO; as the working fluid, in principle, the same 2 Rotor outlet
models are equally valid for any working fluid. h Hub location
t Tip location
Keywords: sCO,, specific speed, turbomachine, Ns-Ds ts Total-to-static
diagram, meanline analysis m Meridional direction
r Radial direction
NOMENCLATURE 0 Tangential direction
\W% Relative component
sCO; Supercritical CO, ] Isentropic expansion
BC Boundary condition min Theoretical min. limit
IVT Inlet velocity triangle max Theoretical max. limit
OoVvT Outlet velocity triangle
C Absolute velocity SUPERSCRIPT
U Blade velocity
W Relative velocity * Upper/ Lower bound of operating constraints
® Rotational speed
Q Volumetric flow rate
p Pressure
T Temperature
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1. INTRODUCTION

Supercritical CO, (sCO,) is gaining popularity amongst
researchers as the potential working fluid for the next generation
thermal power plants. CO; has a lower critical temperature of
31.1 °C and critical pressure of 73.8 bar, respectively. CO; at its
supercritical state exhibits excellent heat transfer properties and
chemical stability over a wide range of pressures and
temperatures. Presently, sCO, technologies are focused on small-
scale power generation applications in the field of nuclear power
plants [1],[2], concentrated solar power plants [3], and waste heat
recovery plants [4]. Inward flow radial turbines are economical
for small-scale power generation due to their simple and compact
design. The high density of sCO> leads to smaller and compact
turbine sizes with high rotational speed. Echogen [5] made a size
comparison between a 10 MWe conventional steam turbine and
a sCO; turbine, showing that the sCO, turbine is at least five
times smaller than the steam turbine. The single-phase operation
of sCO; leads to low blade erosion even at high temperatures [6].
Also, the low viscosity of sCO; reduces losses in turbines. Small
size, high rotational speed, and low viscous losses enable the
exploration of newer operating regimes and geometries that were
unfeasible for air or steam turbines. Hence, there is a need to
develop new methodologies, which can design turbomachines at
a much lower speed with good efficiencies. This work tries to
create a groundwork for the design process by determining the
lower and upper limits of rotational speed corresponding to a set
of boundary conditions and operating constraints.

2. RADIAL TURBINE OPERATING SPEEDS

The preliminary design of radial turbine requires boundary
conditions across the turbine and shaft rotational speed.
Stagnation temperature (T, ) and stagnation pressure (p,,) at the
turbine inlet, stagnation or static pressure (p,, Or p,) at the outlet,
and mass flow rate (m) are the most used boundary conditions.
In this study, subscripts 1 and 2 refer to the rotor inlet and outlet
locations, respectively. These boundary conditions are generally
obtained from the thermodynamics cycle analysis or heat and
mass balance diagram. On the other hand, the rotational speed
(w) of the radial turbine is generally selected using either
empirical correlations or from experience.

Balje’s specific speed — specific diameter diagram [7] is the
most widely used empirical correlation for turbomachinery
design. The specific speed (Ny) and specific diameter (D;) are
defined as

V@
N, = 25 @)
_ 21y ARY/A
Ds - \/Q_z (2)

where, w is turbine rotational speed, @, is the volumetric flow
rate at the rotor outlet, Ah is specific work and r; is rotor inlet
radius, all in Sl units. Fig. 1 is the Ns-Ds diagram (reproduced in

Sl units), applicable to the radial turbine, which is a subset of
Balje’s original Ns-Ds diagram for turbines.
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FIGURE 1: BALJE’S Ns-Ds DIAGRAM FOR RADIAL
TURBINE

The contours of this diagram represent the experimental
results of total-to-static isentropic efficiency (n.) of radial
turbine as a function of specific speed and specific diameter. The
diagram shows the maximum efficiency occurs at a specific
speed and specific diameter around 0.58 and 3.0, respectively.
Hence, all the meanline methodologies available in open
literature suggest designing the turbine near this point [8]-[11].

Eg. 1 shows that the high density (or low volumetric flow
rate) of sCO- necessitates a high rotational speed at the design-
point if a specific speed of 0.58 is to be maintained.

Shaft rotational speed, w [RPM X10"‘]

N, < 058 ‘
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FIGURE 2: VARIATION OF REQUIRED SPEED OF SCO:
RADIAL TURBINE FOR VARIOUS POWER SCALES
CORRESPONDING TO BCs OF TABLE 1, Ns = 0.58, AND Ds =3

Fig. 2 shows the variation of required turbine rotational

speed for various power scales (30 kW to 5 MW), while specific
speed and specific diameter are maintained at 0.58 and 3.0,

2 ©2021 by ASME



respectively. Table 1 lists the boundary conditions used in Fig.
2. These are typical boundary conditions used for sCO, waste
heat recovery turbines [12], [13]. Massflow rate is varied
according to the scale of power output.

TABLE 1: BOUNDARY CONDITIONS OF A TYPICAL WASTE
HEAT RECOVERY sCO2 TURBINE

Boundary conditions

Inlet stagnation pressure, py; (bar) 150

Inlet stagnation temperature, Ty, (°C) 500

Outlet static pressure, p, (bar) 100

The figure shows that the required rotational speed increases
as the scale of power generation decrease. In the sub-MW scale,
the required rotational speed significantly increases from 50k
rpm for 1000 kW power output to around 150k rpm for 30 kW
power output.

Practically, it is extremely challenging to design a turbine at
these high rotational speeds to maintain a specific speed of 0.58.
Major limitations could arise from the rotodynamic and material
strength to sustain such high rotational speeds. In these cases, a
lower operating speed (N; < 0.58) with some loss in efficiency
is a more practical choice.

In contrast, there could be instances when the required
rotational speed to maintain a specific speed of 0.58 is very low.
This could happen for large scale power output or low specific
power output. However, sometimes the turbine is forced to
operate at a higher speed due to some practical reason. For
example, if the turbine is coupled with the compressor, which
runs at a higher speed.

One can conclude from the above discussions that
depending on the practical situation, the actual rotational speed

Stationary back

of the turbine might be lower (low specific speed) or higher (high
specific speed) than the recommended one. Referring to Fig. 2,
the region below the N, = 0.58 curve represents design-points
for low specific speeds and above the curve represents design-
points for high specific speeds. As the actual design point differs
from the N, =0.58 curve, the efficiency of the turbine
decreases, making a design point too far from the curve
unfeasible. A design could be unfeasible due to various reasons
such as low efficiency, unacceptable geometry, or some
unwanted flow features inside the turbine. These practical
restrictions limit the maximum and minimum allowable
rotational speed corresponding to a boundary condition beyond
which no feasible design exists. These practical limitations are
termed ‘operating constraints’ in this study and are discussed
subsequently.

In this study, a MATLAB® [14] based meanline algorithm
is developed to find the minimum and maximum rotational speed
limits, which is integrated with the REFPROP® [15] fluid
database.

3. OPERATING CONSTRAINTS

Fig. 3 shows the 3D model of a radial turbine rotor and its
meridional view. Velocity triangles and basic geometrical
dimensions as blade height (b), radius (r), and axial length (Z}),
are shown at the mean locations of the inlet (point A) and outlet
(point B). Theoretically, a large number of different radial
turbines can be designed operating under the same boundary
conditions and developing the same power where each design
point would give a unique set of rotational speed, velocity
triangles, and geometrical dimensions. However, in practice, the
flow and geometrical parameters are limited by the ‘operating
constraints,” limiting the minimum and maximum value of
rotational speed.

Tt

Axis of rotation

FIGURE 3: GEOMETRIC AND FLOW PARAMETERS OF A RADIAL TURBINE ROTOR (a) 3D MODEL (b)
MERIDIONAL VIEW
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Here, the term operating constraint combines all the
practical restrictions applicable to the radial turbine design, such
as geometric size limitations, material strength, manufacturing
capability, and flow physics limitations. These constraints range
over an upper and lower limit. Table 2 lists various operating
constraints used in this study and their boundness discussed
below.

TABLE 2: OPERATING CONSTRAINTS, TYPES, AND
BOUNDNESS
Operatlpg Symbol Constraint Boundness
constraint Type
Blade height b* Geometric Lower
Mach number M Flow Upper
Blade tangential . .
speed U Material Upper
Hub (Shaft) - Material / Lower
radius h Rotodynamic
Inlet flow angle aq Flow Upper

(i) Blade height: The blade height of the rotor is a geometric
constraint, which is bounded by its lower limit. In a radial
turbine, blade height at the inlet location (b;) is the smallest.
However, the minimum limit of b; is governed by the
manufacturing limitations and flow restrictions due to flow
passage dimension at inlet. As the inlet blade height decreases,
passage becomes narrow, and frictional losses increase because
of flow restriction. Also, a small blade height leads to a sizeable
relative tip clearance gap (e/b), causing high leakage losses. So,
for all practical purposes, inlet blade height must be above a
minimum threshold blade height.

(if) Mach number: Mach number represents the effect of
compressibility, flow losses, and massflow choking. Any turbine
operating at high values of Mach number exhibits more losses
and flow instabilities that are undesirable for turbine operations.
In radial turbines, Mach number associated inlet absolute flow
velocity (M) and outlet relative flow velocity (M,,,) are most
important. M; represents the losses at the stator outlet and rotor
inlet, and M,,, represents the losses at the rotor throat and outlet
conditions. So, all turbine design procedures, apart from few
exceptions, restrict the maximum Mach number below unity.

(iii) Blade tangential speed: The upper bound of blade
tangential speed is restricted by the strength of the turbine rotor
material. Centrifugal stress is generated by the rotational motion
of the rotor, which must be lower than the strength of the rotor
material for safe operations. As the centrifugal stress is
proportional to the distance from the rotational axis, the inlet
radius being the largest in a radial turbine bears the highest stress.
In the case of non-radial blading at the inlet (i.e., nonzero metal
angle at the inlet), rotational speed leads to bending stresses
along the blade height. Therefore, a limit to the maximum
allowable value of blade tangential speed is imposed for safer
operations.

(iv) Hub radius: The lowest radius of the hub is limited by
the shaft radius where the rotor is mounted. The minimum shaft
radius is selected based on the material strength and rotodynamic
analysis, which is out of the scope of this study. However, it can
be appreciated that the shaft radius limits the minimum allowable
hub radius.

(v) Inlet flow angle: Referring to the IVT of Fig. 3, inlet
absolute flow angle (a;) decides the ratio of tangential flow to
the meridional flow. A high a; results in a lower massflow rate
through the turbine and ultimately causes lower power output.
Standard radial turbine design procedures suggest that the value
of a; should be less than 80° [11], [16]. Hence, there exists an
upper limit of ;.

There could be more operating restrictions apart from what
is discussed above. However, these restrictions are sufficient to
develop theoretical models for the minimum and maximum
rotational speeds in this study.

4. THEORETICAL MINIMUM ROTATIONAL SPEED
Theoretical minimum rotational speed (w,,;,) of a turbine
represents the lowest possible operating speed corresponding to

a set of boundary conditions and operating constraints. Fig. 4
shows various components of the inlet velocity triangle (IVT).
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FIGURE 4: INLET VELOCITY TRIANGLE OF
RADIAL TURBINE
From thermodynamics, the total-to-static isentropic efficiency of
the turbine is defined as

_ ho1—hop2 Ah

= 3)

Mes ho1 —has  Ahg

Euler’s equation of turbomachines equates specific work with
the change in angular momentum from inlet to outlet as
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Ah = CgU; — CgrU “4)

In this study, flow at the turbine outlet is assumed to be pure axial
(Cg» = 0) which simplifies Eq. 4 as

From the IVT, the rotational speed is
LY
=1 (6)
and massflow rate at the rotor inlet is
m = 2rrybypy Ay Gy (7)

where, p,, r; and b; represents static density, rotor radius, and
blade height at the inlet, respectively. Also, the inlet meridional
velocity is

le = C91 cot aq (8)

The value of p; in Eq. 7 depends on the inlet stagnation density
(po1) and the inlet absolute velocity. The inlet stagnation density
depends on known inlet boundary conditions, making the static
density a function of absolute velocity.

p1 = p1{Ci} = p1{M;a,} 9

where, M; and a, are absolute flow Mach number and the speed
of sound at the rotor inlet, respectively. Here, the curly bracket
expresses the functional relationship of static density with Mach
number and speed of sound. Now, combining Egs. 3 to 9 shows
the final form

__2m p1{Miaq} by Ahg7mes cotay

o (10)
Eq. 10 leads to the theoretical minimum speed (w,y;y) if M; and
o, are at their maximum limits, and b, is its minimum limit as
per Table 2. The inlet radius of the rotor can be found combining
Eqgs. 3 to 10 as

m

1= 21 by p1{Miaq1} Miaq cos(aq) an
Rotor inlet radius corresponding to the w,,;,, denotes the
maximum inlet radius (77 pyqx), Which can be found using the
same conditions of M;, a; and b; used to find w,,;,. Eqs. 10 and
11 are dependent on the speed of sound at the rotor inlet, which
needs to be found iteratively. Fig. 5(a) shows the flow chart of
the iterative algorithm used to solve Egs. 10 and 11.

The above analysis shows that the theoretical minimum
speed of a radial turbine depends only on the inlet velocity
triangle (IVT). The effect of outlet velocity triangle (OVT) is

eliminated by the assumption of pure axial flow at the rotor
outlet. In practical cases, radial turbines are designed to have a
small negative tangential velocity at the rotor outlet, which helps
to recover the exit kinetic energy in the diffuser. So, the actual
specific work would become larger than what is presented in Eq.
5, which would slightly increase the w,y,;;,, of the rotor than what
is presented in Eq. 10.

Read Table 3

BCs: pot, Tot, P2, 11, M
Operational constraints: b, aj, M}

{

[

Calculate
4hs = ho1{po1, Tor} — hss{s1, P2}

)

Initial value
C1=0

Calculate
hy = hoy = (CP)/2
a = ar{hy, 51}

Calculate C =
My =Ci/a 1T

Mia, ]

Read Table 3

BCs:  po1, Tor, 2, 1, My

Operational constraints:Uy, 15y, My,

Calculate
Ahy = hoi{Po1, Tor} = hsy{s1,p2}
hoy = hoy = nesdhy

(b)

Calculate

hy = hoa = (C)/2
a = a{hy, 52}

Cooa =G,

Calculate

C = [(az My2)?* — (Ui $0)?

It
[(C2 = Ca 1)l
<required
accuracy

(M - M)
<required
accuracy

Wmax > M min

Calculate Eqgs. 10 and 11
Wmin s " max

End End

Calculate Eqgs. 16 and 6 ]

FIGURE 5: COMPUTATIONAL ALGOROTHM OF (a)
THEORETICAL MIN. SPEED AND (b) THEORETICAL MAX.
SPEED MODELS

5. THEORETICAL MAXIMUM ROTATIONAL SPEED

Theoretical maximum rotational speed (w,,4,) of a turbine
represents the highest allowable operating speed corresponding
to a set of boundary conditions and operating constraints.

Eq. 6 shows the rotational speed would be maximum
corresponding to a maximum value of U; and minimum value
of ;. The maximum value of U is an operating constraint as
per Table 2, whereas the minimum value of r; depends on both
IVT and OVT parameters.

Referring to the meridional view in Fig. 3(b), a lower inlet
radius entails increasing the inlet blade height to accommodate
the same massflow rate. In the limiting case, inlet blade height
would become equal to the inlet radius (17 i, = by), which puts
a restriction to the lower limit to the inlet radius. On the other
hand, the lower limit of the inlet radius is also restricted by the
minimum outlet area required to accommodate mass outflow.

m=mp, (Tzzt - Tzzh)cz (12)
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In practice, 15, must be smaller than ry, and the minimum value
of 1y, is an operating constraint, as mentioned in Table 2. Hence,
the rotor outlet area decreases with the decrease of r;. To
accommodate the same massflow rate with a lower outlet area,
C, must increase.

FIGURE 6: DISTRIBUTION OF OVT VELOCITY
COMPONENTS ALONG THE OUTLET BLADE
HEIGHT

Fig. 6 shows the outlet velocity triangles at the hub, mean,
and tip locations assuming pure axial outlet. From the OVT at tip
location C, is

Co =Wyt = UZ) (13)
Blade speed at the outlet rotor tip is
Uge = Uy 2t (14)
&1

As W,, is the largest velocity component of OVT, Mach
number associated with W,, represents the maximum Mach
number at the rotor outlet.

My, = —

= (15)
So, the minimum value of the inlet rotor radius (7y ;) 1S

also limited by the maximum value of M,,, which is an operating

constraint, as mentioned in Table 2.

Now, combining Egs. 6, 12 — 15, the final form of maximum

rotational speed is

\/”(4’%:—4’%}1) (a3 M3, —UZ$3,) p2{Maaz}
w=U;

m

(16)

where, the non-dimensional radius ratio at the outlet hub and tip
are

pn =" (17)

L&t

pe =2 (18)

L5}

Eq. 16 gives the w4, of the rotor for various radius ratios
when U;, M,,, and 1y, are at their limits as per Table 2. Notice,
the equation is dependent a,, which cannot be determined in
advance, so an iterative approach is required to solve the
equation. Fig. 5(b) shows the algorithm used to determine w4y
and corresponding radii at the inlet and outlet (Here, outlet radius
is algebraic mean of outlet tip and hub radii values).

6. RESULTS

The theoretical models of Wi, and w4, are demonstrated
using two case studies.

TABLE 3: BCs AND OPERATING CONSTRAINTS FOR CASE

STUDIES
Case 1 2
Working fluid CO, | CO;
Power output (kW) 30 | 5000
Inlet stagnation pressure, py, (bar) 144 | 205
Inlet stagnation temperature, Ty, (°C) 220 | 550
Outlet static pressure, p, (bar) 93 95
Massflow rate, m (kg/s) 0.9 104
Total-to-static efficiency, 1 0.8 | 0.85
Max. inlet flow Mach number, M; 0.6 0.8
Max. outlet relative Mach number, M, 0.6 0.8
Max. inlet absolute flow angle, a 85° 80°
Min. inlet blade height, by (mm) 2 10
Min. outlet hub radius, 75}, (mm) 5 20
Max. blade speed, U] (m/s) 300 | 400

Table 3 lists the cases and corresponding BCs and operating
constraints for which the theoretical models are verified. Power
output, boundary conditions, massflow rate, and operating
constraints of two cases are selected widely different, which
checks the applicability of these proposed theoretical models for
a wide range of applications. Results of these models are verified
with Axstream®][17], which is industry standard turbomachine
modelling commercial software.

6.1 Theoretical min. speed

Wmin 1s obtained by solving Eq. 10 for both the cases, and
the results are presented in Fig. 7. Fig. 7(a) and (b) show that
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Wmin 18 a function of total-to-static isentropic efficiency and inlet
flow Mach number. w,,;, shows a linear proportional relation
with total-to-static isentropic efficiency while showing an
inverse relation with inlet flow Mach number.

Fig. 7(c) and (d) present the w,,;, and corresponding rotor
inlet radius for various inlet flow angles and Mach numbers. The
figures show a nonlinear relation between w.,;, and
corresponding inlet radius, as per Eq. 11. The design point
corresponding to cases 1 and 2, as per Table 3, are also shown
using ‘star’ markers in the figures.

6.2 Theoretical max. speed

Wmay 1s obtained by solving Eq. 16, and the results of
both the cases are presented in Fig. 8. Left y-axis represents
Wmax> and the right y-axis shows inlet and outlet radii. The figure
shows that the rotational speed of the turbine initially increases
with tip radius ratio, then attains a maximum value and decreases
after that. This behavior of w4, can be understood by
examining Eq. 16. The tip radius ratio appears twice in the
equation; the first one increases the w,, 4, value while the second

(=2}
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=
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one decreases it. Hence, the actual variation of w,,,, depends on
the resultant effect of the ¢;. Also, the value of ¢, corresponding
to wyqy are different for each case, which is because of different
BCs and operating constraints. The figures also show the
variation of inlet and mean outlet radii of rotor corresponding to
tip radius ratio. Rotor inlet radius attains a minimum at the same
tip radius ratio where rotational speed attains the maximum.

These results are compared with the commercial
software results in Table 4. The min. operating speeds obtained
by the commercial tool are 9-13% higher than the theoretical
Wmin- The reason could be because the commercial software
accounts for losses that are not included in the theoretical model.
Also, the outlet flow was not precisely axial in the commercial
design because of the hub-to-tip velocity variation.

In contrast, max. operating speeds obtained by the
commercial software are 20-25% lower than the theoretical
Wmax Model. The main reason for this high deviation could be
because of the considerable exit energy losses due to the high
specific speed design [18], apart from the reasons already
mentioned for the w,y,;;, case. It can be concluded that because of
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FIGURE 7: EFFECT OF 5, My, AND a; ON THE VARIATION OF @nin AND Tpax
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the losses in the turbine, operating speed range shrinks than that

of theoretical models.
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FIGURE 8: VARIATION OF ®,;,q; AND CORRESPONDING

Table 4: RESULT COMPARISON BETWEEN THEORETICAL

r1 AND 1, ALONG VARIOUS ¢, VALUES

MODELS AND COMMERCIAL SOFTWARE (Axstream®)

software

Comparison Case 1 Case 2
Theoretical 42,500 9,300

Wimin model
(RPM) | Commercial 49,000 10,250

software

Theoretical 228,000 49,100

Wpmin model
(RPM) | Commercial 182,000 40,500

The results obtained from the theoretical models are
plotted against Balje’s Ns-Ds diagram in Fig. 9. w,,;, points
appear in the top-left corner representing low N; and high D;. As
Wmin corresponds to 7y yax, that justifies the low N and high Dy

values. In contrast, w,,,, points appear in the bottom-right
corner representing high Ny and low Dy as w4, corresponds to

71 min-

20 T . + T T

-]

Specific diameter, D
F -9

A Case-1
O Case-2

0.1 02 03 0.5 1 2
Specific speed, NS

FIGURE 9: COMPARISON OF @pnin AND ®,qx MODELS
WITH BALJE’S Ns-Ds DIAGRAM FOR TWO CASES

This study was started to find the upper and lower speed
limits of Fig. 2. These limits are obtained for the BCs listed in
Table 1 and the variation of w,;,;;, and w4, are plotted in semi-
log scale in Fig. 10. The operating constraints used for this case
are M*=0.8, af =85° b =5mm, U =400m/s, r, =
10 mm.

100 T

o

[m‘NH =0.58

~
o
=

Rotational speed, w [RPM X10%]

w .
cemin

o
-

0.05 * + * +
0 1000 2000 3000 4000 5000

Power output [kKW]
FIGURE 10: VARIATION OF Wmin AND ;0 FOR

DIFFERENT POWER SCALES CORRESPONDING TO
BCs IN TABLE 1

In this figure, region (a) represents the high specific speed
design area, and region (b) represents the low specific speed
region. The region between the w,y;;, and w;,q, curves represent
the possible speed regime where a turbine can be designed, and
outside this area turbines cannot be designed.
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7. CONCLUSION

The study presents theoretical 1D models to find the
maximum and minimum speed limits of a radial turbine without
going for the actual design process. The models show w,y;;,, and
Wmay are solely dependent on the boundary conditions and
operating constraints. Both the models can predict speed limits
from kilowatt to megawatt scale turbines with reasonable
accuracy. The w,,;, model shows a difference of 9-13%, whereas
Wmax Model shows a higher difference of 20-25% compared to
the commercial software. The main reason for this deviation is
the losses inside the turbine, which shrinks the operating speed
limits. These models also show good agreement with Balje’s Ns-
Ds chart. As the models are developed from the fundamental
laws of turbomachines, the same models hold true irrespective
of the working fluid.
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