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Abstract: The loading-to-flow diagram is a widely used classical method for the preliminary design
of radial turbines. This study improves this method to optimize the design of radial turbines in
the early design phase under variable operating conditions. The guide vane outlet flow angle is
a key factor affecting the off-design performance of the radial turbine. To optimize the off-design
performance of radial turbines in the early design phase, we propose a hypothesis that uses the ratio
of the mean velocity of the fluid relative to the rotor passage with respect to the circumferential
velocity of the rotor as an indicator to indirectly and qualitatively estimate the rotor loss, as it plays
a key role in the off-design efficiency. Theoretical analysis of rotor loss characteristics under different
types of variable operating conditions shows that a smaller design value of guide vane outlet flow
angle results in a better off-design performance in the case of a reduced mass flow. In contrast, radial
turbines with a larger design value of guide vane outlet flow angle can obtain a better off-design
performance with increased mass flow. The above findings were validated with a mean-line model
method. Furthermore, this study discusses the optimization of the design value of guide vane outlet
flow angle based on the matching of rotor loss characteristics with specified variable operating
conditions. It provides important guidance for the design optimization of multistage radial turbines
with variable operating conditions in compressed air energy storage (CAES) systems.

Keywords: preliminary design; optimization; rotor loss; guide vane outlet flow angle; radial turbine; CAES

1. Introduction

Multistage radial turbines—usually referring to the multistage radial turbo expanders—are the
key component of power generation systems in compressed air energy storage (CAES) and are also
employed in the recycling of waste heat, residual pressure, and gas in the petrochemical industry.
A schematic diagram of the conventional structure of a multistage radial turbine in CAES systems is
shown in Figure 1. It consists of several single-stage radial turbines in separate casings, connected
in series. In addition, heat exchangers are connected between stages to preheat the compressed air.
Depending on the inlet pressure of the multistage radial turbine, which is generally from 3 to 10 MPa,
the number of turbine stages is typically between three and five to ensure that the pressure ratio of
each turbine stage falls in the range of two to five. The specific value of the pressure ratio of each
turbine stage is related to the turbine inlet temperature. When cold energy production is not required,
it is often necessary to meet the requirements of the turbine outlet temperature close to atmospheric
temperature. Multistage radial turbines can realize the efficient energy release of a large expansion
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ratio from the high pressure of compressed air storage to the atmospheric pressure, and have the
advantages of high efficiency, compact structure, and large power capacity. Thus, they are widely used
in CAES systems [1,2].

In recent years, CAES technology has received increasing attention as one of the most promising
solutions to the problems of intermittency and lack of control in renewable energy generation [3,4].
When multistage radial turbines in CAES systems are integrated with renewable energy generation,
the fluctuating power output and inlet pressure make them able to operate under variable working
conditions. Guide vane control is a mature and efficient mass flow regulation method that is widely
used in turbomachinery. simulation studies have demonstrated the superiority of guide vane control
for multistage radial turbines in CAES systems [5-7]. The challenge of multistage radial turbine
design thus becomes to maintain high efficiency over a broader range of variable operating conditions
involving guide vane opening changes.

Multistage radial
turbine expander

Compressed air
storage

Figure 1. Schematic diagram of a multistage radial turbine in a compressed air energy storage
(CAES) system.

As shown in Figure 1, the intermediate turbine duct of the multistage radial turbine is usually
a circular pipe in an inter-stage heat exchanger. The pressure change of the internal flow is small,
and the flow characteristic is simple. Thus, understanding the internal flow pattern at each turbine
stage is more important than that in the intermediate turbine duct between turbine stages. It is
the primary factor affecting the performance of multistage radial turbines. Therefore, the design
optimization of a single radial turbine stage is still the focus for the design of multistage radial turbines.
Computational fluid dynamics (CFD) is the currently preferred method of turbine design optimization,
as it enables accurate internal flow analysis to guide the detailed turbine design [8-11]. However, prior
to its application, a reasonable one-dimensional preliminary design is the necessary first step in radial
turbine design [12-14]. Having such a preliminary design is particularly important for the overall
performance analysis of multistage radial turbines.

The loading-to-flow diagram first proposed by Chen and Baines is a classical preliminary design
method which has several advantages [15,16]. It relates to the operating conditions of the radial
turbine. More importantly, it allows for the creation of a contour map of the expected turbine efficiency,
with the loading coefficient and flow coefficient as variables, based on a large amount of data from
different radial turbine tests (Figure 2). Thus, it has been widely used for the preliminary design of
radial turbines [17-19]. However, the loading-to-flow diagram was developed to achieve an efficient
preliminary design of a radial turbine under a single operating condition with fixed geometry. It cannot
guarantee an optimal radial turbine design for variable operating conditions, especially with guide
vane opening changes. Thus, it is necessary to update the current preliminary design method to meet
the needs of variable operating conditions. So far, there has been little public research on this issue
apart from the work of Lauriau et al. [20]. They provide some theoretical bases for the preliminary
design of variable guide vane geometry-based radial turbines, taking into consideration the need for
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multi-point specifications. They also show how the loading-to-flow map can be modified for different
optimal target regions.
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Figure 2. The loading-to-flow diagram [13].

By considering the off-design performance optimization, this paper updates the loading-to-flow
diagram method for the preliminary design of radial turbines to accommodate variable operating
conditions. The influence of the design value of guide vane outlet flow angle on the rotor loss
characteristics was investigated in the continuity of the work presented by Lauriau et al. [20].
Subsequently, aiming at the preliminary design of multistage radial turbines in CAES systems,
the optimal design of the guide vane outlet flow angle is discussed from the perspective of the matching
of variable operating conditions with rotor loss characteristics. As far as the authors are aware,
no similar studies have been performed.

2. Preliminary Design Method Based on the Loading-to-Flow Diagram

According to the definition of the loading-to-flow diagram [17], the loading and flow coefficient
can be explained by using the velocity triangles as shown in Figure 3, where the absolute velocity
c is a vector addition of the circumferential velocity u and the relative velocity w in the direction
of the blade (as a formula: ¢ = u + w). The absolute velocity c can be split into a circumferential
component ¢, and a meridian component c¢;;. According to Chen and Baines [16], the meridional
component of flow velocity at the rotor inlet and outlet can be considered approximately equal. Thus,
from Equations (1) and (2), the loading coefficient (i) and flow coefficient (¢) can be expressed as
a function of the guide vane outlet flow angle a4 and the relative flow angle 4 at rotor inlet, respectively:

s tan(ay)
Y= e - tanip)’ v
g = b Cmt ! @

Uy - Uy - tan(a4)—tan(‘84)’

where subscripts 4 and 6 denote the rotor inlet and outlet, respectively.
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Figure 3. The velocity triangles of the radial turbine rotor inlet and outlet.

The existing literature shows that the optimal values for 4 are in the range of —40° to —20° [21,22],
and the recommended values for a4 are in the range of 60° to 80° [14]. Thus, by substituting the
recommended values of a4 and 4 into Equations (1) and (2), the optimum loading-to-flow coefficient
range with high expected turbine efficiency could be obtained for the radial turbine preliminary design.

On the other hand, rotor loss is a major factor affecting turbine efficiency, and is directly related to
the flow velocity of the fluid in the rotor [23,24]. According to Lauriau et al. [20], the rotor loss can
be minimized by reducing the mean velocity of the fluid relative to the rotor passage, which can be
expressed as a function of a4, ¢, and the mean blade angle at rotor outlet (B4,,), as shown in Equation (3).
Furthermore, the optimal value of the flow coefficient corresponding to the minimum rotor loss can be
expressed by Equation (4).

2 2
L =2 wytwg 1, 1 1 1
Minimize W, = ——— = — + +=-—-0t , 3
r Zui 2¢ (COSZ(OZ4) COSZ(ﬁém)) > 915 an(a4) ( )
tan(ay)

Poptr = , )

1 1
( cos? (ay) T cos? (,B6m,npr) )

where W, denotes the ratio of the mean velocity of the fluid relative to the rotor passage with respect
to the circumferential velocity of the rotor, Be,qpt denotes the recommended values for the mean blade
angle at rotor outlet in the range of —60° to —45° [16,25], and w4 and ws denote the relative velocity of
air flow at the rotor inlet and outlet, respectively.

Figure 4 depicts the variation of the flow coefficient corresponding to the minimum total loss
(corresponding to the optimal values for f4) and minimum rotor loss (corresponding to the optimal
values for Bg,opt) of the radial turbine as a function of the guide vane outlet flow angle. The former
is generally used as the design flow coefficient. It can be seen that the two tended to coincide above
a relatively large guide vane outlet angle range (ay > 80°). However, the design flow coefficient
significantly increased with the decrease of the guide vane outlet flow angle, but the change of the flow
coefficient corresponding to minimum rotor loss was relatively small. The difference between the two
gradually increased with the decrease of the guide vane outlet flow angle. Experimental studies have
indicated that changes in rotor losses are the most critical factors affecting turbine efficiency under
variable operating conditions including pressure ratio change and guide vane opening change [26,27].
It can be inferred that the deviation between the flow coefficient corresponding to minimum rotor
loss and the design flow coefficient caused by the different guide vane outlet flow angles will result
in different turbine loss characteristics. Therefore, the value of the guide vane outlet flow angle
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becomes the key to the preliminary design that aims at optimizing the off-design performance of the
radial turbine.
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Figure 4. Effect of guide vane outlet flow angle on the optimal flow coefficient value.

3. Analysis of Rotor Loss Characteristics

In this section, the relationship between the design value of guide vane outlet flow angle (a4 4) and
the rotor loss of the radial turbine is investigated for two typical operating conditions (i.e., variation in
pressure ratio and variation in guide vane opening change from the designed value). The ratio of the
mean velocity of the fluid relative to the rotor passage with respect to the circumferential velocity of
the rotor (W,) was determined to infer rotor loss in the early phase of preliminary design without the
need of detailed turbine parameters. Since the rotor loss plays a key role in the off-design efficiency of
radial turbines, we assumed that W, is a reasonable indictor to qualitatively estimate the rotor loss and
turbine efficiency in the preliminary design phase.

3.1. Pressure Ratio Change

For radial turbines with fixed geometry guide vane, the rotor loss under off-design operating
conditions is dominated by viscous loss with a nearly constant loss coefficient [24]. Therefore, the value
of W, is used to predict the rotor loss characteristics of radial turbines with different a4 4 indirectly in
the case of pressure ratio change.

In the case where only the change of pressure ratio is considered, the off-design flow coefficient can
be estimated using the improved Fliigel formula [28] and the definition of flow coefficient (Equation
(5)). It can be seen that the off-design flow coefficient is approximately proportional to the pressure
ratio change.

ﬂ — Diy 1_1/ﬁ$
iy 4 Ping \| 1-1 /ﬁfd ¢ )
w6 y.p, il
iy _CmeAePs (Gig )P ¢pg ¥

Mg CmedAePed (':'Zizfd).pé’d ~ ¢aPea
where m; denotes the mass flow, subscript d denotes the design value, P;, denotes the inlet pressure of
turbine, B; denotes the pressure ratio, A¢ denotes the rotor outlet area, pg denotes the density of gas at
the rotor outlet, and P denotes the rotor outlet pressure.

Substituting the off-design flow coefficient into Equation (3), the change characteristics of W, in the
case of pressure ratio change could be obtained as shown in Figure 5. The figure shows that for a radial
turbine with a small design value of guide vane outlet flow angle (e.g., ay 4 = 60°), the corresponding
W, had a characteristic of decreasing first and then increasing when the pressure ratio was reduced
relative to the design point. However, for a radial turbine with a large design value of guide vane
outlet flow angle (e.g., ay 4 = 80°), an increase or decrease in the pressure ratio relative to the design
point resulted in an increase in W,. The rotor losses also exhibited the characteristics described above
due to the change in W,. The above results can be explained as follows. For turbines with a small
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ay 4, the flow coefficient corresponding to minimum rotor loss is less than the design flow coefficient
(Figure 4). Therefore, in the process of decreasing the pressure ratio, the off-design flow coefficient
(which is approximately proportional to the pressure ratio) is close to the minimum rotor-loss-based
flow coefficient first and then gradually deviates from it, resulting in rotor loss exhibiting similar
change characteristics. Similarly, for turbines with a large ay 4, the flow coefficient corresponding to
minimum rotor loss is coincident with the design flow coefficient. An increase or decrease in the
pressure ratio will cause the off-design flow coefficient to deviate from the minimum rotor-loss-based
flow coefficient, resulting in an increase in rotor loss.

Moreover, within a wide range of pressure ratio change (0.5 < 3;;/; 4 < 1.5), the larger the guide
vane outlet flow angle, the smaller W, is. It can be concluded that the turbine efficiency under the
same range of pressure ratio change increases proportionally to the design value of guide vane outlet
flow angle.

% 60 70 80 90 100 110 120 130 140 150
Pressure ratio, percent of design [%]

Figure 5. Effect of design guide vane outlet flow angle on the change characteristics of W, under

pressure ratio change (B¢, = —52.5°, f4 = —30°, ;4 = 3).

3.2. Guide Vane Opening Change

For radial turbines with variable geometry guide vane, the rotor loss under off-design operating
conditions becomes more complex due to the change in the internal flow of the rotor with guide vane
opening. Meitner et al. [29] show a relationship between the loss coefficient of rotor kinetic energy
and guide vane opening where the loss coefficient increased significantly at small guide vane opening.
This occurs because the rotor loss mechanism is not only viscous loss but also increased secondary flow
loss at small guide vane opening, according to Otsuka et al. [30]. Therefore, in the case of decreasing
guide vane opening (<100% design value), the relative velocity W, /W, is proposed to indirectly and
qualitatively estimate rotor loss for comparison between radial turbines with different design values of
guide vane outlet flow angle (ay 4). On the other hand, the value of W, is used for increasing guide
vane opening (>100% design value).

According to Spence et al. [26,27], the mass flow rate of the radial turbine is approximately
proportional to the guide vane opening. As a result, the existing Fliigel formula [28] can be updated by
multiplying a guide vane opening ratio (O;) to estimate the mass flow rate under guide vane opening
change. From the updated Fliigel formula and the definition of flow coefficient, the off-design flow
coefficient can be obtained as shown in Equation (6).

. 2
o, P [1ZVE
1ty 4 "Ping \| 1-1 /5§ J ©)
Cmé .
iy CmeAePs Gig)Ps Py

g CmedAePed (Crzi(»d) T $aPe
4

P4

where O is defined as the ratio of the off-design guide vane opening to the design value.
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Moreover, from the guide vane geometric (Figure 6), a sinus rule can be employed to estimate
the updated a4 caused by the guide vane opening change as shown in Equation (7) [23]. Finally,
by substituting the off-design flow coefficient and the updated a4 into Equation (3), the off-design W,
the corresponding W, /W, ; can be obtained.

Ou

ay = cos_l(%) = cos_l(ogd X ?) = cos (O - cos(ayy)), (7)

where O denotes the guide vane opening and S denotes the span of the guide vane at the outlet.

Figure 6. Typical variable-geometry guide vanes for radial turbines.

From Equation (6), the variation in flow coefficient was closely related to the pressure ratio in the
case of guide vane opening change. Thus, the rotor loss analysis of two representative cases of guide
vane opening change was carried out respectively; these were the constant pressure ratio case and
a more complicated case where the pressure ratio changed inversely to the guide vane opening.

Figure 7a shows that in the case where the pressure ratio remained constant, W, /W, ; decreased
significantly as the guide vane opening decreased. Although the difference between different ay 4
was not notable, it can be seen that the W,/ Wr,d of the radial turbine with a smaller a4 ; was smaller,
which means a smaller increase in the rotor loss with decreased guide vane opening. In the case where
the guide vane opening was increased, the larger the ay 4, the smaller the W,. This means a smaller
increase in the rotor loss with the increased guide vane opening. The above results can be explained as
follows. In the case of a constant pressure ratio, the flow coefficient is proportional to the guide vane
opening ratio (Equation (6)). Since smaller a4 4 leads to a larger corresponding design flow coefficient
(Figure 4), it can be inferred that the relative velocity of air flow at the rotor inlet (wy) is also larger
(Figure 3). Thus, within the same regulation range of the guide vane opening, the changes in wy caused
by the flow coefficient change are more pronounced in both the increasing and decreasing directions.
This directly leads to a more significant change in the rotor loss.



Energies 2019, 12, 2550

8 of 15

12————— —— 25 12— — 3
© 0L4vd—60 Q@ (X,41d=60 4 © U'4,d=60 0 0('4|d=60
1| B %0 o0, =70° 2 0 8 o, 570 oo, =70 125
24 o, =80° ol o, =80° £ o, =80° o o, =80°
4.d 4.4 at 44 4d 1o
=08 ReducedO, Increased O, 15 el Reduced O Increased O
= | &= ‘ =3 r
\ .
= 06

80 100 120 140 160 180 20
Guide vane opening, percent of design [%]

U'%O 40 60 80 100 120 140 160 180 20% %O 40 6ID
Guide vane opening, percent of design [%]

(a) (b)

Figure 7. Effect of design guide vane outlet flow angle on the change characteristics of W, with variable
guide vane opening: (a) constant pressure ratio; (b) constant flow coefficient (8¢,, = —52.5°, 4 = —30°).

Figure 7b shows that in the case where the pressure ratio changed inversely with the guide vane
opening and maintained a constant flow coefficient, W, /W, 4 increased significantly as the guide vane
opening decreased. In contrast, the radial turbine with smaller a4 4 had a smaller increase in W,/ Wr,d,
which means a relatively smaller increase in the rotor loss with decreased guide vane opening. In the
case where the guide vane opening was increased, the larger the a 4, the smaller the W,. This means
a smaller increase in the rotor loss with the increased guide vane opening. The above results can be
explained as follows. According to Figure 4, the larger a4, the more obvious the change (decreased)
of the flow coefficient corresponding to the minimum rotor loss. Thus, for the radial turbine with
a smaller a4 4, the deviation of the off-design flow coefficient (approximately equal to the design
value) from the flow coefficient (decreased) corresponding to the minimum rotor loss caused by the
decrease of the guide vane opening is smaller. It can also be inferred that the increase in the rotor loss
would be smaller. In contrast, in the case where the guide vane opening was increased, the increased
flow coefficient corresponding to the minimum rotor loss tended to be gentle with the increase of ay.
The deviation of the off-design flow coefficient (approximately equal to the design value) from the flow
coefficient (increased) corresponding to the minimum rotor loss caused by the increase of the guide
vane opening can be ignored for radial turbines with a different a, 4. Therefore, due to the smaller W,
at the design point, the larger the ay 4, the smaller the off-design rotor loss.

Furthermore, by comparing Figure 7a,b, we can find that the inverse change of pressure ratio with
the change in the guide vane opening will increase the rotor loss in the case of reduced guide vane
opening. On the contrary, it can mitigate the increase of the rotor loss in the case of increased guide
vane opening.

In conclusion, the difference in the rotor loss characteristics under guide vane opening change
for radial turbines with different a, 4 is determined by the directionality of the guide vane regulation.
It can be concluded that the optimum design of the guide vane outlet flow angle is closely related to
the directionality of the guide vane regulation.

4. Optimal Design of the Guide Vane Outlet Flow Angle for Multistage Radial Turbines

This section presents a discussion of the optimal design of the guide vane outlet flow angle (ay 4)
for a multistage radial turbine from the perspective of matching the rotor loss characteristics with
variable operating conditions. In addition, the multistage radial turbine of a CAES pilot plant named
“TICC-500" [31] was taken as an example for analysis (Table 1).
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Table 1. Parameters of the multistage turbine in a “TICC-500” CAES pilot system [31].

Turbine Stage Input Pressure, MPa Outlet Pressure, MPa
High-Pressure Turbine (HP) 2.50 1.13
Medium-Pressure Turbine (MP) 1.12 0.40
Low-Pressure Turbine (LP) 0.39 0.10

To obtain the representative variable operating conditions of the multistage radial turbine based
on guide vane control, only the case of regulating the guide vane opening of the high-pressure turbine
stage was considered here. Since the rotational speed of the multistage radial turbine in a CAES
system is generally constant, the mass flow rate of each turbine stage under guide vane control can
be estimated by the updated Fliigel formula in Equation (6), which includes a guide vane opening
ratio (O;). On this basis, to solve the operating conditions of each turbine stage in the multistage
radial turbine at a certain inlet pressure and guide vane opening, the pressure ratios were updated to
iteratively calculate the mass flow for each turbine stage until the continuity of mass flow was met.
Furthermore, by substituting off-design the operating conditions (guide vane opening and pressure
ratio) into Equation (6), the corresponding the flow coefficient could be obtained.

Depending on the directivity of the guide vane opening regulation, the case where the guide vane
opening is reduced and increased with respect to the design value is defined as a down-regulation and
an up-regulation, respectively. Figure 8a,b presents the variable operating conditions of the multistage
radial turbine in the case of down-regulation and up-regulation, respectively. We assumed steady-state
operation conditions with different guide vane openings, and the hysteresis during continuous down-
and up-regulation was not considered in this study.

(1) Down-Regulation of the Guide Vane Opening

When the inlet pressure of the multistage radial turbine is high while the load demand is
low, the down-regulation of the guide vane opening is conducted to reduce the mass flow rate.
Figure 8a shows that the pressure ratio of the low-pressure (LP) turbine decreased significantly with
the decrease of the guide vane opening of the high-pressure (HP) turbine and relatively small change
in the expansion ratio of the medium-pressure (MP) turbine. In contrast, the pressure ratio of the HP
turbine changed inversely to the guide vane opening, which significantly increased with the decrease
of the guide vane opening.

(2) Up-Regulation of the Guide Vane Opening

When the inlet pressure of the multistage radial turbine is relatively low while the load demand
is high, the up-regulation of the guide vane opening is conducted to increase the mass flow rate.
Figure 8b shows that the pressure ratio of the LP turbine increased significantly with the increase
of the guide vane opening of the HP turbine, while the expansion ratio of the MP turbine remained
almost constant. Like the down-regulation of the guide vane opening, the pressure ratio of HP turbine
changed inversely to the guide vane opening, which reduced significantly with the increase of the
guide vane opening.
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Figure 8. Variable operating conditions for a multistage radial turbine under guide vane opening

change: (a) down-regulation at rated inlet pressure; (b) up-regulation at 60% the rated inlet pressure.

Figure 9a,b presents the flow coefficient variation characteristics of the multistage radial turbine
under the variable operating conditions shown in Figure 8a,b, respectively. Combined with the findings
regarding the relationship of off-design performance versus the design value of the guide vane outlet
flow angle (ay 4) for the radial turbine shown in Section 3, the recommendations for the optimum ay 4
in the preliminary design of the multistage radial turbine are as follows.

The variable operating condition of the LP turbine belongs to the expansion ratio change,
and the flow coefficient varies notably within a range smaller than the design value. According
to the findings on the relationship of off-design performance versus ay 4 for radial turbines
under pressure ratio change (Section 3.1), a larger ay 4 should be used for the LP turbine to
achieve better off-design performance. A value of approximately 80° is recommended.

The variable operating condition of the MP turbine also belongs to the expansion ratio change,
but the flow coefficient varies within a small range that is less than the design value. Therefore,
turbine efficiency under design conditions dominates the performance of the MP turbine under
variable operating conditions. As a result, a larger a4 4 should be used for the MP turbine
(i.e., about 80°).

The variable operating condition of the HP turbine is a complicated case where the pressure
ratio changes inversely with the guide vane opening and maintains a nearly constant flow
coefficient. According to the findings on the relationship of off-design performance versus a, 4
for radial turbines under guide vane opening change (Section 3.2), the optimum «a, 4 mainly
depends on the direction of the guide vane opening changes relative to the design point.
For a multistage radial turbine in a CAES system with constant air storage pressure, the inlet
pressure of the HP turbine stage remains at the rated value, so only the down-regulation of the
guide vane opening is performed. Accordingly, a smaller a, 4 should be used for the HP turbine
stage to achieve better off-design performance. Further considering the influence of design
efficiency on off-design performance, the recommended design values are in the range of 70-75°.
For a multistage radial turbine in a CAES system with varying air storage pressure, the inlet
pressure of the HP turbine stage varies with air storage pressure, so there is a simultaneous
need for up- and down-regulation of the guide vane opening. In this case, it is necessary to
comprehensively consider the influence of the rotor loss characteristics and design efficiency
on the off-design performance in determining ay 4.
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Figure 9. Flow coefficient variation for the multistage turbine under guide vane opening change:
(a) down-regulation at rated inlet pressure; (b) up-regulation at 60% of the rated inlet pressure.

5. Case Study and Discussion

In this section, we compare the off-design performance of a group of radial turbines with different
design values of guide vane outlet flow angle. To ensure the comparability of different radial turbine
performances, the preliminary design results of radial turbine obtained under the same design
conditions were employed for the case study. Moreover, the performance evaluation of the radial
turbine was conducted using the mean-line model method.

The mean-line model method previously developed in our group is a proven performance
evaluation method for radial turbines. Since the model evaluation of radial turbines is not the focus
of this study, please refer to one of our previous publications for more details [7]. The model uses
limited turbine geometry information to predict the turbine performance under variable operating
conditions, which is especially valuable in the preliminary design process. The total-to-static efficiency
of the radial turbine was calculated by the specific work output, isentropic enthalpy drops, and turbine
losses, as shown in Equation (8). According to the Euler equation of turbomachines [32], the specific
work output can be calculated with Equation (9). Table 2 gives the loss model combination suitable for
the turbine loss evaluation under variable guide vane opening, which involves four types of main
turbine losses: stator loss, incidence loss, rotor loss, and exit loss.

Mies = Wt _ A]/11—65 - Z hloss
T Al Ahy_gs

®)

Wi = u4cy4 — UsCys, )

where W; denotes the specific work output of the radial turbine, Ah;_g; denotes the isentropic enthalpy
drop between the guide vane inlet and rotor outlet, and #;,5; denotes the turbine loss.

Table 2. The loss model combination of the radial turbine.

Loss Reference Model
Stator Loss [33] Ahgiator = 3Kz
Incidence Loss [29] Ahincigence = 34> (1 — cos™ i)
Rotor Loss [29] Ahyotor = %Kr(w;;2 cos? i + wg?)
Exit Loss [24] Ahpyir = %Cm62

The design conditions of the radial turbines in this case study are shown in Table 3. Based on the
conclusions of the matching analysis in Section 4, three typical design values of guide vane outlet flow
angle (ay 4= [70°; 75°; 80°]) were employed for the case study. The main parameters of the radial
turbines were obtained by a preliminary design algorithm proposed by Ventura et al. [17] (Table 4).
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Table 3. The design conditions of the radial turbines for the case study.

Parameter Value
Inlet Temperature, K 430
Inlet Total Pressure, MPa 10.00
Outlet Pressure, MPa 3.33
Mass Flow Rate, kg/s 24.80

Table 4. The preliminary design results of the radial turbines for the case study.

Parameter Case A Case B Case C
Guide Vane Outlet Flow Angle, degree 70 75 80
Loading Coefficient 0.78 0.82 0.88
Flow Coefficient 0.28 0.23 0.16
Rotor
Rotational Speed, r/min 50112 39620 32329
Inlet Radius, mm 73.5 90.8 107.0
Inlet Tip Width, mm 8.6 9.3 11.7
Inlet Relative Flow Angle, degree -38.5 —-40.6 -38.2
Blade Number 11 15 18
Outlet Tip Radius, mm 21.1 24.1 29.0
Outlet Hub Radius, mm 52.1 59.6 72.0
Outlet Blade Angle, degree -62.3 —66.4 -73.2
Stator
Inlet Radius, mm 99.0 119.4 138.8
Throat Width, mm 11.7 8.4 5.2
Vane height, mm 8.6 9.3 11.7
Outlet Radius, mm 79.2 95.5 111.0
Blade Number 14 18 23
Performance
Total-to-Static Efficiency 0.881 0.895 0.899

Figure 10 presents the performance curves of radial turbines with different design values of guide
vane outlet flow angle operating under pressure ratio change. It can be seen that the larger the design
value of guide vane outlet flow angle, the higher the design efficiency of the radial turbine, and the
higher the efficiency operating under variable pressure ratio in a certain range (0.5 < f¢;/f;4 < 1.5).
These are consistent with the findings of the rotor loss characteristic analysis under pressure ratio
change (Section 3.1). It should also be noted that the turbine efficiency deteriorated significantly as the
pressure ratio decreased to less than about 60% of the design value. However, simply optimizing the
design value of the guide vane outlet angle did not seem to be effective in improving this deterioration.

Figure 11a,b, gives the performance curves of two typical cases of guide vane opening change:
the constant pressure ratio case and the constant flow coefficient case. First, it can be seen that the
radial turbines with different design values of guide vane outlet flow angle had significant differences
in the distribution of the efficient operating range under guide vane opening changes, which verifies
the finding of the rotor loss characteristic analysis in Section 3.2. Specifically, the radial turbine with
a larger design value of guide vane outlet flow angle (e.g., a4 4 = 80°) had a broader efficient operating
range (e.g., turbine efficiency > 0.8) and higher efficiency for the up-regulation of the guide vane
opening, while a smaller design value of guide vane outlet flow angle resulted in broader efficient
operating range and higher efficiency for the down-regulation of the guide vane opening. Furthermore,
comparing Figure 11a,b, it can be found that the deterioration of the turbine efficiency under the
down-regulation of the guide vane opening could be alleviated by reducing the reverse increase in the
pressure ratio versus the guide vane opening change. Similarly, for the up-regulation of the guide vane
opening, when the design value of the guide vane outlet flow angle was large, diminishing the inverse
reduction of the pressure ratio could improve the turbine efficiency. However, for a turbine with
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a smaller design value of guide vane outlet flow angle (e.g., @y 4 = 70°), this could worsen efficiency.
These are also consistent with the findings in Section 3.2.

Based on the above, for a multistage radial turbine that simultaneously needs up- and
down-regulation of the guide vane opening, the design value of guide vane outlet flow angle
for the high-pressure turbine stage (or other turbine stages with variable geometry guide vane) is
recommended to be about 80°. In this case, higher design efficiency and wide efficient operating range
for the up-regulation can be obtained, while the turbine efficiency deterioration under down-regulation
can be improved with combined control of the guide vane openings of the multistage radial turbine.
The combined control of the guide vane openings of the multistage radial turbine has been proved to
be able to alleviate the reverse change in pressure ratio versus the guide vane opening [6]. This could
be an effective way to achieve optimum performance for a multistage radial turbine operating under
variable working conditions.

Turbine efficiency

'9'“4;1:700
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Figure 10. Turbine performance under pressure ratio change.
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Figure 11. Turbine performances when the guide vane opening changes and: (a) the pressure ratio is
constant; (b) the pressure ratio changes inversely to the guide vane opening.

6. Conclusions

This study improves the classical loading-to-flow diagram method to meet the design needs of
radial turbines with variable operating conditions. To optimize the off-design performance of radial
turbines in the early design phase, we proposed a hypothesis that uses the ratio of the mean velocity
of the fluid relative to the rotor passage with respect to the circumferential velocity of the rotor as
an indicator to indirectly and qualitatively estimate the rotor loss, as it plays a key role in the off-design
efficiency. This hypothesis is based on the findings from existing studies indicating that rotor loss is
a function of the flow velocity within the rotor.
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The findings of off-design rotor loss analysis for radial turbines with a different design value of
guide vane outlet flow angle are as follows:

(1) For a radial turbine with a smaller design value of guide vane outlet flow angle, the rotor
loss first decreased and then increased with the decrease of mass flow. This means better off-design
performance in the case of reducing the mass flow. This applies both under conditions of pressure ratio
change and of guide vane opening change. However, due to a higher rotor loss at design conditions,
the turbine efficiency under pressure ratio changes may be lower than for radial turbines with a larger
guide vane outlet flow angle.

(2) A radial turbine with a larger design value of guide vane outlet flow angle not only had higher
efficiency at design conditions but also had better off-design performance in the case of increased mass
flow. This held for changes in both pressure ratio and guide vane opening.

The above findings were validated with the mean-line model method [7]. Furthermore, based on
the findings, this study discusses the optimization of the design value of guide vane outlet flow angle
based on the matching of rotor loss characteristics with specified variable operating conditions for
a multistage radial turbine in a compressed air energy storage system. It provides important guidance
for the design optimization of multistage radial turbines operating under variable working conditions.
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