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Pump as Turbine (PAT) is a technically and economically effective technology to utilize
small/mini/micro/pico hydropower, especially in rural areas. There are two main subjects
that influence the selection and application of PAT. On the one hand, manufacturers of
pumps will not provide their characteristics under the turbine mode, which requires
performance prediction methods. On the other hand, PAT efficiency is always slightly
lower than that of pump, which requires further geometry optimization. This literature
review summarized published research studies related to performance prediction and
geometry optimization, aimed at guiding for selection and optimization of PAT. Currently,
there exist four categories of performance prediction methods, namely, using BEP (Best
Efficiency Point), using specific speed, loss modeling, and polynomial fitting. The using
BEP and loss modeling methods are based on theoretical analysis, while using specific
speed and polynomial fitting methods require statistical fitting. The prediction errors of
published methods are within +10% mostly. For geometry optimization, investigations
mainly focus on impeller diameter and blade geometry. The influence of impeller trimming,
blade rounding, blade wrap angle, blade profile, blade number, blade trailing edge position,
and guide vane number has been studied. Among published methods, the blade rounding
and forward-curved impellers are the most effective and feasible techniques.

Keywords: pump as turbine, performance prediction, geometry optimization, best efficiency point, hydropower

HIGHLIGHTS:

o The performance prediction methods of PAT are summarized in four categories: using BEP,
using specific speed, loss modeling, and polynomial fitting.

o Present geometry optimization methods for impeller diameter and blade geometry of PAT are
reviewed, and the blade rounding and forward-curved impellers prove to be effective.

¢ Based on the comparison and summary of published articles, the prospects of future studies are
proposed.

1 INTRODUCTION

The conversion and utilization of energy play a vital role in the process of human civilization. With
the rapid development of social productivity, the growing energy demand and the scarcity of fossil
fuels have increasingly become a widely concerned global issue. Renewable and clean energy sources
to replace traditional fossil fuels have attracted much attention. Among alternatives to conventional
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energy sources, the hydropower system is one of the most mature
technologies and widely applied in the past decades. The installed
hydropower capacity has constituted 19.2% of total installed
capacity until the end of 2017, which takes up the largest
fraction of renewable energy (Liu, 2019). However, the
engineering applications of hydropower have also encountered
several challenges. The construction of large hydropower stations
can result in a negative impact on the environment and the
resettlement of local residents, which is a quite complex social
issue (Li et al., 2018). In consideration of the shortcomings of
large  hydropower stations, the small/mini/micro/pico
hydropower plants with a capacity no more than 25 MW
become a popular solution to harness the potential of
hydropower in rural areas (Binama et al., 2017). As the crucial
component in the hydropower system, cost-effective turbines
with acceptable performance are the guarantee for financial
benefits. Compared to conventional full-scale turbines, the cost
of small-scale turbines is relatively high regarding the budget of
the whole hydropower system project. As an alternative, the
Pump as Turbine (PAT) technology is a feasible choice to
replace conventional turbines. The design, production, and
manufacture of pumps in various scales are quite mature,
which is effective to balance hydraulic performance and
financial cost. The annual life cycle cost analysis between PAT
technology and Francis turbine has validated less cost of PAT
(Motwani et al., 2013).

For PAT, pumps operate under the reverse rotation direction
to serve as turbines. The early attempts of investigation in PAT
start from the 1930s, and it attracts much attention in recent
decades (Singh and Nestmann, 2011; Agarwal, 2012). Ramos
regarded PAT as an unconventional but attractive solution to
produce energy from waterfalls in isolated rural communities,
with advantages of decentralization, low-cost, and reliability
(Ramos and Borga, 1999). Arriaga estimated the feasibility of
PAT for rural electrification of isolated communities in Lao
People’s Democratic Republic and proposed a 2kW PAT
scheme for a community in Xiagnabouli Province (Arriaga,
2010). Senpanich proposed a concept that a centrifugal pump
was used as an impulse turbine, which can not only widen the
working range but also simplify the control system (Senpanich
et al., 2019). Besides the application in hydropower stations, the
PAT technology is also introduced into the water distribution
network. Conventionally, pressure reducing valves (PRV) are
applied for pressure management and leakage reduction in a
water distribution network (Araujo et al., 2006). Even though a
pressure reducing valve is a cheap and simple solution, there is
inevitable energy loss, and PAT is a better solution to recover this
energy (Carravetta et al., 2013; Buono et al., 2015; Rossi et al.,
2016). Lydon carried out three case studies to compare the
performance of PRV and PAT, and results showed that up to
40% gross power potential can be recovered by using PAT (Lydon
etal., 2017a; Lydon et al., 2017b). Besides the advantage in energy
recovery, the economic benefit of applying PAT in the water
distribution network is also considerable; a case study in Italy
shows that it can pay back within about 2.5 years (De Marchis
etal., 2014). In order to maximize PAT performance in the water
distribution network, the variable operating strategy (Carravetta
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et al., 2013) and particle swarm optimization (Lima et al., 2017;
Lima et al., 2018) are proposed for guiding the selection of PAT
(Novara and McNabola, 2018a). Recently, the PAT technology is
even applied in oil refineries to recover energy from sewers, and a
case study shows that the payback period is only about 1 year and
10 months (Renzi et al., 2019).

Due to the considerable performance and superior economy of
the PAT technology in various engineering practices (Morabito
and Hendrick, 2019), studies are carried out to establish
principles for the selection and optimization of PAT. Usually,
the performance of pump under the turbine mode is not available,
and hence, it is essential to predict PAT performance to serve as
the selection basis. After selection, structural optimization can be
useful to further improve PAT performance. So far, PAT research
related to performance prediction and geometry optimization is
abundant. It is meaningful to look back to present studies, serving
as a summary of proposed prediction and optimization methods.
Previous reviews on PAT technology have covered various
aspects (Nautiyal et al.,, 2010; Jain and Patel, 2014), while the
emphasis on performance prediction and geometry optimization
is still limited. It is of great importance to summary present
investigation on performance prediction and geometry
optimization, which can help a lot on the selection and
modification of Pump as Turbine. The objective of the present
review is to focus on these two aspects, and it is organized as
follows:

a) A brief literature review about the steady and unsteady
performance of PAT is carried out in Section 2, which
describes their hydraulic characteristics.

b) The performance prediction methods of PAT are summarized
into four categories in Section 3, namely, using the best
efficiency point, using specific speed, loss modeling, and
polynomial fitting. Their strength and weakness are
discussed after reviewing these methods.

¢) The influence of geometry parameters on PAT performance is
collected in Section 4, which is clarified by impeller diameter,
blade parameters, and blade profiles. Suggestions about how
geometry optimization should be applied are offered at the
end of this part.

2 PERFORMANCE OF PAT

Since the PAT technology is proposed and promoted, the
investigation on its energy performance is fundamental. Both
experimental measurements and numerical simulations have
been employed in various types of pumps operating as
turbines, including centrifugal pumps (N; < 100) (Santolaria
Morros et al., 2011; Raman et al., 2013; Pugliese et al., 2016;
Su et al,, 2016), mixed flow pumps (100 < N, < 300) (Hao and
Tan, 2018; Liu and Tan, 2018; Han and Tan, 2020), and axial flow
pumps (N, > 300) (Bozorgi et al., 2013; Derakhshan and Kasaeian,
2014; Qian et al,, 2016), where specific speed N, = n+/Q/H*"*.
When centrifugal pumps run as turbines, experimental
investigation shows that PAT can operate under larger flow
rates with a higher head at the best efficiency point (BEP),
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while the maximum efficiency is lower than that under the pump
mode (Raman et al,, 2013). Experimental results of axial PAT
performance also indicate that the flow rate and head become
higher under the turbine mode (Derakhshan and Kasaeian, 2014),
and axial PAT can work in a wide range with a negligible decline
in efficiency (Bozorgi et al.,, 2013). The working range of axial
PAT can even be extended with the installation of adjustable
guide vanes (Qian et al., 2016). Considering the relatively low
performance under the turbine mode, an incorporated inlet flow
control is equipped, including spiral casing and guide vane. With
this inlet flow control component, the maximum efficiency of
PAT is enhanced marginally, and PAT performances under oft-
design conditions are improved considerably (Giosio et al., 2015).
The energy conversion characteristic of PAT in different impeller
regions is investigated through numerical simulations, and the
results show that the energy of fluids is converted mainly in the
front and middle parts of the impeller (Miao et al., 2018). The
effect of fluid viscosity on PAT performance is also studied
experimentally with water—glycerin mixtures. As viscosity
increases, the PAT efficiency declines under the partial flow
rate but increases under BEP and large flow rates (Abazariyan
et al., 2018).

The unsteady performance, especially pressure fluctuations
inside the PAT, is another significant aspect, which is always
related to the safe and stable operation of hydraulic machinery
(Zuo et al., 2015). Numerical simulations show that the radial
force almost linearly grows as flow rate increases, and the
amplitude of radial force is about 24-54 percent of its mean
value (Fernandez et al, 2010). Another numerical study also
shows that the amplitude of the unsteady radial force is up to 25%
of steady components in PAT with spiral casing (Santolaria
Morros et al., 2011).

3 PERFORMANCE PREDICTION

The accurate prediction on the performance of pumps running
under the turbine mode is the most important and difficult issue
since PAT technology is established and applied. At the early
stages, there are two main categories on performance prediction
of PAT, namely, using BEP and using specific speed (Williams,
1994). In these two kinds of methods, pump performance and
turbine performance are correlated by a relation expressed by
BEP or specific speed. The prediction accuracy of these methods
is determined by the correlation, and many efforts have been
made to obtain a better correlation. In recent years, the
performance prediction method based on loss modeling in
hydraulic machinery, which has achieved success in pumps
(Bing et al, 2012), is also introduced in determining PAT
performance. These three types of methods mainly focus on
PAT performance at BEP, and there is another method based
on polynomial fitting to calculate performance under full
flow rates.

3.1 Using BEP

The early attempt to predict PAT performance using BEP is
based on two assumptions (Williams, 1994): 1) the best
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efficiency under the turbine mode is approximately equal to
the best efficiency under pump mode; 2) the turbine output
power is the same as the pump input power. With another
assumption that the ratio of turbine and pump flow rate is equal
to the ratio of turbine and pump head, the following relations of
the flow rate and head under turbine and pump modes are
obtained by Childs (1962):

Qu_ 1
Qup ’117P’ )
Hyr 1
Hyp 1y

where Q, H, and # denote the flow rate, head, and efficiency,
respectively, subscript b denotes BEP, and subscripts T and P
represent the turbine mode and pump mode, respectively.
Afterward, researchers have established various functions to
calculate the flow rate ratio Qu7/Qpp and the head ratio Hy/
H,p, as summarized in Table 1.

In order to estimate the prediction accuracy of these methods,
a prediction criterion is proposed by Williams based on an
acceptable ellipse range (Williams, 1994), as displayed in
Figure 1. The criterion C is calculated as follows:

2

where Aa is the proportional difference parallel to the major axis
of the ellipse in Figure 1, and Ab is the proportional difference
parallel to the minor axis of the ellipse in Figure 1. The value of C
estimates the deviation degree of predicted results to actual
results. The predicted results are more accurate if the C value
is smaller. The calculated C values of the above five methods are
listed in Table 1. It can be found that Sharma’s method shows the
best performance on prediction accuracy among the others.
Yang’s prediction method, which assumes the same Euler head
under pump and turbine modes, shows a better performance than
Sharma and Stepanoff’s methods, with an average prediction
error of 6.0% (Yang et al., 2012a).

More factors have been introduced in PAT performance
prediction wusing BEP. Fernandez considered the slip
phenomenon (Fernandez et al., 2004), and the ratio of turbine
and pump heads becomes

Hyr 1

=, (3)
Hpp  yryp (1 - 0)

where o is the slip coefficient. The average error of the head ratio
is 2.27% according to Fernandez’ method.

Since the performance of hydraulic machinery is clearly
related to internal flow fields, the rotor-volute matching
principle is employed to consider the effect of flow fields by
Huang (Huang et al., 2017). The operation condition is regarded
as BEP when flow fields in impeller and volute match well, and
the flow coefficient ¢ and head coefficient y are determined by
characteristic and geometry parameters. The geometry
parameters of impeller and volute are used in the function as
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TABLE 1 | PAT performance prediction methods using BEP.

Prediction and Optimization of PAT

Authors Formula Criterion (C) (Williams, Error (Yang et al.,
1994) 2012a)
Childs (Childs, 1962) Qr — 1 Hor _ 1 0.921
Qo ™ e’ Hop ™ 1op
Qr _ 1 Hyr _ 1
Stepanoff (Stepanoff, 1957) = = Fir = e 0.847 20.3
Sharma (Sharma, 1984) Qor — 1 Hor _ 1 0.733 10.3
Qe = A For = 2
Alatore-Frenk (Alatorre-Frenk, 1994) Qur _ 085nbp+0 385 Hyr _ 1 0.852
Qe ~ 2q35+0.205 * Hpp ~ 0.851;,+0.385
Schmied! (Schmied|, 1988 Qur _ Hor _ . _ 5.0, 1.173
iedl ( i ) Gr=—1. 4+§5, HZ;——1.5+%, fon = \MOB D2
Yang (Yang et al., 2012a) Qr — 1.2 Hor - 12 6.0

Qe ~ 1255 FAee ~ i)

H
1.3Qpcp. 1.3Hiep
0
0 Q
FIGURE 1 | Acceptable limits for PAT prediction.

follows, and the involved geometry and operation parameters and
corresponding calculation formulas are listed in Table 2.

azx/fln(l +2D—‘/f)

= , 4
P 27byn, €, + cot B, \/Fln(l + 2D£}:) )
v, = 27n,b,€,0, 5)
P 2ﬂ11vb2£2 + Cotﬁzﬁln(l + 2D£I;‘)a
b Fin(1 2 ) (3]
- , 6
Pr 25,10, 6,0, & tan B, - bzfz\/ﬁln(l + 2D_\/f)
2n,7b, &b, & tan B [Uz _ Ul(g_;)z] .
= , 7
vr Zﬂvﬂbzfzblfl tanﬂl -bé, \/Fln(l + 2D—\/§)
QbT ¢T
o _ Y1 8)
Qup Pp (
Hyr _ vy
Hoa : )
Hyp V/P”ih

The predicted BEP values from this method using BEP based
the on rotor-volute matching principle and other conventional
performance prediction methods are compared with
experimental results under three types of pumps (GDD80-20,

TABLE 2 | Parameters in performance prediction method of rotor-volute
matching principle.

Symbol Physical meaning Formula
D, Inlet impeller diameter

D, Outlet impeller diameter

b4 Inlet passage width

bo Outlet passage width

F The eight cross-sectional areas of volute

B4 Inlet impeller blade angle

& Inlet blockage coefficient

& Outlet blockage coefficient

04 Inlet slip factor

0o Outlet slip factor

N Rotation speed

Ns Specific speed Ny = 3%\/—

Iy Volumetric efficiency n, = W
h Hydraulic efficiency Ap=1+ 0_08351g€/§

IS100-65, and GD100-21), with specific speed varying from
58.7 to 129.6. The average error of this prediction method is
only 2.44%, which is quite limited among the others, as shown
in Figure 2. In addition, this method does not rely on empirical
values entirely, which is of higher universality and practicality.

For such centrifugal pumps with low specific speed designed
by increasing the flow rate, Shi proposed a PAT performance
prediction method considering amplification coefficients (Shi

et al, 2017). This method assumes the same Euler heads
under pump and turbine modes, and the following
correlations can be derived:
-1 1
P G g (10)
Q \C-C 7 np
H 1
L= , (11)
Hp  Hyptlyr
0.75
NsT 0.5 0.75< o-1 2 1 )
=1, —u + — , (12)
NSP 7] T(rth’/’hT) Cl _CZ 2 rIVP
Q
C = tf,, 13
1SR B, (13)
C tp,, 14
)= ﬂD2b2£2u2c0 B, (14)
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A 251 B 251 c 25
¥ Proposed method
®  Stepanofl ¥ Proposed method ¥ Proposed method
. 1. & ‘Ghilds o  Stepanoff e Stepanofl’
20 R Ry o Shamna 204 A Childs 204 " A Childs
Yl <« Yang v Sharma o v Sharma
! > 7 4 i
N oe » Alstorre-Frenk ‘ Y !t g ¥ Yag
0%, & . & Sthmiodl N »  Alatorre-Trenk e »  Alatorre-Trenk
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v = 0% .Y . A © Experimental “w © Experimental
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-
-
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q q
FIGURE 2 | Comparisons between experimental and predicted results from various methods (Huang et al., 2017). (A) GDD80-20, (B) IS100-65, (C) GD100-21.

TABLE 3 | PAT performance prediction methods using specific speed.
Authors

Grover (Grover, 1982)
Lewinsky-Kesslitz (Lewinsky-Kesslitz, 1987)

where H,', Q,’, and N,p' are pump head, flow rate, and specific
speed after amplification, H,’ = £,H,, Q,’ = £,Qp, and Nyp' = &,N;p,
with amplification coefficients &, &, &, and u, as the
circumferential velocity at pump impeller outlet, and F, is the
area of axial surface at the impeller inlet. The average error
to experimental data is 2.81% when applying this prediction
method in three low specific speed centrifugal pumps, Nyp = 33,
47, 66.

3.2 Using Specific Speed
The PAT performance prediction method using specific speed is
similar to that using BEP. The major difference lies in that the
function to determine the flow rate ratio and the head ratio is
expressed by specific speed. Table 3 lists classical PAT
performance prediction methods using specific speed and
corresponding accuracy estimated by Williams (Williams, 1994).
Comparing the prediction accuracy of methods using BEP in
Table 1 and using specific speed in Table 3, the results from
methods using BEP are generally better than those using specific
speed. Therefore, several modified specific speeds are employed
to obtain a higher accuracy. Derakshan applied dimensionless
specific speed to establish the following relations for centrifugal
pumps with specific speed Np < 60 (Derakhshan and
Nourbakhsh, 2008a):

0.5
H Ns Ns 0.5
(”) L~ 0.0233 Pin{,’% +0.6464,
HpT NSP (thp)

(15)

Qr = 2.379 - 0.0264Ns7, H = 2.693 - 0.0229N,r

Qor _ _ 1.6 Hur _ __6
QbP_1'3 Ns7=5’ HbP_1'3

Formula Criterion (C) (Williams, 1994)
1.333
-5 0.865
I\]5 0.5 Ns 0.5
NaQir 9413 Nr Qo 6045, (16)
(9Hur) (9Hyp)
Ns PO‘S Ns PO.S
T = 0.849 P 12376, (17)
p** (gHur) p** (gHee)

The prediction error of the flow rate ratio and head ratio is
2.99% according to Derakshan’s method, which is significantly
limited compared with the results from conventional
Stepanoff, Sharma, and Alatorre-Frenk’ methods in the
same pumps.

Nautiyal proposed a new parameter to serve as values in the
function to determine the flow rate ratio and head ratio (Nautiyal
et al,, 2011):

-0.212
QU1 _ 41,6672 ~0212_ 504 (18)
bp In Ngp
H -0.212
= 30,303 T " 22023 404, (19)
bP n INgp
The maximum deviation of predicted results to

experimental measurements is within 11%, which is reduced
compared to more than 20% of conventional methods. Since
both maximum efficiency and specific speed have been
employed in Nautiyal’s method, it can be regarded as an
initial trial to combine PAT performance prediction
methods using BEP and specific speed.

There is another type of the PAT performance prediction
method using specific speed, which establishes the correlation
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TABLE 4 | Models established by ANN-EPR algorithms (Balacco, 2018).

Parameter Formula Coefficient of
determination
Nsr Nsr = 0.787Ngp + 1.312 0.955
Ns7 = 9.354% +0.727Nsp 0.961
Ner = 0,716% 0.942
p
Ner = 20.001 2 + 0.008N{SHp® 0.974
Ngr = 10,2932 4 0.578Nepn}® 0.978
+5370e006@ﬂf151&L, 0.104
Qp°
Qor Qpr = 0.266Q03 0.729
Qpr =0. 380023:72,3 0.765
Qur = 199.149%= + 0.0847, 0.801
bP
Qur = 2.370 tgg’sbp +0.03102:H]% 0.905
NZS
+1.233e7007 £
QupHpp
Hpr Hpr = 1.66Hpp + 4.657 0.481
Hpr = 1.284 %= 0.745
Hor = 151974 +135.956 0.771
0.789
Hyr =1.485 bz +104.727 72— HM
0.791
fmT::21979N;+-1448N +10033HW%P
bt fpr = 0.9297,5 + 0.038 0.761
flyr = 0.404 g+ 0.9067,5 + 0.026 0.778
Mor = 1.461 g + 0.143HS )2 +0.02 0.815
nr = 0.714 15 + 0.661,p + 0.001HZ n3s 0.822
bP
o Sr=53115L+1.178 0.103
QbT =1, 304 0.09
Q”—S%GMgﬂﬁmJ— 0.317
Qe - 119747 4 038875 + 0.4220 1 0394
H, Hi
e s =1.441L 0.068
Fir =1, 267, +0. 007/\/sp 0.065
= 226575 +QUS 0.162
HDT — 3.481 NsP 0.199

NOO'IP QO5'I[7P

between the specific speed of the pump mode and turbine mode.
Singh proposed a correlation based on 13 pumps as follows, and
applied the correlation for PAT selection (Singh and Nestmann,
2010).

Ny = 0.94Np — 3.12. (20)

Tan tested the hydraulic performance of centrifugal pumps
under pump and turbine modes, and found several linear
relations between pump and turbine parameters, as follows
(Tan and Engeda, 2016):

Ny = 0.7520N,p + 0.0883, (21)
D = 1.072Dp — 0.1419, (22)

Prediction and Optimization of PAT

Npp
Hyr

where D; is the specific diameter calculated by DH,**/Q,>.
With the aforementioned linear relation, the average prediction
error of specific speed, flow rate, head, efficiency, and power at
BEP under the turbine mode is 3.95%.

A similar study has also been conducted by Stefanizzi to
establish a relation between specific speed under pump and
turbine modes (Stefanizzi et al., 2017).

= 0.2267Np + 0.8057, (23)

N = 0.9237Np — 2.6588, (24)

H
H—T = ~0.000023N>, + 0.003206N?. — 0.145781N ¢ + 3.604636.

P

(25)

The above correlation is determined based on performance
data of 27 pumps, and it is employed to predict the PAT
performance of 11 new pumps. The comparison shows that
the predicted head errors of seven pumps and the predicted
flow rate errors of eight pumps are within 10%. Capurso further
considered the slip phenomenon in Stefanizzi’s method and
found that the prediction accuracy can be improved obviously
(Capurso et al.,, 2018).

The combined artificial neural networks (ANN) and
evolutionary  polynomial regression (EPR) algorithms
proposed by Balacoo have also been applied to obtain an
accurate correlation (Balacco, 2018). Totally, 33 pumps are
tested to determine correlations listed in Table 4. The flow
rate, head, efficiency at BEP, and specific speed under the pump
mode are employed as input parameters, and parameters of
PAT performance are output values. The models with various
function forms have been established by means of the
ANN-EPR algorithms. It can be found that the specific
speed, flow rate, head, and efficiency at BEP under the
turbine mode can be predicted with acceptable accuracy
through models established by ANN-EPR algorithms.
However, the ANN-EPR algorithms fail to establish a reliable
correlation to predict flow rate ratio Q/Qy and head ratio
Hy/Hp.

3.3 Loss Modeling

The methods using BEP and specific speed have become the most
widely used approaches to predict PAT performance, and another
concept based on loss modeling also catches the attention of
researchers. The loss modeling prediction method is similar to the
method using BEP, which is established from the theoretical
analysis of internal flow fields.

Derakhshan carried out a relatively rough theoretical analysis
on internal flow fields at BEP and established a performance
prediction method based on the estimation of volute losses,
leakage losses, kinetic losses, hydraulic losses, and mechanical
losses (Derakhshan and Nourbakhsh, 2008b). After calculating
different losses components, the PAT efficiency can be
determined as follows, and the calculation methods of each
loss are listed in Table 5
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TABLE 5 | Formulas to calculate losses (Derakhshan and Nourbakhsh, 2008b).

Loss

Volute power losses

Leakage power losses Pr = yQrHry,r

Kinetic power losses
Hydraulic losses in impeller

Py = (1-n,7)yQrHr

Prediction and Optimization of PAT

Formula

1_’7\/T:k(‘1 _”VP)

__2
P = Tigp

H
Qr = QpygE

1 =77 =091 - 1)

Per = (1 =) (YQrHr =Pyt = Prr)
Pir = (1 =n7) (YQrHr = Pyr = P — Per)

Mechanical power losses Pmr = (1 = 1,7) 9QrHr = Pyt = P = Per = Prr) Hop = Vl/:flnp
hp = Miptvp
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This prediction method proves to be useful for the tested
centrifugal pump in Derakhshan’s study, and the errors between
predicted and experimental results on dimensionless flow rate,
head, power, and efficiency are —1.1%, —4.7%, —5.3%, and —2.1%,
respectively.

A more detailed analysis of losses inside PAT has been
conducted by Barbarelli (Barbarelli et al., 2016) and Liu (Liu
et al, 2019). Barbarelli's method starts from geometry
components provided by pump manufacturers and employs
these geometry parameters to calculate friction loss and
dynamic losses in each component, namely, inlet pipe, volute,
vaneless diffuser, impeller, and discharge pipe (Barbarelli et al.,
2016). The whole process of performance calculation is illustrated
by a flowchart in Figure 3. The calculation procedure is iterative
because the leakage flow rate and volumetric efficiency are
unknown at the beginning. From an assumed flow rate, the
theoretical Euler head is calculated. Subsequently, friction and
dynamic loess are estimated. Therefore, the real turbine head and
corresponding turbine efficiency can be determined, and the final
flow rate is checked whether it agrees with the assumed value.
Application of this method in six centrifugal pumps with specific
speed varied from 9 to 65 shows that the highest relative error at
BEP is 21.4%, and it can be further reduced to 7.2% if more
detailed geometry parameters are available.

Liu conducted a comprehensive investigation on predicting
the performance of the centrifugal pump under pump and
turbine modes (Liu et al, 2019). In order to improve
prediction accuracy, various losses in each component are
calculated precisely. Table 6 lists the employed formulas for
loss calculation in Liu’s method. Due to the universality and
accuracy of these loss models, the performances under design and
off-design conditions can be determined, which makes the
acquirement of characteristic curves under full flow rates
possible. Therefore, a flow rate-based iteration method to
determine BEP is also proposed based on characteristic curves.
Compared with the loss modeling method of Barbarelli, the
prediction accuracy can be significantly improved. The average
relative errors for head and efficiency under the pump mode are
6.12 and 5.31%, respectively, and they are 5.40 and 3.63% for head
and efficiency, respectively, under the turbine mode. The
predicted error for BEP of PAT is only 1.28% on average,
which validates the effectiveness of this method.

(26)

Qile ration

! l
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I

O = 1\ Qiteration

FIGURE 3 | Flowchart of performance calculation in Barbarelli's method
(Barbarelii et al., 2016).

3.4 Polynomial Fitting
The PAT performance prediction methods using BEP and
specific speed always focus on the performance at BEP, while
the PAT performance under off-design conditions is also
important for long-term stable operation. There are several
attempts to predict PAT performance under full flow rates
using polynomial fitting.

Fecarotta proposed a prediction method for PAT
performance curves based on affinity law as follows
(Fecarotta et al., 2016):

t
WH(0) = ——— WT(0) =
(0) PG (0) 2 1) (27)
H (0] Q T w
h:— = — = — t=— 9=—, 28
H, © (08 1 Qy Ty q 28)
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TABLE 6 | Losses modeling in Liu’s method (Liu et al., 2019).
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Component Losses Pump mode Turbine mode
Pipe Hydraulic loss Inp hr
P y Aot = )LDw:P 2% Ahourr = /\D.rTT %QT
i fing Q-Qq1y2
Impeller Incidence loss Minep = Fro Ahine = 36 (U1 77021
Surface friction loss g WaptWs Iy Wartwh
Ahsf,P = Z/\ b, T \,PAQ 2P Ahsf,T = Z/\ D:y’;T \,I4+g 2T
H 2 2
Blade loading loss Ahoip = O'O5Dgp%p Ahop = O_O5D§PL/‘QJ
) 2 2
Separation loss . Wit 4, Wi Wip
seqp| ———-1.4) —, W—>1.4
Mgepp = 9 2p
w-
0, 2P 14
Wap
ixi 1-twakep)b: m
Wake mixing loss Apgip = [1 - Ltuger) 2~"]2(Hw‘aw)zczgP
Recirculation loss APrecp = 0.03p, gQ*“a” (G-op)IDZp03,
) - — g
Disk friction loss APgip = foippD3pU3p APesy = fapD31U3 1
Leakage loss APyp = pgAQypHinp APyt = pgAQiTHnT
Volute Incidence loss (Cupp—vap)*+C25p
Ahyiixp = Kvmixp—5g— "2
P 2 2
Friction loss Ahysip = A 22 AhyasiT = /1—81;,1% (R -11 5

2
Ahvasip = )‘m (P -11 2%

Separation loss

WT
H=qg(6"+1)WH-H =0——, 29
q(C+O)WH-H, n=07- (29)

where Q and T are rotation speed and torque, respectively,
and subscript b denotes the best efficiency point. It is
reported that the functions WH(6) and WT(0) are unique
for similar hydraulic machinery so that the values of turbine
head H and efficiency # can be calculated based on these
functions. To improve prediction accuracy, the relaxation
factors are introduced to establish the following empirical
formulas:

fr _ _0,317<&>2 +0.587 20 4 0,707, (30)
Hor Qpr Qor

% = 1.004(3—;)0'825, €20)
g—; = 0.972(32)1‘603, (32)
5—; = 1.61<%)2 - 1.41 % +0.805, (33)
I%TT = 1.85(%)2 - 0.858% +0.00567. (34)

The mean errors of this semi-empirical method with
relaxation factors for turbine efficiency, head, and power are
2.52, 3.93, and 7.93%, respectively.

The concept of relating dimensionless parameters
through polynomial functions has also been adopted by
Barbarelli (Barbarelli et al., 2017) and Novara (Novara and
McNabola, 2018b). Barbarelli established the following

Ahyeir = A e i
st Dvol 29

2
Ahvaip = Kyair Sin 02 = )35

dimensionless relations based on 12 pumps (Barbarelli
et al., 2017).

2
Hy Qr Qr
2T =0.922( =L ) -0.406 =L+ 0.483, (35)
Hyr <QbT> Qur
p Qr\ Qr\ Q
ik 0.040(—T> + 1.185(—T> —0.043=L-0.183, (36)
Pyr Qpr Qur Qur
Pr
= i (37)
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Novara further established advanced polynomial functions in
consideration of the specific speed using a database of a totally of
113 PAT performance curves (Novara and McNabola, 2018b).

Hr Qr\’ Qr
T 21) s 2T s, 38
Hyr a(QbT) " Qur e (38)
Pr Q)  Q
ST g =) ve =Ty, 39
Pyr (QbT) +eQbT+f (39)

a=1160 b=0.0099N,+1.2573-2a c=1-ab

d=1248 e=0.0108N,+22243-2d f=1-de’ (40)

As reported by Novara, the R* values for data fitting of
Fecarotta, Barbarelli, and Novara’s methods are 0.9295, 0.9236,
and 0.9701 for PAT head, and 0.9611, 0.9551, and 0.9776 for PAT
power. This comparison validates the superior prediction
accuracy of Novara’s method.

A similar method has also been employed by Li to predict
centrifugal PAT handling fluids with various viscosities (Li,
2017). The major difference lies in that the Reynolds number
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FIGURE 4 | Performance curves of PAT with different impeller diameters
(Yang et al., 2012b).

rather than the dimensionless flow rate is used as input
parameters in 3rd- and 4th-order polynomial functions. The
relations between PAT performance (head, power, and
efficiency) and Reynolds number under five typical operating
conditions such that zero-power point, 0.8 part-load points, best
efficiency point, 1.2 over-load, and maximum flow rate point are
established, and the average errors are 1.67, 2.57, and 6.76% in
head, power, and efficiency, respectively.

In order to investigate the influence of impeller diameter and
rotation speed, Jain established the following polynomial function
in a logarithm form (Jain et al., 2015):

D 2 D o) 2 0
Inn, =a, ln<a> +a;ln D, +b, 1n<a) +bIn o + ko,

(41)

where subscript r denotes the rated value. The predicted errors
according to this correlation are within the band of +10%.

3.5 SUMMARY

So far, PAT performance prediction methods are reviewed from
different perspectives. The methods using BEP are based on
theoretical analysis with complicated forms, which requires
basic knowledge of pump geometry. As a contrast, the
methods using specific speed are based on statistical fitting,
which requires sufficient data as samples. Even though the
function form of prediction methods using specific speed is
similar, the function coefficients are different from each other,
which indicates that the universality of this type of method is an
obvious weakness.

The methods using loss modeling are similar to the methods
using BEP, and they are even more theoretical. It requires
comprehensive and detailed information of pumps, and its
accuracy mainly depends on the reliability of employed loss

Prediction and Optimization of PAT

models. By comparison, the methods using polynomimal
fitting are similar to the methods using specific speed, and
they are more statistical than the methods using the specific
method. The prediction using polynomial fitting should be
restricted in certain ranges since the prediction error may
increase when it differs from the samples.

The aforementioned four categories of prediction methods can
be summarized by theoretical and statistical characteristics. For
theoretical characteristics, it is sorted by loss modeling > using
BEP > using specific speed > polynomial fitting. For statistical
characteristics, it is sorted by polynomial fitting > using specific
speed > using BEP > loss modeling, which is exactly the inverse
sortation. Theoretical approaches show better generality but
require a lot of information. The statistical approaches do not
require a lot of information but are less versatile.

4 GEOMETRY OPTIMIZATION

The performance prediction plays a vital role in the selection of
PAT, which is the first stage during the application. According to
the previous investigation on energy performance, the PAT
efficiency is always lower than that of the pump, and the
high-efficiency region is relatively narrow. It is essential to
carry out geometry optimization to further improve PAT
performance. Considering the cost and difficulty of processing,
present studies mainly focus on three aspects: impeller diameter,
blade parameter, and blade profile.

4.1 Impeller Diameter
The impeller diameter is one of the most important design
parameters in hydraulic machinery, which can determine its
capacity. Yang studied the influence of impeller diameter on
the performance of centrifugal PAT through experimental,
numerical, and theoretical research (Yang et al, 2013). It is
found that as impeller diameter rises from 215 to 255 mm, the
flow rate, PAT efficiency, required pressure head, and shaft power
at the BEP are increased by 26.14, 10.26, 36.16, and 89.39%,
respectively. Numerical analysis of flow fields shows that
performance improvement results from the reduction of
hydraulic loss within the radial gap between impeller and volute.
However, when a certain pump has been selected, it is not
practical to extend impeller diameter. As a consequence, the
impeller trimming method is applied to reduce impeller diameter.
Yang cut down the impeller diameter of a centrifugal PAT from
255 to 235 mm and 215 mm (Yang et al., 2012b). The measured
efficiency, head, and shaft power are displayed in Figure 4. The
results show that as impeller diameter decreases from 255 to
215 mm, the flow rate and maximum efficiency are reduced by
20 m*/h and 2.17%, respectively. In addition, the head curves
become increasingly steep, while the shaft power curves become
relatively flat after impeller trimming. Jain applied 10% trimming
and 20% trimming to an original impeller of 250 mm (Jain et al.,
2015), and similar PAT characteristic curves to Yang’s study are
also obtained. It is confirmed that when impeller trimming is
adopted, the BEP of PAT shifts toward the partial flow rate at first,
and backshifts toward a larger flow rate after further trimming.
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4.2 Blade Parameters The influence of blade thickness on PAT performance has also
The geometry of impeller blade is vital for energy conversion,and ~ been investigated (Yang et al, 2014). The results show that
various studies have been conducted to figure out the influence of ~ increasing blade thickness can lead to decline of efficiency and
blade geometry on PAT performance, including blade angle,  rise of head and shaft power. It is recommended that the blade

blade number, and blade thickness. should be as thin as possible from the perspective of PAT
Yang investigated the performance of centrifugal PAT with  efficiency.
three specific speeds under different blade wrap angles The aforementioned research studies mainly focus on the

experimentally and numerically (Yang et al, 2012c). The  influence of blade geometry on PAT energy performance, and
results show that there exists an optimal blade wrap angle to  there are also studies that concern unsteady performance of PAT.
achieve the best efficiency, and the optimal blade wrap angle  The numerical investigation about blade number shows that there
decreases as specific speed increases. With the decline of blade  is an optimal value of the blade number to obtain the highest
wrap angle, the BEP shifts toward a larger flow rate, and both efficiency, and the amplitude of pressure fluctuations can be
PAT head and generated shaft power will become lower.  reduced by increasing the blade number (Yang et al., 2012d).
Numerical analysis on flow fields indicates that smaller blade = For PAT with variable guide vanes, Shi analyzed the effect of
wrap angle can lead to a shorter length of impeller flow passage  guide vane number on unsteady performance (Shi et al., 2018).
and smaller velocity gradient in the impeller, which induces less ~ After the installation of guide vanes, the radial force is not only
hydraulic loss. The same results have also been reported in Yang’s ~ reduced but also becomes more symmetrical and homogeneous.
another research (Yang et al.,, 2012b). The optimal guide vane number is recommended to be 9, which
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can result in the lowest and most uniform radial force, and the
minimum power losses at the same time.

Binama studied the unsteady flow fields inside centrifugal
PATSs under partial flow rates with three blade trailing edge hub
position (15 mm, 20 mm, and 25 mm) (Binama et al., 2019). The
impeller rotating frequency and its multiples are found to be the
dominant frequency in centrifugal PAT. It is reported that the
highest and lowest pressure fluctuations appear at the position of
20 and 15 mm, respectively, and a regular rule on the relation
between blade trailing edge position and pressure fluctuations is
still unknown.

4.3 Blade Profiles

Parameterizing the blade profile through the non-uniform
B-spline curve, Miao optimized the blade profile by means of
the back propagation neural network and genetic algorithm
(Miao et al., 2015). Figure 5 shows the comparison of blade
profile and performance curves of initial and optimal PAT
models. The maximum PAT efficiency is improved by 2.91%
after optimization because hydraulic loss in impeller has been
reduced.

For a given centrifugal pump, the blade rounding technique
to avoid sharp edges of impeller has been introduced for PAT
performance enhancement. The rounding radius equal to half
of blade thickness is adopted in seven radial-flow or mixed-
flow pumps, and improvements in the range of 1-3% for
overall efficiency under various operating conditions have
been obtained (Singh and Nestmann, 2011). Figure 6
illustrates the physical understanding on how blade
rounding improves internal flow fields. After blade
rounding, the wake region at the inlet due to sharp edge is
suppressed so that hydraulic loss is reduced. At the same time,
an exit circulation with a larger flow angle is induced at the
outlet, which can lead to a higher generated power. Further
detailed experimental study confirms that blade rounding can
bring on a great degree of hydraulic loss reduction than
increase of output power, and hence, the overall efficiency
is improved (Doshi et al., 2017).

Since conventional backward-curved centrifugal impellers
cannot match the turbine running condition well, the forward-
curved centrifugal impellers are designed to improve PAT
performance. Wang proposed a design method for special
forward-curved impeller based on angular momentum
conservation, and non-impingement velocity inlet and normal
velocity outlet conditions are employed to determine inlet and
outlet blade angles (Wang et al., 2017a). Figure 7 depicts the
performance curves of PAT with original backward-curved
impeller and special forward-curved impeller. The PAT
efficiency is significantly improved with forward-curved
impeller, and high efficiency scope is also extended.
Comparison of three centrifugal pumps with different specific
speeds (18.1, 36.4, and 52.8) shows average rise of 7.15% in
efficiency, which validates the superiority of the proposed design
method. Further analysis on blade inlet angle shows that a range
of 70°-135° is recommended for low specific speed centrifugal
pump, and larger inlet angle will match the higher rated flow rate
(Wang et al,, 2017b).
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4.4 SUMMARY

Present studies related to geometry optimization are reviewed in
this section. Among these methods, the impeller trimming and
blade rounding are the most practical methods to modify
geometry after pumps have been selected. Although it is useful
to adjust BEP using impeller trimming, it can also lead to head
decline. By comparison, blade rounding is more reliable since
PAT performance can be further improved after applying this
method.

Apart from impeller trimming and blade rounding, the other
geometry optimization methods are only useful when selecting
certain type of pumps. These investigations about blade number
and blade thickness, which indicate the influence of structural
parameters, can serve as a guide to select pumps, while it is
difficult to modify such structural parameters after pump
selection.

5 CONCLUSION AND REMARKS

A literature review on the progress in Pump as Turbine is
presented in this study, with the emphasis on performance
prediction and geometry optimization. The following
conclusions can be drawn:

(1) Commonly, when pump operates as turbines, the BEP will
shift toward a larger flow rate, and the maximum efficiency
under the turbine mode is somewhat lower than that under
pump mode. The unsteady radial force almost grows linearly
as the flow rate increases.

(2) Current PAT performance prediction methods can be
divided into four categories, namely, using BEP, using
specific speed, loss modeling, and polynomial fitting. The
using BEP and loss modeling methods are based on
theoretical analysis, which is of a complicated form but
with better universality. These two methods require many
geometry parameters of pump before performance
predictions. The using specific speed and polynomial
fitting methods require statistical fitting, which is of a
simple form but with weak universality. These two
methods require sufficient data samples to establish a
reliable relationship. On the basis of great efforts on
improving accuracy, most prediction methods can reach
the level where errors are within +10%.

(3) The investigation on influence of geometry parameters
mainly focuses on impeller diameter and blade geometry
currently. The impeller trimming will lead to performance
decline, but it is useful to adjust BEP. Studies show that there
exist optimal blade wrap angle, blade number, blade trailing
edge position, and guide vane number to achieve the highest
efficiency. The blade rounding and forward-curved impeller
are two effective techniques to improve PAT performance,
and optimization of blade profile is also worth implementing.

According to the aforementioned conclusions, some remarks
with regard to further investigation are listed:

Frontiers in Energy Research | www.frontiersin.org

January 2022 | Volume 9 | Article 818118


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Liu et al.

(1) In the consideration of the advantages of each category of the
performance prediction method, it will be a useful attempt to
establish a combined method using BEP and specific speed.
The combined performance prediction method may start
from theoretical analysis of flow fields and employ some
commonly used statistical relation for simplification, which is
semi-theoretical and semi-empirical. This type of combined
method can be of both conciseness and universality, which is
more meaningful for engineering practice.

Present performance prediction under off-design conditions
relies on polynomial fitting mostly, which is quite case-
sensitive. The expansion of conventional performance
prediction methods using BEP and specific speed to off-
design conditions is another meaningful subject. A two-stage
performance prediction method may be proposed in the
future. First, the PAT performance at BEP is predicted
using the theoretical prediction method (using BEP or loss
modeling), which may only require several key parameters.
Second, the PAT performances at off-design conditions are
determined based on performance at BEP using the statistical
prediction method (using specific speed or polynomial
fitting), which establishes a more general function to relate
design and off-design conditions.

Among published geometry optimization methods, the blade
rounding is the most effective and practical technique, which
can modify a given pump impeller directly. However, present
investigation on blade rounding for PAT is relatively few, and
the achieved efficiency improvement is no more than 3%.
More in-depth research is required on the application of

2

3)
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GLOSSARY

PAT: Pump as Turbine

BEP: Best efficiency point

PRYV: Pressure reducing valves

ANN: Artificial neural networks

EPR: Evolutionary polynomial regression
Qp1: Flow rate at BEP under turbine mode
Qpp: Flow rate at BEP under pump mode
Hyp: Head at BEP under turbine mode
Hj,p: Head at BEP under pump mode
Hpr: Efficiency at BEP under turbine mode
Hpp: Efficiency at BEP under pump mode
Hpn: Hydraulic efficiency at BEP

C: Criterion

Aa: Proportional difference parallel to the major axis of the ellipse
Ab: Proportional difference parallel to the minor axis of the ellipse
0: Slip coefficient

@: Flow coefficient

V: Head coefficients

Dy: Inlet impeller diameter

D,: Outlet impeller diameter

by: Inlet passage width

b,: Outlet passage width

F: The eight cross-sectional areas of volute
P1: Inlet impeller blade angle

&1 Inlet blockage coefficient

&,: Outlet blockage coefficient

07 Inlet slip factor

05 Outlet slip factor

n: Rotation speed

Ng: Specific speed

,+ Volumetric efficiency

Hp: Hydraulic efficiency
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& Amplification coefficient

U,: Circumferential velocity at pump impeller outlet

F;: Area of axial-surface at impeller inlet

Nir: Specific speed under turbine mode

Np: Specific speed under pump mode

Dg: Specific diameter

P72 Volute power losses under turbine mode

P;1: Leakage power losses under turbine mode

P, Kinetic power losses under turbine mode

P;1: Hydraulic losses in impeller under turbine mode
P,,,7: Mechanical power losses under turbine mode
Ahjy, ¢ p: Hydraulic loss in pipe under pump mode
Ahouf)P: Hydraulic loss in pipe under turbine mode
ARy p: Incidence loss in impeller under pump mode
Ahinc,T: Incidence loss in impeller under turbine mode
Ahg p: Surface friction loss in impeller under pump mode
Ahsf,’[: Surface friction loss in impeller under turbine mode
Ahbl’P: Blade loading loss in impeller under pump mode
Ahbl,T: Blade loading loss in impeller under turbine mode
Ahsep’p: Separation loss in impeller under pump mode
Ahmix’p: Wake mixing loss in impeller under pump mode
AP, p: Recirculation loss in impeller under pump mode
APyg4¢ p: Disk friction loss in impeller under pump mode
APg¢ 12 Disk friction loss in impeller under turbine mode
APy p: Leakage loss in impeller under pump mode
APy 1: Leakage loss in impeller under turbine mode
Athix,p: Incidence loss in volute under pump mode
Ahvdsf,P: Friction loss in diffuser of volute under pump mode
Ahvdsf,T: Friction loss in diffuser of volute under turbine mode
Ahvsf’P: Friction loss in volute under pump mode
Ahvsf”r: Friction loss in volute under turbine mode
Ahvdiff)p: Separation loss in volute under pump mode
£2: Rotation speed

T: Torque
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