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ABSTRACT

Pelton turbines are used for energy recovery in pressure-retarded osmosis (PRO) systems.
The quality of jet sprays is a significant factor affecting the performance of these turbines.
This study examined jet quality characteristics according to the nozzle geometry of Pelton
turbines. Jet quality tests were conducted to analyze the degree of similarity between the
actual jet flow and the ideal jet flow. Power loss, discharge coefficients, and performance
characteristics of Pelton turbines were examined with respect to the nozzle shape through
performance tests of the nozzles and turbines. Furthermore, jet flows were numerically ana-
lyzed. The test results and analyses confirm that for a given input power, the recirculation
region increases and the jet quality decreases with increasing nozzle throat angle. On the
basis of the results, the optimum range of nozzle throat angle for Pelton turbines in PRO
systems is suggested.

Keywords: Energy recovery Pelton turbine; Jet quality; Nozzle throat angle; Nozzle coeffi-
cient; Pressure-retarded osmosis

1. Introduction

With rapid population growth and industrializa-
tion, global air pollution and water scarcity have
become serious considerations. In response, nations
worldwide have focused on developing technologies
to harvest various alternative energy resources, such
as solar, hydro, marine, and wind energy. In particu-

lar, power technologies using salinity gradients of sea
water and fresh water have received much attention.
Among the various alternative power generation tech-
nologies under development for energy recovery
based on salinity difference, pressure-retarded osmosis
(PRO) is being actively researched [1–3]. PRO, a term
coined by Loeb in 1976 in a great contribution to PRO
system studies [4,5], is a power generation method
based on osmotic energy. In this method, a feed
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solution passes through a semipermeable membrane
by osmosis to become a draw solution with higher
hydraulic pressure. This hydraulic pressure is con-
verted to electrical energy through the use of an
energy-recovery device (ERD). PRO theory has been
actively studied and improved by Thorsen and Holt,
and Statkraft Co., constructed a prototype PRO plant
in 2009 [6,7]. In 2010, RO/PRO composite processes
were studied in the megaton projects in Japan. Fig. 1
illustrates a schematic of a PRO system.

The Pelton turbine is suitable as the ERD in PRO
systems because it operates at high pressure and low
flow volumes. It is a representative impulse-type
hydraulic turbine, in which jet sprays from a nozzle
impact a bucket to create an axis rotation, thereby gen-
erating power. The jet pressure energy is converted to
kinetic energy by a runner, which is then converted to
electrical energy by a generator. An energy-recovery
Pelton turbine is composed simply of a nozzle, bucket,
runner, and generator. Among various factors that
affect the efficiency of Pelton turbines (operating con-
ditions, bucket and runner geometry, bucket size, and
jet quality), the quality of jet sprays has a significant
effect.

In previous studies on jet quality, Peron et al. [8]
analyzed Pelton turbine noise using computational
fluid dynamics (CFD) analysis and jet visualization
and improved the efficiency of the turbines by
redesigning them to reduce the formation of vortices
in the injector, which improved the jet quality. Zhang
and Casey [9] conducted laser Doppler anemometry to

determine how the secondary flows inside jets (created
by bends and bifurcations) affect the jet quality. Fur-
thermore, Tesar [10] studied the separation layer
thickness of reduced parts according to shape varia-
tions inside a simple nozzle, and Tuan et al. [11]
experimentally confirmed that flow rates and pressure
conditions of jet sprays change according to shape
variations inside such a nozzle. Previous studies
described ideal jets as jets that spray over a constant
area along the vertical or horizontal axis in the direc-
tion of jet flow [8]. Jet quality reflects the degree of
similarity between an actual jet flow and an ideal jet
flow. Jet quality is higher if the flow spread is smaller
and the separation layer is thinner around the narrow
part inside the nozzle, thus reducing flow loss [12,13].
However, because of nozzle characteristics such as
geometry and roughness, jets have complex flow
structures in actual applications. According to a previ-
ous study [9], as the separation region increases,
energy loss—an important element of jet quality—in-
creases as well. In this study, a test was conducted to
compare the performance characteristics of Pelton tur-
bines and nozzles according to throat angle, and a
CFD analysis was performed to determine the charac-
teristics of nozzle interiors and jet flows to evaluate jet
quality.

2. Performance test

To simulate the operating conditions of a high-
pressure concentrate generated from membranes in a

Fig. 1. Schematic of PRO.
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PRO system, high-pressure piston-type pumps were
used (Fig. 2). To measure the nozzle pressure, a pres-
sure transducer was installed and a turbine-type flow
meter was used. The turbine and a servo motor were
connected directly to measure torque using a torque
transducer around the axis, and rotational velocities
were controlled using the servo motor. To examine jet
quality with varying nozzle throat angles, five nozzles
with different throat angles (30˚, 60˚, 85˚, 120˚, and
180˚) were manufactured (Fig. 3). Nineteen Pelton tur-
bine buckets were manufactured using 3D printing
technology for convenience. The performance test was
conducted by varying the rotational speed with the
servo motor. The flow rate, pressure, shaft torque, and
rotational speeds were measured, and nozzle and tur-
bine performance was analyzed.

In the jet quality analyses, changes in the nozzle
discharge coefficient according to the throat angle
were investigated. The mass ratio of the theoretical jet
flow to the actual flow at the nozzle outlet is referred
to as the discharge coefficient (Eq. (1)). This value
gages the nozzle’s efficiency and is closely related to
jet quality. A greater value results in a higher degree
of similarity between the actual flow and the theoreti-
cal flow [14,15].

CD ¼ 4 � _m

p �D2 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � q � Pp (1)

The velocity coefficient in Eq. (2) represents the ratio
of actual velocity to theoretical velocity of the jet flow

Fig. 2. Pelton turbine performance test apparatus (top) and its schematic.
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from the nozzle. These values are always below
one because of friction loss, and therefore, can be used
to indicate the degree of friction loss within the
nozzle.

CV ¼ Vjetffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � P=qp (2)

The power at a given location can be calculated using
Eq. (3). The percentage of power loss, as expressed in
Eq. (4), is power loss in the nozzle divided by the
input power generated when the fluid passes through
the throat inside the nozzle. The power loss is calcu-
lated as the loss across the location where the nozzle
starts to narrow (Location 1) and the nozzle’s outlet
(Location 2). Because the difference in potential energy
between these two locations can be considered negligi-
ble, the corresponding term is removed in Eq. (3).
Moreover, because atmospheric pressure is considered
at Location 2, only velocities are included in the
calculation.

Power at a location ½W � ¼ _m
P

q
þ v2

2
þ gz

� �

¼ P �Qþ _m � v2
2

ðv ¼ Q

A
Þ

(3)

Percentage of power loss ð%Þ ¼ Energy loss

Input energy

¼ DEnergyLocation1!2

EnergyLocation1

(4)

3. Numerical analysis methods

3.1. Nozzle configuration

Fig. 4 illustrates the nozzle geometry for CFD anal-
ysis, where A is the throat angle. The length of the
nozzle’s throat (D) (11.5 mm) as well as total length of

Fig. 3. Nozzle drawings (top) and photographs.
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the nozzle (B + D) were set constant. The nozzle’s inlet
diameter (C) was 19 mm, identical to that of the pipes
used in the experiment apparatus. And section (E) is
the nozzle’s outlet. In the simulation, the jet sprayed
from the nozzle hits the Pelton turbine’s bucket, and
the distance of the jet was measured as the distance
from the nozzle outlet to the bucket (F). The length
(G) at which the jet mixed with air and dispersed by
air friction was determined to be 35 times the nozzle
outlet diameter.

3.2. Analysis settings

The boundary conditions for the CFD analysis are
given in Table 1. ANSYS CFX 14.5 was used for the
analysis. Because jet flow is a mixture of water and
air, a homogeneous model was used for the multi-
phase method, and gravity conditions were set. For
multiphase free-surface simulation, a k–ω SST turbu-
lence model and a high-resolution advection scheme
were applied. A residual target of 1 × 10−5 or less was
used for the solver convergence criteria, and the
imbalance values of mass, pressure, and momentum
were determined to be 1% or less.

3.3. Mesh

Because the jet flow of a rapidly narrowing nozzle
throat is complex, the Y+ value for the first mesh near
the wall was set to two or lower. A hexahedral mesh
was generated using ANSYS ICEM CFD 14.5, and the
mesh quality was enhanced using an O-grid at the
round part. The mesh was verified by proportionally
increasing the number of nodes on the X-, Y-, and
Z-axes, and the calculated nozzle inlet static pressures
were compared according to the number nodes
(Fig. 5). It was confirmed that for a constant number
of nodes, the inlet static pressure values converge. The
number of nodes finally selected was 5.7 million.

4. Results and discussion

4.1. Test results

Fig. 6 shows a hill chart comparing the input
power of the nozzles according to flow rate and pres-
sure. The nozzle input pressures were measured by
increasing the fluid volume for each nozzle (30˚, 60˚,
85˚, 120˚, and 180˚). The input power increases as both
flow volume and pressure increase simultaneously

Fig. 4. Nozzle geometry for CFD analysis with fixed and variable geometric parameters.

Table 1
Boundary conditions for numerical analysis

Location Boundary Boundary details

Nozzle inlet Inlet Mass and momentum: Bulk mass flow rate
Nozzle surface Wall Mass and momentum: No slip wall

Wall roughness: Smooth wall
Nozzle outlet and chamber

region
Opening Mass and momentum: Opening (atmospheric pressure) Acceleration of gravity

(9.806 m/s2)
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according to the pump’s operating characteristics. As
the nozzle throat angle increases, the ratio of pressure
increase with increasing flow rate gradually rises. Fur-
thermore, for a given flow rate, the pressure inside the
nozzle increases as the nozzle throat angle increases.
Under a given pressure, however, the flow rate
decreases with increasing nozzle throat angle, likely
because the flow section area decreases because of
recirculation generated in the throat as the angle
inside the nozzle increases. (This is later explained
through the results of CFD analysis of the flow inside
the nozzle.) The performance tests on the nozzles and

Pelton turbines were conducted at constant input
power (gray dashed line in Fig. 6).

Under a given input power, as the nozzle throat
angle increases, the turbine’s maximum efficiency
decreases (Fig. 7). This is likely because jet spray
power decreases as the nozzle throat angle increases,
thus reducing the turbine’s shaft power. Therefore, a
higher nozzle throat angle results in a greater loss of
power as well as larger reduction in jet quality.

The performance test showed no significant change
in the flow rate for both discharge and velocity coeffi-
cients. However, both these coefficients decrease as
the nozzle throat angle increases (Fig. 8). The decreas-
ing trend of discharge coefficient is a result of increas-
ing deviation of the characteristics of actual flow from
those of the ideal flow as the throat angle increases.
The trend of velocity coefficient changes is a result of
gradual increase in the friction loss as the nozzle
throat angle increases.

Fig. 9 shows the results of power loss calculations.
The percentage of power loss is not affected by flow
rate variations and increases with increasing nozzle
throat angle.

4.2. Numerical analysis results

Fig. 10 illustrates changes in static pressure along
the fluid path for various nozzle throat angles. Stream-
wise locations range from a point approximately
10 mm from the nozzle throat to a part of the jet area
outside the nozzle outlet. The static pressure at each
nozzle inlet corresponds to the pressure of constant
input power explained in Fig. 6. Before the flow
reaches the nozzle throat, the pressure changes in pro-

Fig. 5. Results of mesh independence.

Fig. 6. Pump operating characteristics for different nozzle
throat angles.

Fig. 7. Speed ratio vs. Pelton turbine efficiency for different
nozzle throat angles.
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portion to the increment of the angle. This is likely
because the length of the flow path inside the nozzle
decreases as the throat angle increases, rapidly chang-
ing the slope of static pressure in Fig. 10. The static
pressure changes between the nozzle throat and the
nozzle outlet are very similar at 30˚ and 60˚. However,
for 85˚ and greater values, a static pressure overshoot
occurs, the degree of which increases with the angle.
This is likely because a recirculation region is formed
by the separation at the edge of the nozzle throat, and
as the throat angle increases, the size of the recircula-
tion region also increases. This recirculation region
reduces the sectional area of the nozzle throat, thus

rapidly increasing the local flow velocity, which
creates a rapid pressure reduction.

Velocity changes in the narrowed area inside the
nozzle were investigated for each throat angle. Fig. 11
illustrates the velocity contours in areas surrounding
the nozzle throat (for qualitative evaluation) for throat
angles of 30˚, 85˚, and 180˚. A local velocity increase at
the nozzle throat and a recirculation region form sym-
metrically along the axis. The white dotted lines in
Fig. 11(b) and (c) represent the separation streamlines
with points of zero velocity in the recirculation region.
Fig. 11 confirms that the size of the recirculation
region increases with increasing throat angle. Because
of rapid changes in the flow direction and in the sec-
tional area at the throat, a recirculation region forms;
this region grows as the throat angle inside the nozzle
increases, because the degree of changes becomes
more abrupt. Table 2 lists the recirculation region’s
maximum thickness values for different throat angles
obtained from the numerical analysis. The values
explain how the ratio of pressure rise increases with
the nozzle throat angle (Fig. 6) according to an
increase in flow rate.

The relationship between the pressure head H,
flow rate Q, and discharge coefficient CD is expressed
in Eqs. (5) and (6). The value on the left-hand side of
Eq. (6) represents the slope in Fig. 6; it increases as
the flow rate increases under a constant throat angle
(A). Furthermore, as the nozzle throat angle increases,
its recirculation region also increases, reducing the
cross-sectional area of the jet flow passing through the
nozzle. This explains the increase in the slope with
increasing throat angle under a constant flow rate.

Fig. 8. Throat angle vs. velocity coefficient and discharge
coefficient.

Fig. 9. Throat angle vs. percentage of power loss.

Fig. 10. Change in static pressure along the flow path
inside the nozzle for different nozzle throat angles.
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Anozzle ¼ 4 �Q
p � Cd

ffiffiffiffiffi
2g

p � 1

H1=2
(5)

dH

dQ
/ 2

Q

A2
(6)

Fig. 12 presents the numerical analysis results of the
axial jet velocity distribution at certain points (0D, 1D,
5D, 10D, and 20D) along the flow path between the
nozzle outlet and the Pelton bucket. The normalized
jet velocity at areas below the jet is smaller because of
gravity, and the velocity curves become more irregular

(a)

(b)

(c)

Fig. 11. Velocity contours of nozzle throat at inner angles of nozzle: (a) throat angle 30˚, (b) throat angle 85˚, and (c)
throat angle 180˚.
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as the jet spray moves farther from the nozzle outlet
because of continual air friction within the casing. The
degree of irregularity is aggravated by increasing noz-
zle throat angle, indicating a decrease in the jet qual-
ity. As a result, a throat angle of 180˚ yields a lower
turbine efficiency than the efficiency of 30˚, as shown
in Fig. 7.

5. Conclusion

In this study, a performance test was conducted on
an energy-recovery turbine according to changes in
the throat angle of the nozzle, and it was confirmed
through a numerical analysis that the size of separa-
tion region changes in certain areas of the nozzle
throat. The following conclusions can be drawn from
the results:

(1) In general, as the nozzle throat angle increases,
jet velocity becomes nonuniform and flow
power decreases, which affects the Pelton tur-
bine efficiency. Under a given input power

flow into the nozzle, as the throat angle
increases, the turbine efficiency decreases.

(2) Analysis of the nozzle discharge coefficients
confirmed that, as the throat angle increases,
the actual flow becomes more dissimilar from
the ideal flow in certain aspects and friction
loss in the nozzle gradually increases.

(3) As the throat angle increases, the recirculation
region is generated at the end of the throat
region also increases, reducing the cross-sec-
tional area of the flow passing through the
nozzle and thus increasing power loss.

Overall, higher nozzle throat angles result in lower
turbine efficiency, discharge coefficient, and velocity
coefficient and greater power loss, all of which con-
tribute to reduced jet quality. Therefore, the optimum
nozzle throat angle of energy-recovery turbines in
PRO systems is 30˚ or less.
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