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A B S T R A C T

The proper design of the manifold, distributing the flow to the individual nozzles, is crucial for the Pelton
turbine performance. The generation of both energy losses and secondary flows must be reduced to a minimum
to provide optimal water jet quality and, hence, efficiency. However, the inflow state due to the penstock
is commonly disregarded at the design stage. By numerical flow simulation, we show how such penstock
perturbations affect the water jet cross-section and axis deviation by considering different pipe bends upstream
of the manifold. The two-phase flows resulting in a typical Pelton turbine manifold are predicted using the
Volume-Of-Fluid (VOF) approach in conjunction with the 𝑘−𝜔 SST turbulence closure model. Pipe bends are
attached five manifold inlet diameters upstream of the manifold itself. The consequences on the secondary
flows in the nozzles and the free water jet quality are reported quantitatively. The analysis shows that even
small inflow perturbations into the manifold due to penstock piping significantly affect the water jet quality.
A yet unreported mechanism is revealed, where the secondary flows mitigate the impact of the flow rate
imbalance across the nozzle on the water jet deviation.
1. Introduction

Pelton turbines are employed for electricity generation at low water
flow rates and high heads (Giesecke and Mosonyi, 2009). The water
is guided via the penstock pipes from the high-altitude reservoir to
the turbine. The potential energy is converted into kinetic energy by
forming a free jet at the end of the pressure line. Impinging onto the
buckets, the impulse of the water jet rotates the Pelton turbine runner,
which transfers the rotational energy over the shaft to the electric
generator.

The distributor line or manifold is the piping segment prior to the
nozzles, which divides the flow equally. In this process, the energy
losses must not exceed 2%–3% of the total water head. Moreover,
the secondary flows, induced by flow separation at abrupt bends and
internal installations, disperse and deviate the free jet (Zhang and
Casey, 2007; Staubli et al., 2009). Thereby, losses are generated at
the runner (Santolin et al., 2009; Kumashiro et al., 2019). Wide cross-
sections and large curvature radii at pipe bifurcations are desired to
mitigate flow separation but increase the frictional losses, the weight,
and hence, the cost of the distributor line, including housing. Thus,
these design criteria have to be balanced.

Computational simulations aid the design of the distributor line
by assessing the energy losses and the jet flow quality (Mack et al.,
2006; Han et al., 2019). Even post-processing techniques have been
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developed to visualise the vortical structure generation in the man-
ifold (Sadlo et al., 2004). The turbulent, two-phase flow demands
modelling to enable fast performance predictions to screen numerous
scenarios. Whereas the volume-of-fluid method has become standard
to replicate the interface between water and air in Pelton turbine
applications (Sandmaier et al., 2023), various turbulence closures have
been applied (Hahn et al., 2022). The 𝑘 − 𝜔 SST (Chongji et al., 2016;
Jošt et al., 2019), the 𝑘− 𝜖 (Patel et al., 2010), and the 𝑘− 𝜖 RNG (Han
et al., 2019) closure model have been employed in literature.

Pipe bends affect the free water jet deformation crucially, e.g. shown
by Zhang and Casey (2007) assessing the water jet deformation due
to a 90◦ pipe bend experimentally. The Dean vortex forming in pipe
bends generally governs the secondary flow structure and the free
water jet shape. Fiereder et al. (2010) showed that computational flow
simulations can consistently capture such water jet deformations with
experiments. Many numerical studies were conducted to predict such
water jet deformations in complex distributor line applications. Staubli
et al. (2009) revealed that the secondary flow amplitudes in water
jets can reach up to 3% of the axial flow velocity. Peron et al.
(2008) and Mack et al. (2014) showed numerically how inserts in the
needle holder can reduce the free water jet dispersion and thereby
mitigate the cavitation and noise problems of the power plant. Santolin
et al. (2009), Jošt et al. (2010), Zeng et al. (2018), and Kumashiro
et al. (2019) included a part of the penstock and the runner in their
numerical simulations to show how it affects the Pelton turbine effi-
ciency. By including all components from the penstock to the Pelton
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Fig. 1. The geometry of the investigated distributor is shown in (a), where the nozzle numbering is indicated. A zoomed detail shown in (b) illustrates the application of
hanging-node mesh refinement in a horizontal cut-plane at one nozzle exit.
turbine runner in the distributor line optimisation process, the com-
putational simulations become costly. A better comprehension of flow
phenomena affecting the free water jet quality and characterisation by
criteria would allow the reduction of the optimisation domain.

Hence, a lack of understanding of the factors influencing the water
jet quality in Pelton turbine manifolds with multiple nozzles can be
identified. We show how the free water jet quality is affected in
the distributor line by typical penstock perturbations. By attaching
different pipe bends five manifold inlet diameters upstream of the
manifold, inflow scenarios are created, and the quality of the nu-
merically simulated water jets is quantified. By correlating the free
water jet quality parameters with the flow upstream of the nozzle,
the important influence factors are identified. Thereby, an unreported
interaction mechanism between the secondary flows and the mass flow
rate imbalance across the nozzle is unravelled.

2. Methodology and setup

The investigated distributor geometry with six nozzles is shown in
Fig. 1(a). The nozzles are equipped with an internally regulated spear
valve vertically held by hydrofoil-shaped profiles. The non-dimensional
spear valve opening ratio 𝑠∕𝑑0 is 0.79, where 𝑠 is the needle valve
retracting position and 𝑑0 is the nozzle orifice diameter. The flow is
driven by the head, which is specified in terms of the total pressure,
𝑝0 = 𝜚𝑤𝑎𝑡𝑒𝑟𝐠ℎ where ℎ = 80 m, at the inlet. The manifold inlet diameter
is 0.33 m. The static pressure is set to standard atmospheric conditions
at the outlet, where free-stream entrainment boundary conditions are
specified. The properties applied for water are the density, 𝜚𝑤𝑎𝑡𝑒𝑟 = 1000
kg∕m3, and the kinematic viscosity, 𝜈𝑤𝑎𝑡𝑒𝑟 = 1 ⋅ 10−6 m2∕s, and the
properties for air are the density, 𝜚𝑎𝑖𝑟 = 1 kg∕m3, and the kinematic
viscosity, 𝜈𝑎𝑖𝑟 = 1.48 ⋅ 10−5 m2∕s.

The effect of perturbations generated upstream of the distributor is
studied by attaching different penstock segments, i.e. pipe bends. The
inlet pipe is extended by five times the manifold inlet diameter, where
pipe bends from −90◦ to 90◦ are attached at a step-size of 30◦ with a
curvature radius of two times the manifold inlet diameter. Another pipe
extension of five times the manifold inlet diameter is placed upstream
of the bends to ensure undisturbed flow development. A cylindrical
domain is attached downstream of the nozzle exit to investigate the
free water jet development, which has a diameter and a length of five
and ten times the nozzle exit diameter, respectively.

The three-dimensional Navier–Stokes equations are solved numer-
ically using OpenFOAM v2206 to simulate the two-phase flow using
the Volume-Of-Fluid (VOF) method. The density, 𝜚, and the dynamic
2

viscosity, 𝜇, are formed proportionally to the volume fraction of the
fluids contained in a cell volume,

𝜚 = 𝛼 𝜚1 + (1 − 𝛼) 𝜚2 and 𝜇 = 𝛼 𝜇1 + (1 − 𝛼) 𝜇2 , (1)

where 𝛼 = 1 if the fluid 1, i.e. water, fills entirely the volume and
𝛼 = 0 if only the fluid 2, i.e. air, fills the volume. The volume fraction
distribution, 𝛼, is tracked by the transport equation
𝜕𝛼
𝜕𝑡

+ ∇ ⋅ (𝐮 𝛼) + ∇ ⋅ (𝐮𝑟 𝛼(1 − 𝛼)) = 0 , (2)

where 𝑡 is the time and 𝐮 is the flow speed. The relative velocity,
𝐮𝑟 = 𝐮1 − 𝐮2, between the phase velocities is modelled by the speed,
𝐮𝑐 , employing the interface compression method,

𝐮𝑐 = min(𝐶𝛼𝐮,max(|𝐮|)) ∇𝛼
|∇𝛼|

, where 𝐶𝛼 = 1. (3)

The mass conservation equation
𝜕𝜚
𝜕𝑡

+ ∇ ⋅ (𝜚𝐮) = 0 (4)

and the momentum conservation equations
𝜕(𝜚𝐮)
𝜕𝑡

+ ∇ ⋅ (𝜚𝐮𝐮) = −∇𝑝 + ∇ ⋅ 𝜇(∇𝐮 + ∇𝐮𝑇 ) + 𝐟𝜎 (5)

are numerically computed to represent the flow behaviour, where 𝑝 is
the pressure and 𝐟𝜎 represents the surface tension source term. Surface
tension between the two fluids is accounted for by the formula,

f𝜎,𝑗 = 𝜎𝜅 𝜕𝛼
𝜕𝑥𝑗

, where 𝜅 = −∇ ⋅ 𝐧 = −∇ ⋅
(

∇𝛼
|∇𝛼|

)

, (6)

𝜎 represents the surface tension constant with the value 0.07 N∕m and
𝜅 is the surface curvature. The interface normal vector, 𝐧, is estimated
by calculating the normalised gradient of the volume fraction, 𝛼.

The manifold flow is assumed to be turbulent due to the high
Reynolds number (based on the manifold inlet diameter and mean
velocity). Moreover, steady-state flow solutions are sought, and thus,
the Reynolds-Averaged Navier–Stokes equations are solved. The 𝑘 − 𝜔
SST closure is employed to model the turbulent flow behaviour. Being
a blend of the 𝑘−𝜀 and the 𝑘−𝜔 model, the 𝑘−𝜔 SST model combines
the advantages of being able to resolve wall-bounded flows and robust-
ness to small turbulence boundary condition variations. A turbulence
intensity of 5% is set at the inlet, with the hydraulic diameter being
the turbulent mixing length scale.

The Flux-Corrected Transport (FCT) method is employed to compute
the volume fraction advection equation, where the Multidimensional
Universal Limiter for Explicit Solutions (MULES) approach is used to
maintain a sharp and bounded phase interface. The pimple algorithm, a
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Fig. 2. Comparison of the operating curve for a single nozzle obtained by Unterberger et al. (2010) with numerical predictions applying the presented methodology.
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combination of the simple and piso algorithms, is used for the pressure–
velocity coupling, where the pressure correction equation and the
non-orthogonal correction is updated three times for each outer iter-
ation. The local Euler time-stepping scheme has been used to compute
the steady-state flow solutions, where the cell-based pseudo-time-step
size has been limited to a Courant number of 0.2. The gradients are
calculated using a cell value-limited least squares integration scheme.
The divergence term in the volume fraction transport equation is dis-
cretised with the Van Leer limited Gauss scheme. All other divergence
operations are discretised with a second-order upwind scheme. All
Laplace operations are solved with a linear Gaussian scheme.

The numerical domains are discretised by fully structured grids, as
shown in Fig. 1(b). Refinements have been applied towards all walls
to ensure 𝑦+ ≤ 5, where large values occur only at the nozzle exit and
𝑦+ < 1 in the rest of the domain. This guarantees that flow separations
are resolved as well as possible. A hanging-node refinement has been
employed in the free-stream core region to capture the free water jet
surface. The total cell counts are approximately 31.84 million for each
individual mesh. A grid sensitivity study was performed by Hahn et al.
(2022), where the finest mesh with refinements was considered in this
study. However, no grid convergence study was carried out for the
entire computational domains with pipe bends.

The numerical methodology is validated against experimental mea-
surement data by Unterberger et al. (2010), where the ‘‘sharp’’ single
nozzle configuration has been chosen due to the similarity with the noz-
zle geometry considered in this investigation. The computational flow
simulations have been conducted with the same meshing strategy and
numerical setup as presented above. The boundary condition values
are set to replicate the operating conditions specified by Unterberger
et al. (2010), i.e. the acting head of the upper reservoir was set as the
inflow boundary condition and the standard atmospheric conditions at
the outlets. Fig. 2 reveals excellent agreement (below 1.7% difference)
between the numerical and experimental data showing the nozzle
operating curve.

3. Results

Fig. 3 shows the general velocity magnitude distribution for differ-
ent pipe bend configurations upstream of the Pelton turbine manifold.
Downstream of the penstock bends, the bulk flow deviates off the pipe
walls causing an uneven velocity distribution entering over the cross-
section manifold inlet. The penstock pipe bend wake, i.e. visible as
lower velocity magnitudes on the pipe bend side, remains notable until
3

p

the manifold inlet. The heading direction of the high momentum flow1

continues at an angle compared to the design inflow direction, which
decisively alters the internal manifold flow.

The high momentum flow is pushed radially outwards in the mani-
fold for penstock pipe bend configurations with negative angles,
i.e. −90◦, −60◦, and −30◦. Thus, lower momentum flow reaches the
irst nozzle. On the contrary, the high momentum flow is directed
nto the first nozzle for positively angled penstock pipe bends. The
articular angle of the high momentum flow at the manifold inlet heads
nto particular nozzles. For example, the configuration with a −30◦

ipe bend causes high velocities at the deviation of the second branch
ine. Higher velocities are visible at the deviation of the third, fourth,
nd fifth branch lines for positive pipe bend angles. While significant
ifferences in the velocity magnitude can be observed until the fourth
nd fifth branch lines, only minor impact is notable in the sixth branch
ine.

The flow features at the nozzle exit define the free water jet shape.
he velocities are illustrated in Fig. 4 on planes just upstream of the
entral needle bodies, where their locations are illustrated in Fig. 3.
he central needle bodies reach into the curved branch lines because
f the tight packing constraints. Therefore, the velocity contours shown
n Fig. 4 reveal the impact of the downstream located blockage. Clearly,
ll images exhibit lower primary and higher secondary velocities in the
entre.

Fig. 4 reveals the impact of the branch line curvature for all cross-
ections. The primary velocity is higher at the outer radii, while low
rimary flow velocities are notable at the inner radii due to vortex pair
eneration. Low primary velocities due to wake formation can be noted
n the second and third branch lines but also in other higher-numbered
ranch lines.

The in-plane or secondary velocity magnitude appears low for the
irst and high for the second branch line. With positive penstock pipe
end angles, the secondary velocity magnitudes are even higher for the
hird branch line. The secondary velocity magnitude appears similar for
igher-numbered branch lines. An amplification of secondary velocity
agnitudes can be noted when high momentum flow occurs at the

nner radii and causes flow separation at the branch line junction.
The free water jet shapes are qualitatively illustrated in Fig. 5 by iso-

urfaces of the air/water interface. The best water jet cross-sections can

1 With the pipe bend, the flow is pushed towards the outer pipe walls. The
low remains to exhibit high-velocity magnitudes at the opposite side of the
ipe bend, even five pipe diameters downstream.
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Fig. 3. The velocity magnitude contours in the mid-plane view are shown for different penstock pipe bend configurations. (Grey dashed lines indicate the plane locations of Fig. 4.)
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
be observed for the first nozzle, as expected from the observations of
the velocities upstream of the needle body. Depending on the upstream
pipe bend configuration, the worst water jet cross-sections can be ob-
served for the second or third manifold nozzle. A nose arises, similarly
as described by Riemann (2009) or Zhang and Casey (2007), due to the
secondary flows for these water jets. Noteworthy is that several shapes
of the water jets are similar, although the secondary velocities shown in
Fig. 4 exhibit significant differences. Thus, establishing a direct relation
between secondary flow velocities upstream of the needle body and the
water jet shape is challenging.

The quality of the water jet shapes can be quantified by several
criteria, i.e. water jet circularity and water jet deviation. The water
jet deviation is defined as the angular difference of the water jet
centreline compared to the ideal or needle axis (Staubli et al., 2009).
The description of the water jet deviation as an angle challenges the
evaluation procedure because of the required origin definition. Given
that changes in the water jet deviation angle along the water jet axis
require a force interaction, the assumption of the nozzle exit (or slightly
downstream due to the spear) as a fixed-point origin seems reasonable.
Fig. 6 shows that the water jet deviation2 off the ideal axis starts
indeed approximately from the nozzle exit and evolves linearly with
the increasing distance. The estimation with the nozzle exit as origin
corresponds to a maximal and minimal deviation angle of 0.32◦ and
0.17◦, respectively. Even such small water jet deviation angles might
affect the Pelton turbine performance significantly (Deng et al., 2023).

2 The deviation has been calculated in each plane by summing over the
area-weighted water contained cells multiplied by the distance to the reference
and dividing by the total water contained area, i.e. 𝛥 =

∑

𝑖(𝛼𝐴cell,𝑖 ⋅ (𝑦𝑖 −
𝑦 ))∕

∑

(𝛼𝐴 ).
4

ref 𝑖 cell,𝑖
Irrespective of the pipe bend configuration, the water jet deviation of
the fifth nozzle is the largest, and the water jet deviation is the lowest
with the first and third nozzle.

The cross-sectional deformation of water jets can be quantified by
their perimeter evolution along the axis, which is plotted as a ratio
to the equivalent circumference enclosing the same area in the lower
row of Fig. 7. The water jet perimeter increases continuously with
the axial distance from the nozzle exit. The water jet emerging from
the first nozzle exhibits the smallest perimeter for most pipe bend
configurations, while the water jet originating from the second nozzle
has the largest perimeter for all pipe bend configurations. The water
jets from the third nozzle also exhibit a similarly large perimeter for
the penstock pipe bend configurations with a positive angle.

The circularity or out-of-roundness parameter estimates the cross-
sectional water jet deformation by a simpler relation, which is defined
as the difference between the maximal and minimal diameter of the
water jet divided by theoretical diameter (Staubli and Bissel, 2009).
Because the water jet is generally not elliptic nor axisymmetric with
respect to the semi-major axis (and therefore, the measure as diameter
differences over the centreline might obfuscate water jet deformations),
we prefer the definition via the radii to the calculated water jet centre-
line, i.e. 𝑐◦ = 𝑟max − 𝑟min∕𝑟theoretical. The upper row in Fig. 7 shows the
evolution of the out-of-roundness parameter over the axial distance. At
the nozzle opening configuration considered, the needle reaches out
through the nozzle exit plane. The impact can be noted as a small
axial offset before the out-of-roundness parameter starts to rise. The
out-of-roundness parameter increases linearly until an axial distance
of approximately two nozzle exit diameters downstream of the nozzle.
Thereafter, the growth rate reduces and flattens off. Comparing the
rows in Fig. 7 reveals that the two parameters rank the water jet quality
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Fig. 4. The primary and secondary velocities are shown on planes just upstream of the needle bodies (the locations are indicated in Fig. 3, and the reader looks towards the
nozzle exit). The primary velocity magnitude, ‖𝑢pri‖ = 𝐮 ⋅ 𝐧 (where 𝐧 is the plane unit normal vector), is shown on the upper half, while the secondary velocity magnitude,
‖𝑢sec‖ = ‖𝐮 − (𝐮 ⋅ 𝐧) ⋅ 𝐧‖, is plotted on the lower half.
in terms of cross-sectional deformation consistently, but the progression
over the axial distance to the nozzle exit is different.3

The side imbalance of the mass flow rate and the secondary velocity
ratio in the nozzle are commonly used as estimates to predict the water
jet quality. Fig. 4 showed that the primary flow velocities are unequal
on each side of the vertical profiles supporting the needle body. The
percentual excess of the mass flow rate on the outer side compared
to the ideal equal distribution is tabulated in Table 1.4 The highest
side imbalance of the mass flow rate occurs for the second and the
fifth nozzle, whereas the mass flow rates at each side of the nozzle
are almost equal for the first nozzle. Comparing the results for the side
imbalance of the mass flow rate with the water jet deviation plotted
in Fig. 6 reveals some similarities, e.g. that the fifth nozzle with high
side imbalance has a high water jet deviation and that the first nozzle

3 The out-of-roundness parameter is expected to be less suited for complex
deformed water jets, such as shown by Staubli et al. (2009).

4 Ideally, the mass flow rates are equal, i.e. 50%, at both sides of the vertical
support profile. The percentual imbalance of the mass flow rates is calculated
as ((�̇�𝑙∕(�̇�𝑙 + �̇�𝑟)) − 0.5) ⋅ 100, where the index 𝑙 and 𝑟 indicate the left and
the right side of the vertical support profile in the view direction towards the
Pelton turbine runner.
5

with low side imbalance has a low water jet deviation. Nonetheless, the
highest values of the side imbalance occur for the second nozzle, which
does not exhibit the highest water jet deviation.

The secondary velocity magnitudes normalised by the primary flow
velocity for the station upstream of the needle body are listed in
Table 2.5 Clearly, high secondary velocity magnitudes occur for the
second and third nozzles, where the highest obtained values for each
pipe bend configuration depend on the pipe bend angle. Comparing the
tabulated results for the secondary velocity magnitude ratio with the
normalised perimeter shown in Fig. 7 indicates that the secondary ve-
locity magnitude ratio is a good estimator for the water jet deformation
but inaccurate on some occasions. For positive pipe bend angles, i.e. 60◦
and 90◦, the highest secondary velocity magnitude ratios are obtained
for the third nozzle, whereas Fig. 7 shows that the largest water jet
deformation occurs at the second nozzle. Further, the ranking between

5 Secondary velocity ratios have been used in different forms, i.e. area-
averaged, mass-flow-averaged, or flux-weighted, in literature. All forms have
been evaluated and compared. The values and relative proportions change,
but the general relative ranking is conserved. Hence, the form of secondary
velocity ratio evaluation does not change the conclusions drawn in this work.
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Fig. 5. The shapes of the free water jets are illustrated by iso-surfaces (with the value of 0.2) of the air/water interface as a function of penstock pipe bend configuration and
nozzle number. The airfoil-shaped profiles hold the needle body vertically, and the curved branch lines feed the nozzle from the left.
Table 1
The side imbalance of the mass flow rate at the nozzles mid are listed in percent for
different penstock pipe bend configurations.

−90◦ −60◦ −30◦ 0◦ 30◦ 60◦ 90◦

1 0.6684 0.6777 0.9400 0.7866 0.8818 0.8558 0.7640
2 1.6529 1.6577 1.9901 1.9702 1.9141 1.5938 1.3734
3 1.2254 1.1818 1.1308 1.1044 1.4963 1.5085 1.5451
4 1.2986 1.2962 1.2702 1.2626 1.3375 1.3446 1.3479
5 1.6031 1.5900 1.5740 1.5680 1.6732 1.6684 1.6681
6 1.2791 1.2780 1.2739 1.2753 1.3187 1.2799 1.1607
6
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Fig. 6. The computed deviation of the water jet centreline to the needle axis is shown as the normalised distance for each nozzle and different penstock pipe bend configurations.
Fig. 7. The parameter out-of-roundness, 𝑐◦ = 𝑟max − 𝑟min∕𝑟theoretical, is shown in the upper row for the evaluation of the water jet shape for different pipe bend configurations.
n the lower row, the water jet perimeters normalised by the circumference of the ideal circular water jet are plotted over the axial distance for different penstock pipe bend
onfigurations.
Table 2
The secondary velocity magnitudes normalised by the primary flow velocity are evaluated at the
station upstream of the needle body (the locations are illustrated in Fig. 3) for different penstock
pipe bend configurations, where the values are presented in percent.

−90◦ −60◦ −30◦ 0◦ 30◦ 60◦ 90◦

1 7.2073 7.2377 7.0756 7.8772 7.8750 7.7492 7.6287
2 15.4605 15.3726 18.0969 17.7839 16.7787 14.4769 13.0687
3 11.7656 10.9477 10.6798 11.5375 16.0115 15.4394 15.4964
4 9.3973 9.1667 9.0652 9.0501 10.9834 10.9579 10.9286
5 9.3535 9.2159 9.0206 8.9403 10.7752 10.1459 10.1223
6 9.8274 9.7944 9.7480 9.6924 10.8232 10.8788 9.9513
j
s
t

he fourth and fifth nozzle is sometimes reversed, but the differences
n the estimated values are marginal.

Comparing the relative amplitude pattern in Tables 1 and 2 reveals
imilarities, particularly for the first three nozzles. The free water
7

f

et deviation is caused by the forces acting on it. A control volume
urrounding the water jet is sketched in blue in Fig. 8. Assuming that
he water jet expands into free ambient conditions, there are no outer
orces at boundaries other than at the nozzle exit and the central
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Fig. 8. The effect of the mass flow rate imbalance across the nozzle sides and the secondary flows on the free water jet deviation is sketched. The contour plots (total pressure
to the left and secondary velocity magnitudes to the right) show the simulation data for the second nozzle without penstock pipe bend, where the plane’s location is indicated
through the coordinate system. The profiles holding the needle body are arranged in the 𝑧-direction, and therefore, the downstream wake is clearly visible. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. The effect of the mouthpiece convergence angle, 𝛽, on the streamwise vorticity evolution and the free water jet deformation is illustrated, where the data shown represents
the second nozzle without penstock pipe bend. Subfigure (a) shows the streamwise vorticity component in a plane just upstream of the nozzle convergence (which is the same
plane as indicated in Fig. 8). The subfigures (b–d) show the streamwise vorticity component at the nozzle exit for different mouthpiece convergence angles. (The scale −100 s−1 to
100 s−1 applies for subfigure (a), while the values −1000 s−1 to 1000 s−1 apply for the subfigures (b–d).) Subfigure (e) compares the area-conserved free water jet shapes resulting
at the distance of two nozzle exit diameters downstream from the exit.
spear. The nozzle’s total pressure distribution is non-uniform, with
higher flow velocities and static pressure on the outer curvature side
(with corresponds to the left side looking towards the nozzle exit in
the present investigation). Because 𝐮 =

√

2 (𝑝0 − 𝑝𝑠)∕𝜚 holds along a
streamline without losses, with 𝑝𝑠 being the local static pressure, 𝑝∞
being the ambient pressure and 𝑝0 being the total pressure in the nozzle,
the flow velocities at the nozzle exit (i.e. 𝑝𝑠 ≈ 𝑝∞) are higher on one
side than the other (see Fig. 8). The flow converges at the nozzle exit
(given by the spear and mouthpiece angle), and the flow momentum
over the axis is not balanced. Thus, the free water jet centreline deviates
off the nozzle axis. Additionally, secondary flows due to the branch line
curvature are present (see the right subfigure shown in Fig. 8), which
can cause a radial flow momentum because of the flow recirculation in
the centre. High secondary flow velocities can partially influence free
water jet deviation by counteracting the effect of the mass flow rate
imbalance across the nozzle sides. This effect can explain how high
secondary velocity magnitudes listed in Table 2 compensate high mass
flow rate imbalances across the nozzle sides shown in Table 1, which
leads finally to the observed water jet deviation shown in Fig. 6.

The implications of these observations are worth noting, indicating
how the two phenomena, i.e., mass flow rate imbalance across the
nozzle and the secondary flows causing water jet deviation, can be
influenced separately. The relative amplitude due to an imbalanced
total pressure distribution over the nozzle is related to the differences
in the total acting head (i.e. ∫ 𝐮2±𝜚∕2𝑑𝐴 = ∫ (𝑝0,± − 𝑝𝑠)𝑑𝐴) at the nozzle
exit. The final nozzle convergence angle shapes the nozzle exit, which
governs the water ejection direction and, hence, also the deflecting
force direction. The equations illustrate that the internal flow path
8

provided by the spear and mouthpiece design has no impact on de-
flecting force direction due to imbalanced total pressure distributions.
The evolution of the secondary flows through the nozzle is given by the
incompressible vorticity transport equation,
𝐷𝝎
𝐷𝑡

= 𝜕𝝎
𝜕𝑡

+ (𝐮 ⋅ ∇)𝝎 = (𝝎 ⋅ ∇)𝐮 + 𝜈∇2𝝎 , (7)

where 𝝎 is the vorticity. The left-hand side represents the material
derivative and thus describes the rate of change of vorticity of the
moving fluid due to unsteadiness and convection. The last term on
the right-hand side models the influence of the viscous forces on the
vorticity transport, which can be assumed to be small because of the
typically high Reynolds number flow. The first term on the right-hand
side represents the vorticity stretching due to the flow velocity gradi-
ents, i.e. the amplification of vorticity caused by the flow acceleration
in the nozzle, and contains partial spatial derivatives. Fig. 9 compares
the contours of the streamwise vorticity component for different mouth-
piece convergence angles, 𝛽, where the definition is sketched in Fig. 8.
Because only the final slope of the outer nozzle contour differs by ±20◦

for these cases, the streamwise vorticity contours are equal upstream
of the nozzle convergence. Figs. 9 (b–d) show that the amplitude of the
streamwise vorticity at the nozzle exit is influenced by the mouthpiece
convergence angle, where a lower nozzle convergence angle decreases
the streamwise vorticity component and a larger nozzle convergence
angle increases the streamwise vorticity component. Fig. 9(e) illus-
trates that the amplitude of the streamwise vorticity component scales
with the area-conserved free water jet shape deformation. Hence, the
spear and mouthpiece design can influence the vorticity magnitude
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at the nozzle exit through different physical mechanisms than the
imbalance effect of the total pressure distribution over the nozzle. -
A short mouthpiece, i.e. with high convergence angles, is optimal for
a single nozzle with straight axial feed because the frictional losses
are reduced to a minimum and other factors, such as secondary flows
and total pressure imbalances over the nozzle, are negligible. With a
pipe bend upstream of the nozzle, secondary flows and total pressure
imbalances across the nozzle are crucial to the Pelton turbine efficiency,
and high nozzle convergence angles become suboptimal, amplifying
vorticity perturbations. These arguments can explain the experimental
observations by other researchers, e.g. Petley et al. (2019).

4. Conclusions

The present work investigates the importance of the penstock in the
distributor line optimisation process of Pelton turbines. Different pipe
bends with commonly applied curvature radii are attached upstream
of the Pelton turbine manifold with six nozzles. Numerical simulations
are employed to analyse the effect on the multiphase flow in terms of
water jet quality parameters, i.e. mass flow rate distribution, secondary
flow structure generation, and water jet shape deformation, which are
commonly applied for Pelton turbine manifold design and optimisation.
The main conclusions are as follows;

• Even gentle pipe bends in the upstream piping system affect
the impulse direction of the flow entering the manifold. The
direction of high-momentum inflow changes the redistribution in
the manifold particularly.

• The penstock piping changes velocity distribution at the branch
line junctions, and thus, the secondary flows upstream of the
nozzles evolve differently. Even pipe bends of 30◦ are found to
cause flow changes of decisive impact on the secondary flows and
the free water jet deformation.

• Although the secondary flow structures upstream of the nozzle
are altered with different pipe bends upstream of the manifold,
the link to the water jet deformation is not straightforward.
Nonetheless, the secondary flow ratio is found to govern the free
water jet deformation and is a good estimator.

• The mass flow rate imbalance across the nozzle sides affects the
water jet deviation, but the secondary flows also influence this
quality parameter. - Secondary flows can counterbalance mass
flow rate imbalances, reducing the expected water jet deviation.

It may be remarked that the above observations have been made
for a particular manifold and nozzle design and low-head operating
conditions. Further, flow simulations, including the Pelton turbine run-
ner, are required to rate the impact of the penstock piping in efficiency
points, which are suggested for future work.
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