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Abstract: As the runner blades of a mixed-flow hydroturbine pass through the wakes created
from the guide vanes, they experience a significant change in absolute velocity, flow angle, and
pressure. The concept of adding water jets to the trailing-edge of the guide vanes is proposed
as a method for reducing the dynamic load on the hydroturbine runner blades. Computational
experiments show a decrease in velocity variation experienced at the location of the runner blades
with the addition of the jets. The decrease in velocity variation should result in a reduction in
dynamic load on the runner blades. A simple optimization procedure was performed to determine
the optimal jet flow rate to negate the effect of the wake deficit.
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1 Introduction
Over the past decade, many countries have experienced a significant increase in alternative electricity gen-
eration. In order to maintain stability in the electric power grid, it has become common practice to utilize
hydroturbines for load following. This practice requires hydroturbines to operate in conditions far from their
design point. The flow through a hydroturbine during off-design operation is highly unsteady, resulting in
load variation on the runner blades, flow separation, vibration, and cavitation. The unsteady pressure field
caused by the interaction of the guide vane wakes with the runner blades is the omnipresent source of dy-
namic load on hydroturbine components [1]. As the runner blades pass through these wakes, they experience
a significant change in absolute velocity, flow angle, and pressure. Reducing the unsteady load on runner
blades would allow for leaner designs, smoother operation, and an increased lifespan of the hydroturbine and
generator components.

This paper presents a method for reducing the dynamic load on the runner blades of a Francis turbine
by injecting water from the trailing-edge of the guide vanes to compensate for the momentum deficit of the
wakes. This method is validated computationally using a steady-state CFD simulation of a single distributor
vane passage from a model Francis hydroturbine. The CFD simulations were performed using OpenFOAM R©,
an open-source CFD software, using a pressure-based finite volume method.

2 Previous Research in Trailing-Edge Blowing
In the early 1960’s, Dr. Eduardo Naudasher [2], and his students Ridjanovic [3] and Wang [4], at the
Institute of Hydraulic Research of the University of Iowa, began studying the turbulent behavior of flow
in the wake of a body with hydrodynamic self-propulsion at high Reynolds numbers. The basic concept of
self-propulsion is that the drag on the disturbing body is balanced by a source of added momentum internal
to the body. When the added momentum and drag on the body are in balance, a momentumless wake is
formed. Experimentally, momentumless wakes are most often achieved by injecting additional fluid from the
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trailing-edge of the body. Practical examples of self-propelled bodies are submarines, aircraft, and missiles,
when traveling at a constant velocity.

2.1 Basic Research: Axisymmetric and 2-D Cases
Following Naudasher’s work [2], significant research, both experimental and computational, has been con-
ducted on trailing-edge blowing and momentumless wakes. Sirviente and Patel [5] analyzed the wake of a
slender self-propelled body. The primary focus of the study was to understand the mixing of the two distinct
shear layers and their evolution into a single shear layer. Sirviente and Patel [6] also investigated the effect of
a swirling jet from the trailing-edge of the slender body and showed that swirl increased the momentumless
wake dissipation rate. The effect of swirl in the mean flow on a similar slender self-propelled body was
analyzed by Chernykh et al. [7]. They determined that mean flow swirl also improved the wake dissipation
rate. As these types of self-propelled bodes are common test cases for ocean vehicles, Brucker and Sarkar
[8] also studied their behavior in stratified media.

Cimbala and Park [9, 10] investigated the turbulent structure of 2-D momentumless wakes at moderate
Reynolds numbers using various configurations of the trailing-edge jet. Their experiments demonstrated that
the decay rate for the centerline velocity difference was much faster for the momentumless wake than for
the pure wake. Park and Cimbala [10] also concluded that a jet configuration using two thin slots, equally
spaced from the centerline of the body, resulted in a more rapid decay when compared with the single jet
centered on the trailing-edge (see Figure 1).

Figure 1: Schematic of the two slot configuration of the 2-D momentumless wake body (dimensions in mm)
[10].

Further investigation was then performed by Meyer and Cimbala [11] focusing on wake suppression for
finite airfoils, and Corcoran [12] and Naumann [13] who experimented with several blowing techniques. Cor-
coran [12] showed that trailing-edge blowing reduces Reynolds stress, vorticity, and velocity fluctuations
within one chord length downstream. Though an important finding, Francis hydroturbine blades are most
often located less than one guide vane length downstream. Naumann [13] examined several different config-
urations for trailing-edge blowing, including a continuous slit at the trailing-edge, a set of discrete jets, and
a set of discrete jets with vortex generators. He determined that a set of discrete jets along the trailing-edge
provide the best results.

The first computational efforts to predict the flow in a momentumless wake were performed by Birkhoff
and Zarantonello [14]. Using dimensional analysis, and assuming standard linearization, an analytical approx-
imation was developed for the velocity profile far downstream for both 2-D and axisymmetric momentumless
wakes. Tennekes and Lumley [15] later applied similar arguments to more generally characterize wakes,
jets, and momentumless wakes. Both groups assumed an exponential relation for the wake growth rate and
centerline velocity defect. However, the exponent in these relations becomes indeterminate for a zero mo-
mentum wake. Additionally, Diamessis et al. [16] developed a similarity scaling law based on extrapolation
of experimental data for momentumless wakes in stably stratified media.

Various pure eddy-viscosity models were developed by Ginevskii et al. [17], Gran [18], and Ko [19] using
Prandtl’s hypothesis and classic mixing length theory. Though eddy-viscosity mixing length models had

2



been found to accurately predict the mean velocity profile for free-shear flows, each of the above models
showed very poor agreement with experimental data by Naudascher [2] and others. Schetz and Stabley [20]
proposed a modification to the mean velocity gradient term in Prandtl’s model. Kubota [21] also developed
a modification of Prandtl’s model by retaining the higher-order non-linear terms. Both models produced a
significant improvement compared with the previous eddy-viscosity mixing length models.

Gran [18] and Swanson et al. [22] developed one-equation turbulence models for momentumless wakes,
which showed only marginal improvement over the eddy-viscosity models by Schetz and Stabley [20] or
Kubota [21]. Two-equation, k − ε type, models were developed by Kubota [21] and Hassid [23]. In an effort
to simplify the model, Kubota’s model neglected the production of turbulent kinetic energy (TKE) by mean
shear. Hassid’s model did not make this simplification, but incorporated both a velocity scale for the mean
flow and for the turbulent quantities. The two modified k− ε models agreed well with experimental data by
Naudascher [2] and others.

Up to this point in time, the majority of computational efforts for momentumless wakes were focused
on axisymmetric cases. This was primarily motivated by the need to understand the flowfield behind ax-
isymmetric self-propelled bodies such as submarines and missiles [24]. Later, the 2-D momentumless wake
experiments of Cimbala and Park [9] were used by Ahn and Sung [25] to validate the k − ε − γ model by
Cho and Chung [26]. The k − ε − γ model is a three-equation model that includes the effect of turbulent
intermittency. Though not developed for modeling momentumless wakes, Ahn and Sung [25] found that the
enhanced treatment of turbulent intermittency in the k − ε − γ model produced significant improvements
over the standard k − ε model for locations beyond 30 diameters downstream.

Higher-order turbulence models have also been applied to momentumless wakes. Lewellen et al. [27, 28]
and Finson [29] used second-order stress closure models to simulate Naudascher’s [2] experiments. Later
Shashmin [30] and Korobko and Shashmin [31] applied Reynolds stress closure models. The higher-order
stress closure models did not show significant improvement over the two-equation models in predicting the
mean flow field. A unique third-order model for momentumless wakes in a linearly stratified medium was
developed by Chernykh and Voropayeva [32, 33], which produced favorable improvements over previous
models.

Attempts have also been made to model momentumless wakes using spectral methods by Diamessis
et al. [34], and direct numerical simulation (DNS) through pseudospectral methods by Orszag and Pao
[35] and Metcalfe and Riley [36]. The DNS results demonstrated exceptional agreement with a number of
experimental data sets; however, at significant computational cost.

2.2 Applied Research: Turbomachinery Flows
For the present work, the most important application for momentumless wakes and trailing-edge blowing is
the reduction of rotor-stator interactions and improvement of turbomachinery performance. Trailing-edge
blowing from either the guide vanes or rotor blades has been successfully applied to axial flow turbofans,
compressors, and turbines. However, no evidence has been found in the literature of the application of
trailing-edge blowing to centrifugal machines or mixed flow devices, such as Francis hydroturbines.

Leitch et al. [37] and Rao et al. [38] studied the complete flow through a simple axial turbofan. They
found that the flow into the rotor was made more uniform by using trailing-edge blowing to minimize the
shed wakes, thus reducing the unsteady rotor-stator interaction. Waitz et al. [39] used trailing-edge blowing,
along with boundary layer suction, on an actual rotor blade. It was determined that wake management using
trailing-edge blowing is feasible for high-bypass turbofans. Wo et al. [40] studied flow control of the rotor
wake in an axial compressor. They concluded that for a wake momentum of 72% of that of the momentumless
wake case, a force amplitude reduction of 25% and 35% was realized for the near-design and high loading
cases, respectively. Wu et al. [41] investigated the effects of momentumless wakes in a low pressure axial
turbine. The results show that the momentumless wakes made the inlet flow of the rotor more uniform and
improved the inlet flow angle of the rotor.

2.3 Applied Research: Turbomachinery Acoustics
Another common application of momentumless wakes is to use trailing-edge blowing to reduce the acoustic
disturbances created by turbomachinery blades. The unsteady pressure field caused by the interaction of
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the stator and rotor blades not only causes large dynamic variation in load on the rotors, but results in high
levels of noise. Reducing the acoustic signature of blade interactions is of obvious interest to aerospace and
naval applications. In recent years, the U. S. Department of Energy, the Environmental Protection Agency,
and other environmental organizations have also investigated this topic in an effort to reduce the impact of
wind turbines and hydrokinetic turbines on the surrounding human and animal populations [42].

Basic proof-of-concept experiments were performed by Sutliff et al. [43] to observe the acoustic interaction
of the rotor wakes with the downstream stator blades of a low-speed fan. In this case, the additional fluid
was injected from the moving rotor blades, rather than the stators. Meyer and Cimbala [44] investigated the
feasibility of using trailing-edge blowing for the reduction of discrete tone noise. Succi [45] also examined
techniques to suppress the noise associated with the rotor only (applicable to helicopters and propeller-driven
aircraft). Each of the studies in Section 2.2 also addressed acoustical aspects of the rotor-stator interaction.
In every case, the addition of blowing from either the rotor or the stater was found to reduce the intensity
of the acoustic noise caused by rotor-stator interaction, as well as reduce the unsteady variation in load on
the machine components.

3 Validation Case: Wake of a Self-Propelled Body
In the near wake of any flow obstruction, self-propelled or not, there is a combined presence of both wall
bounded turbulence and free-shear layer turbulence. In order to accurately model the flow in this region,
the turbulence model must correctly treat the mechanisms for turbulent transport and production seen in
both classes of turbulent flow. Higher-order turbulence models have been developed to properly capture the
near-wake region; however, the computational cost is impractical when modeling the flow through an entire
hydroturbine.

As shown previously, the data from Naudasher’s experiment [2] have served as a common validation case
for many simulations of wake-jet combination flows and turbulence models. Naudasher’s data were also
used here to validate the applicability of the standard k − ε turbulence model for predicting the wake of a
hydroturbine guide vane with trailing-edge blowing.

3.1 Computational Background
The test apparatus used by Naudasher consists of an axisymmetric disk, mounted on a hollow sting (see
Figure 2). The disk was suspended in an octagonal wind tunnel, and air was passed over the apparatus at
60.0 ft/s (18.288 m/s). High pressure air was also supplied to the hollow sting and exited the center of the
disk at 218.4 ft/s (66.568 m/s) to create self-propulsion.

A steady-state, axisymmetric, computational simulation of Naudasher’s experiments was conducted using
OpenFOAM R©. The standard high Reynolds number k − ε model was used for turbulent closure. Special
consideration was given to the turbulent inlet conditions for the jet. The first approach was to define the jet
inlet to be collocated with the trailing-edge of the disk. This approach greatly simplified the grid generation
process, and required a smaller cell count. The second approach was to define the jet inlet approximately 20
jet diameters upstream of the disk trailing-edge. This approach more physically incorporates the jet supply
channel and it allowed the internal flow field to establish the corresponding exit conditions of the jet. In
both cases, a uniform velocity was specified for the entire jet radius. Uniform values for TKE and turbulent
dissipation rate were also specified corresponding to the average turbulent conditions of fully-developed pipe
flow at the given Reynolds number.

A basic grid resolution study was performed to verify that the solution was grid independent. As shown
in Figure 3, the grid was refined four times. Less than a 1% change was observed when the grid was refined
from approximately 70,000 to 230,000 cells. However, it is apparent that even further refinement is needed
to achieve complete grid independence.

3.2 Results and Conclusions
The resulting wake profiles at various locations downstream of the axisymmetric disk are shown in Figure 4
for both jet inlet approaches. The results clearly demonstrate the necessity of including a portion of the jet
supply channel in the computational domain. In addition, including a portion of the jet supply channel is
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Figure 2: Detailed view of the axisymmetric self-propelled test apparatus [2].
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Figure 3: Computed centerline velocity at x/d=10 for each grid refinement compared with the experimental
result.

more physically representative of the actual flow field, as the velocity is not assumed to be uniform across
the jet exit.

Further analysis was performed for the case with the jet exit located at the disk trailing-edge to determine
the sensitivity of the solution to changes in the jet turbulent inlet conditions. It was found that the solution
was highly dependent on the inlet turbulence quantities, particularly the turbulent dissipation rate. The
exact values of the turbulent quantities are not usually known for these experiments. A combination of inlet
turbulence quantities was found that produced results similar to the case where the jet inlet was located
upstream of the disk. However, unrealistic turbulence values were needed (i.e., a turbulent length scale on
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(a) Results with jet inlet located at the disk trailing-edge
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(b) Results with jet inlet located upstream of disk trailing-edge

Figure 4: Wake profiles at various locations downstream of the axisymmetric self-propelled disk.

the order of 10 meters).
Also, in Figure 4(b) it was observed that as the wake progresses downstream the computational solution

more closely matches the experimental values. The centerline velocity and centerline TKE, in particular, are
very closely approximated beyond 10 disk diameters downstream (see Figure 5). However, for each location,
the experimental wake profile is more full than the computed profile. It appears that the turbulence model
is underpredicting the wake diffusion due to shear, which is common for the k − ε turbulence model.
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Figure 5: Normalized centerline defect velocity (Uc = (ūcenterline −Uo)/Uo) and centerline turbulent kinetic
energy q2 for the flow downstream of the axisymmetric self-propelled disk.

From this validation case it was determined that the k − ε model is capable of capturing the mean
velocity and turbulent kinetic energy profiles with relatively good accuracy for locations beyond 10 diameters
downstream. It was also found that the upstream jet supply channel must be included in the computational
domain to correctly predict the turbulence characteristics at the jet exit. Neglecting the jet supply channel
caused the solution to be highly dependent on the inlet turbulence quantities, which are not usually known.
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4 Current Experiments with the GAMM Francis Turbine

4.1 Turbine Geometry
The GAMMFrancis Turbine geometry [46] was used to evaluate the feasibility of adding a double-slot trailing-
edge jet to a mixed flow hydroturbine. The GAMM Francis Turbine (see Figure 6) is a turbine model that was
designed and tested by IMH-IMHEF-EPFL water turbine laboratory in Lausanne, Switzerland. The data for
both the geometry and hydraulic performance are publicly available. The measurements were made in 1989
and were used for the 1993 GAMM Workshop on 3D Computation of Incompressible Internal Flows [47] in
Lausanne. The GAMM Francis runner was also used in the annual ERCOFTAC Seminar and Workshop on
Turbomachinery Flow Predictions [46].

Figure 6: 3-D cut away of the GAMM Francis Turbine [46].

The specific speed of the GAMM Francis Turbine model is 0.5, with a runner diameter of 0.4 m, containing
13 runner blades. The distributor ring consists of 24 stay vanes and 24 wicket gates. Table 1 is a summary
of the turbine performance characteristics when operating at the best efficiency point (BEP). All results
presented here were obtained at BEP. Future work will focus on off-design operational conditions.

Table 1: Summary of the GAMM Francis Turbine operation at the best efficiency point.

Efficiency (%) η 92
Flow Rate (m3/s) Q 0.372
Head (m) H 5.98
Torque (N −m) T 369.1
Speed (rad/s) Ω 52.36

4.2 Guide Vane Jet Geometry
The chosen guide vane jet is a first attempt at a feasible method for including trailing-edge blowing from the
guide vanes. The guide-vane-jet channel is composed of two thin slots equally spaced from the chord line of
the guide vanes. Dual slots were chosen because Park and Cimbala [10] found that the two-slot configuration
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outperformed the single-slot configuration and resulted in very rapid wake decay. The slots traverse the
complete span of the guide vanes and are connected by narrow channels to a plenum located near the guide
vane’s pivot axis, as shown in Figure 7.

Figure 7: Geometry for the jet channels added to the guide vanes of the GAMM Francis Turbine.

As found in the validation case above, it was necessary to model the upstream jet supply channel to
correctly predict the turbulence characteristics at the jet exit. Preliminary computations were performed
with the GAMM geometry without modeling the jet supply channel. The solution demonstrated a high
dependence on the inlet turbulence quantities and unrealistic turbulence values were needed to match the
results obtained by modeling the jet supply channel.

5 Computational Considerations
Using OpenFOAM R©, the flow through the turbine was modeled as 3-D incompressible steady turbulent
flow. The continuity and Reynolds-averaged Navier-Stokes (RANS) equations were solved using a pressure-
based SIMPLE approach (Semi-Implicit Method for Pressure-Linked Equations). To close the system of
equations, the standard high Reynolds number k − ε turbulence model was used. To maintain numerical
stability without sacrificing accuracy, a blended first-order and second-order advection scheme was applied.
Under-relaxation was also applied to the momentum and turbulence equations to maintain stability while
approaching the steady-state solution. The solution was considered converged when the solution residuals
were reduced by at least three orders of magnitude.

As shown in Figure 8, only one periodic guide vane passage was analyzed. For simplicity, the runner
blade was not included, only the flow passage and distributor vanes. As no moving runner was included in
the domain, the computations were performed in the earth-fixed frame. The effect of the jet on the runner
was evaluated by measuring the velocity at several locations where the leading edge of the runner passes
through the guide vane wake.

5.1 Boundary Conditions
The domain inlet was located just upstream of the stay vanes. The radial and tangential velocities were
specified to maintain the prescribed volume flow rate and average flow angle from the spiral case of 29o from
tangential, as was recommended in the ERCOFTAC Seminar [46]. A more accurate approximation of the
inlet condition solution would be obtained by modeling the penstock and spiral case distributor as well, but
this geometry was not available. The inlet turbulence quantities were specified based on an assumed turbulent
length scale of one-third the inlet height and 10% turbulence intensity. These values were recommended by
Nilsson and Davidson [48].

The no-slip and impermeable conditions were applied to the velocity at all walls. Wall functions were
used to model the turbulence quantities.

An artificial extension was added such that the outlet of the computational domain was located several
meters downstream of the draft tube exit. At this location all parameters were constrained to a zero-gradient
condition. This was a reasonable approximation, as very large computational cells were used to reach this
location, and all fluctuations should be smoothed out through numerical diffusion.
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Figure 8: Isometric view of the flow through one periodic guide vane passage of the GAMM Francis Turbine.
Also shown is the location of the leading edge of the runner blades and the four locations where flow data
were sampled.

6 Results

6.1 Optimal Jet Flow Rate
The effect of the jet on the runner was evaluated by measuring the velocity at locations where the leading
edge of the runner passes through the guide vane wake (these locations are shown in Figure 8). Jet flow
rates ranging from 0.5% to 3% of the inlet volume flow rate were selected for evaluation. Velocity magnitude
profiles for the various jet flow rates were compared to those of the non-jet case in Figure 9 at four locations
along the span of the runner.

It is clear that blowing from the guide vane trailing-edge causes a reduction in wake deficit. The effect
was most clearly observed at locations near the band, where the distance from the guide vane trailing-edge
to the runner leading edge is the shortest. Due to the reduction in wake deficit, it is anticipated that the
unsteady load variation observed by the runner will subsequently decrease. An unsteady simulation of the
complete GAMM Francis turbine with and without guide vane trailing edge blowing is also being conducted
by Lewis et al. [49]. The preliminary results indicate that the addition of blowing does decrease the unsteady
load variation on the runner at the dominant blade passing frequencies.

The results shown in Figure 9 also indicate that the addition of blowing causes a significant global increase
in mean velocity magnitude. A minor increase in velocity is to be expected due to the addition of mass to the
system; however, for a 3% mass addition from the trailing-edge jet the average velocity magnitude increases
by approximately 6%.

It was determined that the cause for the unexpected increase in velocity magnitude was an increase
in swirl velocity. Due to the angle of the guide vanes, even a small amount of mass addition from the
jets causes the swirl velocity to increase significantly, while the meridional velocity (the sum of the radial
and axial velocities) increases proportionally to the mass addition. It is possible that this disproportionate
increase in swirl may be utilized to adjust the average torque imparted to the runner blades without changing
the guide vane opening angle or the turbine rotational speed. This will be be investigated in future research.
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Figure 9: Variation in wake profile due to the addition of blowing from the trailing-edge of the wicket gate
observed at four locations on the runner leading edge.

It was also observed that the addition of blowing causes a circumferential shift in the wake location.
This is another manifestation of the increased swirl caused by the blowing. The wake of the guide vane is
displaced radially outward by the jet and does not reach the location of the runner leading edge until it has
traveled a greater circumferential distance. However, this does not explain why the wake at 0% span (see
Figure 9(a)) is displaced in the opposite direction. The cause for this discrepancy will be investigated in
future research.

The final observation is that the wake from the guide vane was effectively diffused at locations near the
crown without the addition of blowing (see Figure 9(d)). Therefore, no jet is needed in the upper section of
the guide vane. Removing the jet from this area would not only reduce the required mass addition to the
flow and the power to supply the jet, but it would also increase the structural stability of the guide vane as
less material would need to be removed to create the jet channels. However, subsequent work by Lewis et
al. [49] indicates that the wake in this region may also be decaying prematurely due to increased diffusion
in the k − ε turbulence model when predicting swirling flows.

From the results shown in Figure 9 it was concluded that the optimal jet flow rate was between 1.75%
and 2.0% of the inlet volume flow rate. A jet flow rate greater than 2% volume addition resulted in the wake
profile transitioning to a jet profile, and a greater variation in velocity was observed. The conclusion agrees
with findings by Waitz et al. [39], who recommend similar jet flow rates for axial turbofans.
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6.2 Other Observations
A detailed examination of Figure 9(d) shows that for jet flow rates between 1% and 1.75% the average velocity
magnitude for locations near the crown decreases, as opposed to the increase observed at all other locations
along the runner. This behavior is more clearly shown in Figure 10, which presents the circumferentially
averaged velocity at the runner leading edge, plotted as a function of percent span along the runner. For
the above flow rate range, an axial shift in velocity distribution is observed. This may also be a result of the
increased swirl. Increasing the swirl velocity results in higher angular momentum, which causes an outward
displacement of the fluid mass. However, it has not yet been determined why this same phenomenon was
not observed at higher jet flow rates. As no literature is available on trailing-edge blowing in mixed flow
devices, such as Francis hydroturbines, this is an important topic for future research.
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Figure 10: Circumferentially averaged velocity at the runner leading edge as a function of percent span along
the runner blade, ranging from 0 at the band to 100 at the crown.

7 Conclusions and Future Work
A validation case using experiments by Naudascher [2] demonstrated the capability of the standard high
Reynolds number k − ε turbulence model for simulations of momentumless wakes. It was found that the
k− ε model sufficiently captures the mean velocity and turbulent kinetic energy profiles for locations beyond
10 diameters downstream. It was also found that the upstream jet supply channel must be included in the
computational domain to correctly predict the turbulence characteristics at the jet exit. Neglecting the jet
supply channel caused the solution to be highly dependent on the inlet turbulence quantities, which are not
usually known.

Injection of water from the trailing-edge of the guide vanes is presented here as a method for reducing the
unsteady load on hydroturbine runner blades. Reducing the unsteady load on runner blades would allow for
leaner designs, smoother operation, and an increased lifespan of the hydroturbine. The flow through a single
distributor vane passage of the GAMM Francis turbine was modeled at BEP for a range of jet flow rates

11



between 0.5% and 3% of the inlet volume flow rate. The effect of the jet on the runner was approximated
by measuring the velocity at locations where the leading edge of the runner passes through the guide vane
wake. The effect of the blowing was most clearly observed at locations near the band, where the distance
from the guide vane trailing edge to the runner leading edge is the shortest. The optimal jet flow rate was
found to be between 1.75% and 2% of the inlet flow rate. A jet flow rate greater than 2% volume addition
resulted in the wake profile transitioning to a jet profile.

The results of the simulations also indicate that the addition of blowing causes a significant global increase
in mean velocity magnitude and a circumferential shift in the wake location. For jet flow rates between 1%
and 1.75%, an axial shift in velocity distribution was also observed. It appears that the increase in swirl
due to the guide vane angle was the cause. However, no literature is available on trailing-edge blowing in
mixed flow devices, and a more complete study of the correlation between the guide vane angle and the mean
velocity magnitude is needed to validate this claim.

The final objective of this research is to understand the effects of guide vane blowing in order to improve
hydroturbine performance at off-design conditions. Lewis et al. [49] are concurrently performing an unsteady
CFD simulation of the complete GAMM Francis turbine with and without guide vane trailing edge blowing.
The preliminary results indicate that the addition of blowing does decrease the unsteady load variation on
the runner at the dominant blade passing frequencies. Future work will focus on mixed-flow conditions in
which the wake of the guide vane more prominently interacts with the runner blade. This will allow for a
more accurate prediction of the effects of guide vane blowing. An analysis of the effects of guide vane blowing
at off-design conditions will then be conducted. Particular attention will be given to delaying the onset of
extreme cavitation on the runner blades and the development of a draft tube vortex. The application of
guide vane blowing to adjust the average torque imparted to the runner blades, without changing the guide
vane opening angle or the turbine rotational speed, will also be investigated.
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