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The adverse in-flow conditions for a very low head (VLH) water turbine have been investigated using a
non-rotating turbine model. The aim of the study was to develop a better understanding of the three-
dimensional flow generated upstream of the turbine by a step-like obstacle for varying turbine angles
and spacings. Through flow-rate measurements, velocity-profile measurements and dye visualizations,
the coupled effects between the turbine model and the varied in-flow geometry could be quantified. It
was observed that the flow generated by the backward-facing step produced vortical structures that were
found to corkscrew from the lower channel walls towards the mid-plane of the flow. These spanwise vor-
tical structures were present through the interaction of the turbine model with the backward-facing step
geometry for shorter cavity lengths. The coupled effects between model and step were found to be most
pronounced for small turbine spacings on the order of one turbine diameter or less. Also significant veloc-
ity variations in the spanwise direction were observed in the cavity-like geometry. Finally, some preli-
minary results obtained from a rotating model are provided for comparison with the non-rotating
model. Similar trends in terms of optimal spacing were observed, suggesting that a non-rotating model
can be used for the preliminary experimental optimization of such three-dimensional cavity-like flows.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Throughout North America there exist many potential low-head
sites that are suitable for the deployment of low-head water tur-
bines. The very low head (VLH) water turbine is an innovation in
renewable-energy technology in view of the fact that it uses a com-
pletely different approach to equip low-head sites such as locks,
canals, old mills or existing weirs. This new design, developed by
MJ2 Technologies in France, contrasts the trend in industry to min-
imize the runner diameter so as to reduce turbine cost. Instead the
VLH water turbine has a large runner diameter, and therefore can
be used as a dam to reduce the civil work needed when installed in
existing low-head sites. The VLH water turbine consists of an 8-
bladed axial turbine and a large Kaplan runner. The turbine runner
shaft is directly coupled to a permanent magnet generator of var-
iable speed that is located inside the hub of the turbine. The tur-
bine is double-regulated through adjustable blades and variable
speed control, which allows it to operate at sites where the head
decreases with variations in the flow rate. The various hydraulic
properties of the turbine, which include low-flow velocities and
large-runner diameters, allow for local waterlife to remain undis-
turbed in the presence of the turbine [1].
The VLH water turbine is constructed with a range of runner
diameters from 3.5 m up to 5.6 m and is designed to operate at
very low heads ranging between 1.4 m and 4.2 m. The equivalent
flow rates are approximately 10–30 m3/s and generator output
ranges between 100 and 500 kW. The present study models a pro-
totype of this technology that is currently installed in Millau,
France (see Fig. 1 on the left), which operates between 1.4 m and
3.2 m of head. A frame supports the turbine while a lifting mecha-
nism is able to completely remove the turbine from the frame for
maintenance and during periods of high-flow conditions. The
equivalent scaled, non-rotating turbine model is shown in Fig. 1
on the right-hand side. One of the objectives of the current study
is to determine whether such a non-rotating model can be used
as a reasonable analog to a fully-rotating model for preliminary
optimization of the site layout.

A typical installation of the VLH water turbine is in existing
channels operating with low head conditions. Such channels often
contain a weir as a drop structure to control the depth in the up-
stream canal. These weirs vary in cross section but typically have
broad-crested, trapezoidal-crested, ogee-crested or vertical-
crested profiles [2]. The most typical weir shape is ogee-crested
as it has excellent performance characteristics due to its shape
being derived from the downstream surface of an aerated nappe
flowing over a vertical-crested weir [3]; see Fig. 2 (left). The back-
ward-facing step used in this study, shown in Fig. 2 (right),
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Nomenclature

AR aspect ratio
c channel width (m)
Cd discharge coefficient
d turbine diameter (m)
dm turbine model diameter (m)
dp turbine prototype diameter (m)
ER expansion ratio
Fr Froude number
g acceleration due to gravity (m/s2)
H overall head (m)
Hm overall head of turbine model (m)
Hp overall head of turbine prototype (m)
H/d dimensionless head
h1 upstream depth (m)
h2 downstream depth (m)
Q volumetric flow rate (m3/s)

Re Reynolds number
S step height (m)
Uavg average velocity (m/s)
Um turbine-model velocity (m/s)
Up turbine-prototype velocity (m/s)
U1 freestream velocity (m/s)
x streamwise direction
y vertical height
z spanwise direction
y/d normalized height

Greek symbols
l viscosity (Pa s)
q density (kg/m3)
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therefore simulates a similar flow separation to the vertical-
crested weir when an obstacle such as a VLH turbine is placed
downstream. Most importantly in this study is the interaction be-
tween the turbine model and the backward-facing step at close
proximities. In turn the results from this study will be used to ad-
dress the economics associated with the removal of upstream
obstacles, i.e. whether large stagger of the turbine or weir removal
is necessary. In other words, if the weir-like obstacle has only sec-
ondary effects on the turbine inflow then the drop structure can be
left intact and significant civil works costs can thus be avoided. In
the following the flow over the backward-facing step (weir) are
compared to the scenario without step by studying the flow
through two downstream non-rotating turbine models mounted
at 50� and 90� angles to the horizontal. The two non-rotating tur-
Flow DirectionPrototype
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Fig. 1. The VLH water turbine as a full-scale prototype installed in Millau, France (left), co
equivalent resistive slots highlighted in white (right).

Fig. 2. The ogee-crested weir profile (left). The backward-facing step simulating a similar
path is highlighted in blue. (For interpretation of the references to colour in this figure
bine models have been scaled from prototype dimensions. These
substitute models have equivalent discharge slots representing
the resistance (power extraction) associated with a turbine proto-
type. Of the two angles, the 90� model is considered the optimal
installation angle because it provides the least tortuous path to
the approach flow.

Over the past decades, the separated flow generated behind a
nominally two-dimensional, backward-facing step has played an
integral role in our understanding of fundamental shear-layer
behaviour and the subsequent reattachment downstream. Inside
the recirculation bubble the flow is characterized by flow reversals
and vortical structures [4–10]. Specifically, the flow phenomenon
responsible for the vortical structures in the shear layer results
from Kelvin–Helmholtz instabilities and is caused by the interac-
Flow
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urtesy of MJ2 Technologies. Non-rotating 50� model used in current study with eight

flow separation to the vertical-crested weir when VLH turbine in place (right). Flow
legend, the reader is referred to the web version of this article.)
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tion between the shear layer and re-circulating flow near the step
wall [5]. For the case of constrained (three-dimensional) channels,
sidewall effects for the backward-facing step flow are more com-
plex as wall-jet vortices in the spanwise direction are observed.
For the case of laminar flow, these wall-jet vortices are found to
intensify for increasing relative step height and Reynolds number
[6,7]. In the present study, the investigations of the sidewall effects
are to be studied in a turbulent flow regime with fixed expansion
and aspect ratios of 1.44 and 2.67, respectively. Here the expansion
ratio is the ratio between the downstream and upstream height,
while the aspect ratio is the ratio between the channel width
and step height. Thus, the present study will consider various tur-
bine angles and spacings to determine what impacts the step and
these sidewall effects may have on the flow topology and thus by
extension on turbine operation.

Of significant interest in the quantification of the isolated back-
ward-facing step flow is the location of the reattachment point,
which is most strongly influenced by two of the governing dimen-
sionless parameters, namely the expansion ratio and Reynolds
number. The expansion ratio has a noticeable effect on the pres-
sure field downstream of the step and the size and location of
the recirculation bubble/reattachment line. For a minor expansion,
the pressure adjusts quickly, the shear layer is mildly curved with a
dividing streamline that adjusts gradually at a small angle relative
to the bottom wall, and the downstream boundary layer recovers
relatively quickly. For larger expansion ratios, the pressure field
is affected more significantly, due to the increased strength of
the perturbation. The recirculation region is thus larger, and the
dividing streamline is initially straight, but bends more sharply to-
wards the reattachment point. As a result, the angle of reattach-
ment of the dividing streamline is much larger, and the flow
takes longer to revert back into an ordinary wall-boundary layer
[8]. The expansion ratio also influences the characteristic Reynolds
number of the flow since the turbulent length scale is related to the
step height.

In the current study, the addition of the turbine model down-
stream of the step essentially generates a hybrid geometry resem-
bling something between a traditional backward-facing step and a
cavity-like flow. Here, the dominant free surface effect of Froude
number becomes the governing dimensionless parameter of the
problem. In this scenario the nature of the flow separation and
reattachment behaviour are affected, and as such one of the goals
of the current study was to characterize this flow field. The follow-
ing outlines the abstracted geometry as well as the experimental
techniques used to study the effects of spacing on flow topology.
2. Experimental methods

2.1. Experimental flow facility

The experiments were conducted using an open-channel non-
recirculating type water flume. The water flume has dimensions
of 18 m in the streamwise direction, 0.47 m in vertical height
and 0.30 m in the spanwise direction. The flow upstream of the
channel was deemed uniform due to the contraction at the inlet.
Upstream in the flume, a Plexiglas step insert was used to repro-
duce the flow over a backward-facing step impinging on a VLH
water turbine. Flow-rate measurements, velocity-profile measure-
ments and dye visualizations were used to characterize the flow
field. A Cartesian coordinate system was used to define the mea-
surement locations, where x denotes the streamwise direction, y
denotes the vertical height and z denotes the spanwise direction
in the channel. The right-hand coordinate system sets the lower
left corner of the step as (x,y,z) = (0,0,0), as seen looking down-
stream in the channel.
2.2. Turbine spacing

The turbines were positioned at a distance, x, relative to the tur-
bine diameter, d, from the backward-facing step. The 50� turbine
was varied from x/d = 0, 0.5 and 1 whilst the 90� turbine was varied
from x/d = 0.5 and 1. For the case without the step, the turbines
(50� and 90�) were positioned at their equivalent x/d = 1 positions.
These spacings were studied so as to mimic the worst-case sce-
nario on turbine inflow conditions based on a generic upstream
obstacle. A typical layout illustrating the 50� turbine with and
without the backward-facing step is shown in Fig. 3, where h1 is
the upstream depth, h2 is the downstream depth, H is the overall
head and S is the step height equal to d/2.
2.3. Geometric similarity

The turbine model was scaled down from the prototype turbine
dimensions by a length scale ratio of 17.8:1. The length-scale ratio
was defined as the ratio of the width of the prototype to the width
of the model, where c denotes the width of the channel. Therefore,
the expansion and aspect ratios can be defined as ER = (h2 + H)/h1

and AR = c/S, respectively. The geometric similarity parameters
were obtained as shown in Table 1.
2.4. Kinematic similarity

The experiment satisfied kinematic similarity for a free surface
as the model and prototype Froude numbers were set equal to one
another, where the Froude number is defined as the ratio of inertial
forces to gravitational forces:

Fr ¼
U2

avg

gH
; ð1Þ

where Uavg is the average velocity through the turbine, g is the
acceleration due to gravity and H is the overall head. Satisfying
kinematic similarity the Froude numbers for the model and proto-
type can be equated to one another such that:

U2
p

gHp
¼ U2

m

gHm
: ð2Þ

From geometric similarity, Eq. (2) may be rewritten in terms of the
turbine diameter as

U2
p

U2
m

¼ Hp

Hm
¼ dp

dm
: ð3Þ

Finally, Eq. (3) can be rearranged to obtain the dimensionless head
(H/d) for the model and prototype turbines as follows:

H
d
¼ Hp

dp
¼ Hm

dm
: ð4Þ

Finally, kinematic similarity was used to satisfy the realistic ap-
proach-flow conditions, which required that the approach-flow
velocity for the prototype remained between 0.7 and 1 m/s to con-
form to environmental standards by satisfying the fish-friendliness
criterion. Satisfying the fish-friendliness criterion implies minimiz-
ing the mortality rate of local waterlife passing through the turbine
and providing flow velocities within their natural swimming range.
Therefore, from Eq. (2) the equivalent realistic approach-flow condi-
tions under which the non-rotating model was tested, was on the
order of 0.85 m/s at prototype-scale and 0.2 m/s at model-scale.



Fig. 3. The layout of the 50� turbine model showing positioning with and without the backward-facing step.

Table 1
Geometric similarity used for model and prototype turbines.

Model (m) Prototype (m)

c 0.300 5.3
d 0.225 4.0
S 0.1125 2.0

Table 2
Tested dimensionless and dimensional head parameters of the model (Hm) and
prototype (Hp) used for the 50� and 90� non-rotating turbine model. Head
measurements correspond to model and prototype diameter of dm = 0.225 m and
dp = 4 m, respectively.

Tested head parameters

(H/d) Hm (m) Hp (m)

0.27 0.06 1.1
0.36 0.08 1.4
0.44 0.10 1.8
0.53 0.12 2.1
0.62 0.14 2.5
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2.5. Head measurements

Studies have shown that tail-water flow interaction with draft-
tube turbines in an open channel affects the efficiency and output
of water turbines [11–13]. The effect of the tail-water flow interac-
tion for low-head water turbines is of importance so as to reduce
head losses associated with the jet flow, which is defined as the
interaction of the outflow with the free surface. Therefore, jet flow
occurs when the tail-water level is well below the turbine-dis-
charge holes. Maintaining the tail-water level above the height of
the turbine-discharge holes diffuses the jet flow and reduces dis-
charge (head) losses. Therefore, the present study required that
the tail-water level be maintained above the discharge holes to
minimize the effect of jet flow and discharge (head) losses as dis-
cussed above. Typically for maximum attainable head, the height
above the discharge holes should be no less than 0.0254 m to elim-
inate exposure to air. The values of dimensionless head defined in
Eq. (4) and head measurements taken for the turbine models are
presented in Table 2. These head values were varied to compare
the effects of the turbine’s angle and spacing on the flow rate.
The flow facility was limited to test larger prototype head values,
as such the values shown in Table 2 indicate the maximum attain-
able head of the non-rotating turbine model without the effect of
discharge losses. Note that surface levels were measured approxi-
mately 2d upstream of the turbine model and approximately 7d
downstream of the turbine model where the free surfaces were
perfectly stable and flat.

2.6. Flow-rate measurements

A Foxboro 2800 series flow-tube (electromagnetic flow meter)
was used to measure the volumetric flow rate of the water sup-
plied to the inlet of the open-channel water flume. The flow-rate
accuracy was determined by using a weigh tank connected to a Na-
tional Instruments 6210 data-acquisition system. The flow meter
was calibrated before and after each experiment to reduce the
introduction of systematic errors, and was found to be within
98% accuracy overall. The open-channel water flume has two side-
walls and a bottom wall where the flow satisfies the no-slip condi-
tion. The overall flow profiles in the channel are non-uniform, with
maximum velocity typically occurring in the mid-plane about 20%
of depth below the free surface. Therefore, the average flow veloc-
ity in the channel was calculated at a cross-sectional area upstream
of the backward-facing step at 30% of depth below the free surface.
The Reynolds number of the average flow velocity through the tur-
bine based on length scale d was calculated to be between
5.0 � 104

6 Re 6 9.0 � 104 and was defined as

Re ¼ qUavgd
l

; ð5Þ

where q is density of water, Uavg is the average velocity through the
turbine calculated from the measured volumetric flow rate in the
channel, d is the diameter of the turbine, and l is the dynamic vis-
cosity of water. Based on the range of Reynolds numbers, the flow
through the model was deemed to be turbulent and therefore rep-
resentative of the flow conditions through the full-scale prototype.

2.7. Velocity-profile measurements

A Pitot-static pressure probe was used to measure the ap-
proach-flow velocity to the turbine model. This probe was con-
nected to a differential-pressure transducer (Validyne P55D),
which uses a diaphragm as its primary pressure element and con-
verts the sensed information into a detectable signal. The signal
was transmitted to the National Instruments 6210 data-acquisition
board as shown in Fig. 4. The measurements were taken to com-
pare the velocity at varied spanwise (z/c) and vertical (y/d) posi-
tions at a distance x/d = 0.5 downstream of the backward-facing
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Fig. 4. Experimental setup for velocity-field measurements using a Pitot-static
pressure probe and a pressure transducer. Note submerged Pitot-static probe
highlighted in blue. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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step. Fig. 4 is an illustration of the setup used to first calibrate the
pressure transducer upstream of the backward-facing step.

An estimate of the flow-velocity uncertainty was performed
based on the procedure presented by Figliola and Beasley [14]. It
was observed that as the flow velocity increased, the standard
deviation in the measurements increased as well. Therefore, the
variance in the measured data grew at higher flow velocities. The
estimate of uncertainty was on average found to be ±0.64% of the
average flow velocity with a 95% confidence level. Overall sources
of error were a result of systematic and random errors due to cal-
ibration, data-acquisition and data-reduction. Calibration errors
were caused by calibrating the pressure transducer with potential
yaw and pitch errors as well as by the generation of a calibration
curve. Data reduction resulted through filtering of high-frequency
noise using a low-pass filter. Fig. 5 is an illustration of the output
voltage for various angles of attack of the Pitot-static pressure
probe. Both cases of pitching and yawing were tested. The yaw ef-
fects are quite similar, but the pitch effects deviate depending on
the pitch direction. This is a result of the asymmetric location of
the tap holes on the probe head. Despite these differences, the Pi-
Fig. 5. Comparison of yaw and pitch effects resulting from misalignment o
tot-static pressure probe was deemed to be relatively insensitive to
misalignment over a yaw angle range of ±20�, which corresponds
to an alignment accuracy of approximately 10%. This is in agree-
ment with tests of other probe designs [14].

2.8. Rotating-turbine model tests

Fig. 6 presents a CAD illustration of the rotating-turbine model
that was used to qualitatively validate the results of the non-rotating
turbine model. Torque and rotational speed measurements were
recorded using a torque transducer (HBM T22/5NM) and an optical
encoder (Baumer ITD69H00) as shown in Fig. 6. Due to proprietary
restrictions in presenting the results obtained from the rotating-
turbine model, only plots showing Relative Efficiency (%) and Q11

(%) will be presented. Here, relative efficiency is defined as

g
gmax

� �
� 100 ð6Þ

where g is the calculated efficiency and gmax is the maximum calcu-
lated efficiency. Also, Q11 defines the relative unit flow through the
rotating turbine model, which is expressed as

Q 11

Q 11max

� �
� 100 ð7Þ

where Q11 is the calculated unit flow rate and Q11max is the maxi-
mum calculated unit flow rate.

3. Results and discussion

3.1. Effects of turbine angle and spacing on flow rate

Fig. 7 presents a relationship between discharge coefficient (Cd)
and dimensionless head (H/d), where discharge coefficient is de-
fined as

Cd ¼
Qffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gHA0

p ; ð8Þ

where Q is the measured volumetric flow rate of the water in the
channel, g is the acceleration due to gravity, H is the overall head,
and A0 is the total area of the turbine-model orifice. The model dem-
onstrated a consistent discharge coefficient on the order of 0.6,
which is typical for a full-scale turbine prototype as specified by
the manufacturer of the turbine. In Fig. 7, one can observe that on
average the 90� turbine has a higher Cd than for the 50� turbine.
Although there are noticeable differences in the discharge coeffi-
cient between the 50� and 90� turbine tests, the effects of various
spacings of x/d = 0, 0.5, and 1 are relatively small, such that they fall
f the Pitot-static pressure probe at various angles for Uavg = 0.54 m/s.
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Fig. 6. CAD illustration of preliminary rotating-model tests showing the cavity-like region in front of the VLH turbine model. A friction brake was used along with the torque
and speed sensors to measure power at different operation conditions.

Fig. 7. Discharge coefficient (Cd) versus dimensionless head (H/d) at varying turbine spacings (x/d) for the 50� and 90� turbines with the backward-facing step profile. The
hollow symbols represents the position relative to x/d = 1 without the backward-facing step.
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within the uncertainty of the experiment. Here, the error bars rep-
resent the estimated uncertainty with a 95% confidence level.
Therefore, from Fig. 7, one cannot deduce any significant conclu-
sions about the specific influence of turbine spacing on perfor-
mance. Also noteworthy is that as H/d increases Cd tends to
increase slightly as well, which implies a small Reynolds-number
dependency. However, the flow entering the turbine is non-uniform
and as such the overall discharge coefficient alone was insufficient
in quantifying the specific influence of the backward-facing step.
Therefore, it was necessary to measure the velocity-profiles in front
of the turbine model to further assess the changes in the flow field
due to the interaction between the upstream obstacle and the tur-
bine model itself.
3.2. Approach-flow measurements

In Fig. 8, the variation in axial velocity (u/Uavg) as a function of
normalized height (y/d) is plotted for various spanwise positions
(z/c). The measurement plane of the velocity profile was located
at x/d = 0.5 downstream of the step, while the turbine model was
deployed at x/d = 1 downstream of the step. These measurements
were performed to assess the uniformity of the flow into the tur-
bine models. The investigation was performed at the highest head
level of H/d = 0.62 because at this value the flow velocity was con-
sidered most representative of full-scale operation. In Fig. 8a and b,
one can observe a clear distinction between the velocity profiles
with and without the backward-facing step. In Fig. 8a, the average
velocity was calculated upstream of the backward-facing step,
whereas in Fig. 8b, the average velocity was calculated using the
cross-sectional area without the step. In agreement with the above
flow-rate measurements, the turbine angle was found to influence
the approach velocity, i.e. for the 90� turbine there is a less tortu-
ous flow path, which yields higher inlet velocities than for the 50�
turbine model. The noteworthy decrease in velocity for Fig. 8b at z/
c = 1/2 for the 90� turbine is a result of the solid center (hub),
which generates a blockage effect. This hub-blockage effect was
not observed for the 90� turbine model with step (Fig. 8a) and
was not present at all for the 50� turbine model. For the 90� turbine
model, it was presumed that the presence of the step reduced the
hub-blockage effect, whereas for the 50� turbine model, the hub
blockage played a negligible role.

As described earlier in the literature, the flow generated by the
backward-facing step produces a recirculation bubble of varying
length. This effect is seen clearly in Fig. 8a, where the value of y/



(a)

(b)

Fig. 8. Dimensionless plot comparing the velocity profiles for varying vertical heights (y/d) and spanwise positions (z/c) for 50� and 90� turbine configurations: (a) with
backward-facing step at Uavg = 0.2 m/s, and (b) without backward-facing step at Uavg = 0.14 m/s. Green lines represent the case without the turbine model while the red and
blue curves symbolize data with the turbine located at x/d = 1 and measured at a position of x/d = 0.5.
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d = 0.5 is the normalized step height and is representative of the
lower half of the turbine model. One can observe from these plots
that within this step height there exists a deficit of approximately
80% from the freestream velocity, where the freestream velocity is
the calculated average velocity. Above this height there is a rapid
increase in velocity, at which point there is little variation in the
spanwise and vertical directions. This implies that for the upper
half of the turbine inlet the flow has less significant spanwise var-
iation when compared to the lower half of the turbine. The low
velocity without a step is also observed in Fig. 8b and is caused pri-
marily by the growth of the boundary layers at the channel walls
and the blockage effect of the turbine-restricted flow at the free
surface upstream the turbine model. A turbulent boundary layer
started at the nozzle of the flume, a length 7d upstream of the step,
and as such the velocity-profiles were all within approximately
10% of the estimated turbulent boundary-layer growth. Here, the
turbulent-boundary layer was estimated to be 0.043 m, whereas
the measurement of the velocity-profile at the sidewall was taken
at 0.05 m away from the wall. In Fig. 8a, with the step in place, the
decrease of the freestream velocity near the sidewalls was approx-
imately 25% for the 50� and 90� turbine models. However, in
Fig. 8b, without the step, this decrease near the sidewalls of the
freestream velocity was approximately 30% and 50% for the cases
of the 50� and 90� turbine models, respectively. Furthermore, it
was observed in Fig. 8b that there was a velocity deficit near the
channel wall (z/c = 1/6) for the 50� turbine case below y/d = 0.8,
which results from secondary currents in the junction region be-
tween the sidewall and channel floor.

At the free surface, a secondary recirculation zone affects the
approach flow by retarding the flow as shown in Fig. 8a and b.
The effect was seen between 1.2 6 y/d 6 1.4 in both figures with
an approximate 30% and 20% decrease near the free surface of
the freestream velocity in Fig. 8a and b, respectively. The measure-
ment of the velocity profiles provided insight into the flow non-
uniformity by investigating the vertical and spanwise changes for
various spacings and turbine angles. In order to learn more about
the behaviour of the vortical structures, it was essential to perform
dye visualizations in this region of interest.

3.3. Dye visualizations

Dye visualizations were used to observe the three-dimensional-
ity of the separated flow field behind the step for various turbine
angles and spacings. The dye injection tool was placed at the chan-
nel wall-step junction and at the free surface as shown in Fig. 9. At
these positions, the tube and the dye injected had negligible effects
on the flow field. The investigations were performed at spacings of
x/d = 0, 0.5 and 1. Fig. 9 presents results at x/d = 1 as this position
was found to be most representative of the three-dimensional flow
behaviour. Fig. 9a shows the inward-spanwise movement of the
shear layer from the channel sidewalls, while Fig. 9b identifies
the region at the free surface. In Fig. 9a, the corkscrew behaviour
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Fig. 9. Dye visualizations showing the flow three-dimensionality at x/d = 1 on the 50� and 90� turbine models: (a) Sidewall effects of the shear layer behaviour generated by
the step/wall interaction; and (b) the free-surface recirculation near the upper structure of the turbine models.
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Fig. 10. Dye visualizations showing the flow generated by the backward-facing step
in isolation with Uavg = 0.16 m/s. Case without the turbine model.

Fig. 11. Preliminary results obtained from a rotating-turbine model mounted at 45�
to the horizontal. Test results are presented with no step and spacings of x/d = 0.5
and 1. Note drop in performance for peak conditions with x/d 6 1.
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of the shear layer impinging on the 50� and 90� turbine models is
shown. The arrows indicate the regions of recirculation and stag-
nant flow. These vortical wall-jet structures generate an inward
flow from the lower sidewalls behind the step towards the mid-
plane and then through the lower section of the turbine discharge.
This inward-spanwise flow, however, was not observed with the
absence of the turbine model; see Fig 10. Also to be noted was that
the resulting inward movement of these vortical structures was
more pronounced at closer spacings of x/d = 0 and 0.5. It was ob-
served that the three-dimensionality of the vortical structures
diminished beyond the position of x/d = 1, which implies that the
interaction between the non-rotating turbine model and the step
is of significance only in close proximity of each other and resem-
bles to a first degree a confined cavity flow [15]. Curiously, the tur-
bine angle itself was found to have no effect on the shape of these
three-dimensional structures.

The secondary recirculation zone at the free surface and the
velocity-profile measurement plane are illustrated in Fig. 9b. Of
interest in this diagram is the region where the flow is restricted
by the upper geometry of the turbine models. Within this location,
the intermittent formation of funnel-shaped vortices was observed
on the free surface. The formation of these vortices was influenced
by the secondary recirculating flow discharged through the turbine
model. These visualizations further support the results obtained
for the decrease in the velocity near the free surface with the tur-
bine model in place, as shown in Fig. 8.

3.4. Comparisons with a rotating-turbine model

Preliminary results obtained from a rotating-turbine model are
compared with the non-rotating model used in the current study.
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Here, the effect of spacing from the same step-like obstacle was
compared to the case without the step through relative shaft tor-
que and speed measurements. Fig. 11 presents results for a rotat-
ing-turbine model mounted 45� to the horizontal. From these
tests, one can observe that the case without the step-like obstacle
and also for the larger x/d = 1 spacing yield higher relative efficien-
cies at peak conditions. Also, one can observe that there are dis-
tinctive differences between the results at spacings of x/d = 0.5
and 1. As a result of this comparison, the observed trend towards
poorer performance at x/d 6 1 for the non-rotating model can be
qualitatively validated. This result also supports the further use
of a simple, non-rotating model for preliminary (first-order) exper-
imental optimization of channel geometry.

4. Conclusions

In this study we investigated the approach flow for a non-rotat-
ing model of the very low head (VLH) water-turbine behind a back-
ward-facing step and compared it to the scenario free of
obstruction. The primary aim of the study was to qualitatively
understand the non-uniformities developed in the upstream flow
by varying the inflow geometry (spacing) and turbine angles. The
tests included flow-rate measurements, velocity-profile measure-
ments and dye visualizations. The discharge coefficient was mea-
sured to determine the overall effect of the approach-flow
conditions on the turbine’s ability to discharge water at varied
heads. It was found that the discharge coefficient for the 90� tur-
bine was higher than for the 50� turbine, which suggests that the
flow path is less tortuous for the 90� case. From the discharge coef-
ficient tests, it was also concluded that step obstruction negatively
impacts the flow through the turbine. Further to these initial tests,
the velocity profile upstream of the turbine models was character-
ized to determine the level of variation in both spanwise and ver-
tical directions. It was found that non-uniformities in the flow
were caused by both varying the turbine angles and spacings, sug-
gesting a strongly-coupled interaction. Furthermore, the three-
dimensional vortical structures with spanwise movements
towards the mid-plane were influenced by the interaction of the
turbine model with the backward-facing step and the constrained
sidewalls. A cavity-like flow was developed when the turbine mod-
el was deployed behind the step profile in which the recirculating
vortical structures were more pronounced at smaller cavity
lengths. However, these vortical structures subsided above spac-
ings of x/d = 1. Therefore, when extracting some of these basic find-
ings to the deployment of the VLH turbine, it is recommended that
the turbine is located at least x/d = 2 downstream away from the
step to help reduce this flow non-uniformity into the turbine’s in-
take – note potential fatigue loading on blades. Although the rotat-
ing model of the VLH turbine has guide vanes, the turbine
experiences unsteady loading due to higher velocities near
the upper portion of the turbine inlet and lower velocities near
the shear layer. This aspect of non-uniformity likely cannot be cor-
rected by the presence of guide vanes. Similarly, the turbine model
caused a reduction in the flow near the free surface. It is expected
that the surface vortices would impact negatively on the turbine
performance since the entrainment of air and debris increases
the potential for mechanical wear on the turbine components. Fi-
nally, torque and speed measurements from a rotating-turbine
model with the backward-facing step in place have supported
the trends observed previously with the non-rotating turbine mod-
el. In particular, significant non-uniformity and therefore a loss in
performance was also identified at close spacings of x/d 6 1 at peak
conditions. This good qualitative agreement between the non-
rotating and rotating models suggests that simple, non-rotating
models can be useful for relatively quick, first-order modeling
and optimization of future VLH turbine deployment.
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