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ABSTRACT
We present results from an experimental/numerical compar-

ison of energy extraction efficiency and wake flow field charac-
teristics in a small array of three scale-model (45:1) Horizon-
tal Axis Hydrokinetic Turbines (HAHT). The model turbine was
designed based on the DOE Reference Model 1 (DOE RM1),
with a modified geometry to reproduce performance at the flume
scale Reynolds numbers (105). These modifications were neces-
sary to overcome the strong Reynolds number dependency of the
NACA6xxxx airfoil family, used on the original RM1 design for
its cavitation properties, and therefore on the device performance
in experimental analysis. The performances and wakes of three
turbines placed in a variety of array configurations were analyzed
through a combination of experimental measurements and Com-
putational Fluid Dynamics (CFD) modeling. Where possible,
the results from experiments and simulations are compared to
validate the simulations and understand the limits of the physics
captured in the simulations. Once validated, details of the rotor
flow field that could not be fully resolved by the experimental
measurements are visualized from the numerical solution of the
RANS equations to interpret the complex turbine-wake interac-
tions in the experimental results.

INTRODUCTION
Marine HydroKinetic (MHK) turbines require engineering

methods that can provide quantitative answers to open questions
regarding their performance, optimization, and environmental ef-
fects. These advanced design, evaluation and optimization meth-
ods can speed up the development process from concept to pro-
totype to pilot demonstrator, and reduce the capital requirements
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of this incipient industry.

Previous studies [1, 2, 3, 4, 5] have addressed some of these
questions by either numerical simulation or laboratory experi-
ments using a wide range of turbine geometries. The creation of
the DOE Reference Model 1 (DOE RM 1) reference turbine ge-
ometry allows for direct comparison of results and analysis from
different research groups in an open dialog that can benefit this
community. Here, the numerical simulations and experimental
results using a modified version of this reference model, operat-
ing in the same range of Tip Speed Ratios (TSR) as the original
DOE RM1, to study the performance and wake hydrodynamics
of this Horizontal Axis Hydrokinetic Turbine (HAHT) is pre-
sented.

Laboratory-scale testing of HAHT is used to validate nu-
merical models and gain insight into the performance and wake
dynamics of HAHT. Recirculating flumes and towing tanks are
used for these tests, with measurements of the torque produced
at the shaft, the rotational speed, and the drag (or thrust) force
on the HAHT, as well as the flow velocity field. Multiple experi-
mental studies in the literature [6,7,8] have measured a variety of
turbine performance metrics and wake structure, to characterize
the performance of single HAHT with various rotor geometries.
These studies typically provide insight into the fluid dynamics
and energy conversion process of MHK turbines, although unfor-
tunately through incomplete information that limits the certainty
and quantitativeness of the conclusions.

The DOE Reference Model 1 (DOE RM 1) was proposed as
an open source design for HAHT that could be used to bench-
mark computational and experimental studies. Lawson et al. [3]
have performed a detailed numerical analysis on the DOE RM1
model using RANS simulation with a rotating frame turbine im-
plementation, as well as with a sliding mesh implementation that
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included the two side-by-side turbines and the central support
column. They investigated the effect of mesh resolution on nu-
merical modeling results and characterized the turbine perfor-
mance using both steady and transient models, showing good
agreement between unsteady and steady simulations for the op-
timal operating conditions (TSR =6.3 and θp = 0◦), where the
flow is fully attached to the turbine blade. They did find, how-
ever, that for other operating conditions, unsteady models might
be the better choice in order to provide more accurate results for
the flow field and turbine performance characterization in situa-
tions where the flow is separated in a significant part of the blade
suction surface.

EXPERIMENTAL SETUP AND ANALYSIS METHODS
Preliminary experiments were conducted with a laboratory

turbine (maximum power 30W) that used the DOE Reference
Model 1 (DOE RM 1) rotor [9] at a 45:1 scale. Measure-
ments conducted in a large scale flume (1 m2 cross section, 1.2
m/s free stream velocity) showed a low coefficient of perfor-
mance (Cmaximum

p ≈ 20%) for this 45:1 geometrically-scaled DOE
RM1 rotor, compared to predictions for the the full-scale DOE
RM1 performance based on Blade-Element-Momentum Theory
(Cmaximum

p ≈ 45%).
The relatively poor performance of the geometrically-scaled

rotor was determined to be a Reynolds number effect; specifi-
cally associated to the sharp decrease in foil performance at some
critical Reynolds number due to laminar separation bubble dy-
namics, as described by Lissaman [10]. To remove this Reynolds
number dependency, the geometrically scaled model was re-
designed using a different family of NACA airfoils (4415). The
modifications were done such that the scaled model would still
operate under the same range of TSR and match the performance
of the full scale DOE RM 1.

Rotor and nacelle design
The redesigned rotor maximizes the local Reynolds num-

ber along the blade, within the constraints of matching the opti-
mum TSR of the full-scale rotor and the maximum rotor diam-
eter that could be tested in the flume at a reasonable blockage
ratio. Figure 1 shows the local Reynolds number along the blade
span at several free-stream flow speeds for the geometrically-
scaled DOE RM1 with solid lines and the modified rotor with
dashed lines. The foil section used in the DOE RM1 is the
NACA 63424 foil, for which the critical Reynolds number is es-
timated to be at 105; the foil used in the redesigned rotor was
the NACA 4415 foil, chosen as a compromise between struc-
tural integrity and experimentally demonstrated performance at
low Reynolds numbers (the critical Reynolds number for this air-
foil has been measured at 7 104). The open source design code
HARP−Opt [11] was used with NACA 4415 experimental wind

tunnel data to optimize chord and twist distributions. Details of
the modified laboratory-scale rotor design, nacelle design, instru-
mentation, and testing procedure are given in [9].
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FIGURE 1. LOCAL REYNOLDS NUMBER (UR C
ν

, WHERE C
IS THE CHORD LENGTH, UR IS THE RELATIVE VELOCITY,
AND ν IS THE KINEMATIC VISCOSITY) ALONG THE SPAN OF
THE BLADE, PLOTTED FOR THE GEOMETRICALLY-SCALED
DOE RM1 (TRANSITION AT ≈ RE = 105) AND THE MODIFIED
LABORATORY-SCALE ROTOR (TRANSITION AT ≈ RE = 7 104)
FOR VARIOUS FREESTREAM VELOCITIES AT TSR=7.

The modified 45:1 scale model consists of a 0.45 m diam-
eter turbine rotor manufactured on a CNC mill from aluminum
and a 0.1 x 1 m cylindrical nacelle. The nacelle contains a
torque sensor (TFF325 Futek, Irvine, CA), magnetic encoder
(RM22 RLS, Komenda, Slovenia), and a magnetic particle
brake (Placid Industries, Lake Placid, NY) used to apply shaft
loading. The torque sensor and magnetic encoder are wired to
an analog-digital converter and acquisition system (PCIe-6341
National Instruments, Austin, Texas) sampled at 1000 Hz. The
turbine model is mounted to a vertical post extending from the
bottom of the flume to the nacelle. The turbine CAD model is
shown in Figure 2.

Laboratory Setup
Flume testing was carried out at the Bamfield Marine Sci-

ence Center, with a 1 m wide by 0.8 m depth cross sectional
profile and 12.3 m long test section. The blockage ratio was
20%. ADV (Vector Nortek, Oslo, Norway) and PIV (LaVision
Gmbh., Goettingen, Germany) systems were used to characterize
the flow in the array, within the predefined interrogation windows
aligned parallel to the flow and on the axis of rotation of the tur-
bine, as shown in figure 3. PIV data was taken for 40 seconds
at 5 Hz for each imaging location and the results processed un-
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WHAT IS TIDAL ENERGY? Background Design Experiment Single Turbine Results Array Results

LABORATORY-SCALE ROTOR GEOMETRY

I Maximize chord-based Reynolds
number

I Choose foil to minimize Reynolds
number effects

I Match performance and optimum tip
speed ratio with blade-element
momentum design code

I Attempt to match power extraction
and wake characteristics at scale, not
geometry

FIGURE 2. CAD MODEL OF THE MODIFIED SCALED HAHT
FORM THE DOE RM 1 GEOMETRY AND COMPARISON OF THE
ORIGINAL DOE RM1 ROTOR WITH THE REDESIGNED ROTOR
WITH HIGHER CHORD-BASED REYNOLDS NUMBER..

der the assumption of statistically steady free-stream flow. The
velocity fields 2 diameters upstream of each turbine and 2, 3, 5
and 7 diameters downstream of each turbine were measured from
PIV at vertical-streamwise planes that covered the flow from the
centerline to very near the free surface. These measurements
were averaged over the interval of acquisition (60 s) and along
the streamwise coordinate inside each PIV domain, that is for all
the measurement points that are at the same distance from the
turbine axis of rotation.

FIGURE 3. PIV IMAGING WINDOWS FOR MEASUREMENT OF
VELOCITY UP- AND DOWNSTREAM OF THE TURBINE DUR-
ING THE EXPERIMENT.

Numerical Analysis
The Blade Element Model (BEM) was used for performance

and wake characterization of the laboratory-scale model turbine
array. This methodology was previously validated to characterize
the performance and flow field associated with a horizontal axis
wind turbine (NREL Phase VI) [12, 13]. The BEM formulation
is combined with the RANS equations and a κ −ω SST turbu-
lence closure model to investigate the effect of the Tip Speed

Ratio variation (TSR=5.5 to 10.3) and array configuration on the
performance and wake structure of the three rows of turbines.

RESULTS
Figure 4 presents the comparison between the experimental

measurements and numerical predictions of the performance in
a two turbine array. The results agree well for the turbines at or
near the optimum TSR (≈ 7.2) but deviate slightly for lower TSR
values, demonstrating that CFD becomes less accurate when the
operating conditions of the turbines are such that separated flow
is present in a significant span of the blade.

FIGURE 4. COMPARISON OF NUMERICAL PREDICTIONS
(FULL SYMBOLS) VS EXPERIMENTAL MEASUREMENTS
(EMPTY SYMBOLS) OF THE PERFORMANCE OF TWO TUR-
BINES PLACED COAXIALLY WITH 5 (GREEN), 8 (MAGENTA),
11 (RED) AND 14 (BLACK) DIAMETERS DOWNSTREAM
SEPARATION. BLUE SYMBOLS ARE USED FOR THE FRONT
TURBINE UPSTREAM.

The discrepancy in the efficiency between experiments and
computations at lower TSR, from 5-7, brings about interesting
information on the dynamics of the turbine rotor. It is interest-
ing to note that the experimentally measured efficiency is almost
constant for a wide range of TSR values, decreasing from the
theoretical peak around 7 to about 5.5 with little change in per-
formance. This is in contradiction with aero- and hydrodynamic
principles: decrease in TSR will result in the increase of AOA
along the blade span. Large AOA values result in flow separation
and unsteadiness along the blade span, and eventually stall, es-
pecially close to the root of the blade. These phenomena should
decrease the efficiency of the turbine. Further analysis of the
experimental data showed that, when the turbine operates under
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lower TSRs conditions, there is an increase in fluctuations of the
rotational velocity, which affects the flow structure at the blade
surface, and therefore rotor performance [9].

Figure 5 shows the temporal variation of the turbine’s rota-
tional velocity at the two ends of the TSR range explored (TSR=5
and 10). The blue and green curves show the temporal variation
of rotational speed normalized with the mean for TSRs equal to
5 and 10, respectively. It confirms that at TSR=10, the rotational
speed has small fluctuations, while at lower TSR the fluctuations
are relatively large and there are even a few large excursions (be-
yond 3 times the signal rms) during the 60 seconds of measure-
ments. Our hypothesis is that these large fluctuations in the ro-
tational velocity translate into rapid fluctuations in the value of
AOA along the blade span. These rapid changes in AOA values
would increase the stall angle along the blade span and therefore
would postpone the potential stall at low TSR values (high AOA
values). The result of this dynamic effect is that the efficiency
of the turbine remains high as the TSR value decreases and the
turbine still performs close to its maximum efficiency.

FIGURE 5. TEMPORAL VARIATION OF MEASURED NOR-
MALIZED ROTATIONAL SPEED OF TURBINE DURING TWO EX-
TREME END OF TSR RANGE (TSR=5 AND 10).

Figure 6 presents the results from a coaxial array, at 5 diam-
eters downstream separation. Consistently with the results from
the two turbine array, the computational results agree well with
the experimental measurements for the optimum TSR value, but
the agreement decays for lower TSR. The experiments show a
remarkably constant power coefficient for a range of TSR from
5-7, while the numerical simulations predict the theoretical drop
in performance as the TSR moves away from the optimum and
the angle of attack along the span increases above the value of
maximum lift and into stall.

The most remarkable observation from the efficiency results,
in a three turbine coaxial array, is that the downstream-most tur-
bine produces more power and has a higher efficiency than the
middle turbine. This is apparently contradictory with the idea
that as the flow goes through each of the turbine rotor disks,
it loses momentum to the energy extraction by the blades, and

therefore the kinetic energy flux reaching the turbines directly
behind will decrease. The confinement in the flume, however,
at a geometrical blockage ratio of 20%, forces the low momen-
tum flow to mix with the high momentum flow around the tur-
bine disk, reducing the momentum deficit quickly. This was
observed in the PIV velocity profiles behind the turbines (not
shown) where the momentum deficit recovery in the experiments
was much higher than expected. The mixing produced by the
presence of the middle turbine leads to an increased momentum
flux (not decreased as would seem intuitive in an infinite domain)
into the disk of the downstream-most turbine, and the result is
a higher power and efficiency in the downstream-most turbine
compared to the middle turbine located 5D upstream of it.

To confirm this rationale for the non-monotonic trend of ef-
ficiency with downstream location of the turbines in the array, we
show the Turbulent Kinetic Energy contours computed from the
BEM simulations in the three turbine coaxial array (Figure 7).
This result clearly demonstrate that the contribution of the mid-
dle turbine to the Turbulent Kinetic Energy in the wake is sig-
nificant and, in this highly confined flow, results in enhanced
mixing of high momentum flow with the wake. The net result
is a higher kinetic energy flux, obtained by integrating the cube
of the flow velocity along the cross section of the rotor disk, in
the downstream-most turbine (0.437 V 3

∞) compared to the middle
turbine (0.387 V 3

∞).

FIGURE 6. COMPARISON OF NUMERICAL PREDICTIONS
(FULL SYMBOLS) VS EXPERIMENTAL MEASUREMENTS
(EMPTY SYMBOLS) OF THE PERFORMANCE OF THREE
TURBINES PLACED COAXIALLY WITH 5 DIAMETERS DOWN-
STREAM SEPARATION. FRONT TURBINE: BLUE SYMBOLS,
MIDDLE TURBINE: BLACK SYMBOLS, DOWNSTREAM TUR-
BINE: RED SYMBOLS.

The results from the three turbine array with lateral offset

4



FIGURE 7. CONTOURS OF TURBULENT KINETIC ENERGY
IN THE MID PLANE OF THE FLOW IN A THREE TURBINE
COAXIAL ARRAY. NOTE THAT THE HIGH TURBULENT INTEN-
SITY IN THE WAKE OF THE MIDDLE TURBINE WILL LEAD
TO INCREASED MIXING OF HIGH MOMENTUM FLOW INTO
THE WAKE AND A HIGHER KINETIC ENERGY FLUX IN THE
DOWNSTREAM-MOST TURBINE COMPARED TO THE MIDDLE
TURBINE (0.437 VS 0.387 RELATIVE TO THE FREE STREAM
VALUE)

between the turbines show the same tendencies of agreement at
optimum TSR, with an almost constant performance in the ex-
periments and a marked decrease with TSR in the simulations.
There is an interesting trend that appears from these results and
that is not observed in the previous data, probably because of
the range of TSR explored here. The simulations do not predict
an optimum value of Cp for a TSR between of 7 and 7.5, as is
the case in the experiments, and is predicted by the BEM theory.
Rather the performance keeps increasing and peaks at a TSR that
is different for each turbine in the array (TSR=8 for the front
turbine, TSR=8-8.5 for the middle turbine, and no maximum de-
tected for the downstream-most turbine).

It is important to note that the efficiency in the numeri-
cal simulations rises above the experimental values, particularly
as the TSR exceeds the theoretical optimum and the efficiency
keeps increasing rather than peaking at that value. This indicates
that the blockage ratio from the flume, approximately 20%, has a
cumulative effect in the array testing, particularly for the turbines
with lateral offset, where the turbines operate very near the flume
walls. The blockage ratio increases the performance artificially,
due to the forced flow through the turbine rotor disk, rather than
bypassing it, and it increases the value of the TSR for optimum
performance, as it accelerates the flow through the turbine disk,
with respect to the velocity of the flow with an infinitely wide
cross section, effectively increasing the value of V and therefore
the value of Ω R necessary to achieve an optimum distribution of
angle of attack.

To test this hypothesis, we perform simulations with an in-
creased cross section of the computational domain. We double
and quadruple the cross section of the domain, to reduce the
blockage ratio to 10% and 5%. Figure 9 presents the results of the
study with three turbines at a lateral offset of 0.25D and a down-
stream separation of 5D, at 3 different levels of blockage ratio.

FIGURE 8. COMPARISON OF NUMERICAL PREDICTIONS
(FULL SYMBOLS) VS EXPERIMENTAL MEASUREMENTS
(EMPTY SYMBOLS) OF THE PERFORMANCE OF THREE
TURBINES PLACED WITH A LATERAL OFFSET OF 0.25D,
AND A DOWNSTREAM SEPARATION OF 5D. FRONT TURBINE:
BLUE SYMBOLS, MIDDLE TURBINE: BLACK SYMBOLS,
DOWNSTREAM TURBINE: RED SYMBOLS.

The efficiency decreases with blockage ratio, quickly between
20% and 10%, and more slowly from 10% to 5%. The location of
the peak efficiency also decreases in TSR value, becoming con-
sistent with the theoretical predictions (T SRopt = 7−7.5) for the
upstream turbine. Interestingly, the value of the optimum TSR
for the other two turbines in the array do not recover back to the
theoretical prediction. The increase in efficiency with blockage
ratio is also much more marked in the downstream turbines, spe-
cially in the downstream-most turbine, hinting at the cumulative
effect that blockage ratio has on the subsequent rows of the array.
As the front turbine creates a wake with a momentum deficit and
accelerates the flow outside of it, the confinement is stronger for
the following turbine as the effective cross section of the flume
is reduced by the cross section of the low momentum flow in the
wake. As more turbines add to the low momentum wake, further
turbines downstream feel an increasingly confined environment
where more flow is forced to pass through the rotor disk, leading
to higher power extraction.

SUMMARY AND FUTURE WORK
The flow field and energy extraction in a small array of

MHK turbines has been investigated through experiments and
simulations at a laboratory scale. A turbine that is similar
performance-wise (identical Cp vs TSR) to the DOE RM1 has
been designed, built, instrumented and tested for flume experi-
ments (scale 45:1). Numerical simulations based on the Blade
Element Method have been performed and compared to the ex-
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FIGURE 9. PERFORMANCE OF THREE TURBINES PLACED
WITH A LATERAL OFFSET OF 0.25D, AND AT 5 DIAME-
TERS DOWNSTREAM SEPARATION, AS A FUNCTION OF THE
BLOCKAGE RATIO IN THE COMPUTATIONAL DOMAIN.

perimental measurements. The performance is well represented
in the simulations, particularly for the front turbine and at the
optimum TSR. Flow separation along the blade span, apparent at
low TSR values, makes the simulation results deviate from the
experiments. Enhanced recovery of the wake in the experiments
compared to the simulations is also apparent from the PIV ve-
locity profiles across the wake and in the efficiency measured
versus simulated. A high fidelity Large Eddy Simulation (LES)
based on the open source SOWFA code developed at NREL is
being implemented to improve the simulation’s ability to capture
the dynamics of the wake development and recovery in the flume
(https://github.com/nnmrec/fastFlume).
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