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The interaction between a pair of tandem in-line oscillating hydrofoils is presented. The hydrofoils undergo sinusoidal
pitching about their leading edges with a fixed Strouhal number of S¢ = 0.25 and a Reynolds number of 10,000. The
streamwise spacing, spanwise spacing, and phase offset between the hydrofoils are varied. Force measurements are
employed to investigate changes in thrust, lift, spanwise force, power consumption, and propulsive efficiency. A method to
mitigate confounding factors from connecting rod drag is employed using streamlined fairings. Near and far streamwise
spacing regions are identified with a transition occurring near 0.875 chord lengths downstream. Decreasing streamwise
spacing in the far region causes a rise in the maximum power consumption of the follower hydrofoil. Decreasing
streamwise spacing in the near region results in an opposite trend, with a sharp drop in maximum average power
consumption by the follower. An empirical model for power consumption of the follower is developed. Increased spanwise
spacing is found to weaken the interaction between the hydrofoils, driving them toward their isolated performance. This
phenomenon is related to the spanwise contraction of the wake shed by the leader and is a function of the overlap of the

wake region impacting the follower.

Nomenclature

= peak-to-peak trailing-edge amplitude of oscillation, m
aspect ratio

span length, m

dimensionless coefficient for quantity [*]
chord length, m

force acting in the spanwise direction, N
frequency of oscillation, Hz

reduced frequency; fc/U

lift force, N

power consumption, W

Reynolds number; U c/v

Strouhal number; fA/U,

thrust force, N

torque about axis of oscillation, N/m
freestream velocity, m/s

dimensionless streamwise spacing
dimensionless spanwise spacing
propulsive efficiency

pitch angle, deg

maximum pitch angle, deg

angular velocity, deg/s

kinematic viscosity, 1 mm? /s

density (1000 kg/m?)

= phase offset, deg
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I. Introduction

NY swimming or flying system will shed a wake as it passes
through a flow. When one system follows closely behind another,
it will inherently interact with the wake shed by the leading system: an
interaction which may drastically alter the performance of both sys-
tems. Steady aerodynamic interactions are commonly observed in the
formation flight of fixed-wing aircraft where drag reduction is achiev-
able [1]. Although commonly associated with military aircraft, these
interactions have also been observed in nature. In one study, a group of
pelicans were trained to glide in a “V”-shaped formation [2]. It was
observed that the pelicans in formation achieved a farther glide distance
as compared to what they could in isolation. Similarly, it has been
observed that ibises flying in this optimal V-shaped formation will
synchronize their wing beats to maximize beneficial upwash inter-
actions, and thus conserve energy [3]. Another area where beneficial
wake interactions are hypothesized to occur is fish schools. The specific
nature of these interactions depends on the types of wakes produced and
encountered within the school. Many fish swim with what is referred to
as a carangiform profile, where the body remains largely static while the
tail fin produces the majority of the thrust through pitching and heaving
motions [4]. The type of wake produced by this form of propulsion is
linked to the Strouhal number of St = fA/U,,, where f is the fre-
quency of oscillation, A is the peak-to-peak amplitude of the oscillation,
and U, is the incoming freestream velocity. In nature, fish have been
observed to have tail oscillation frequencies and amplitudes corre-
sponding to a relatively narrow band of Strouhal numbers: 0.2 < St <
0.4 [5,6]. Experiments have shown that this range corresponds to a
peak in propulsive efficiency and the presence of a reverse von Karman
vortex street. The transition from regular von Kadrmén wakes to reverse
von Kdrmdn wakes has been heavily studied [7-13], producing a
wide range of wake names, with the wake generated by fish commonly
referred to as a 2S (wake structures where two single vortices are
produced each shedding cycle) wake [14]. Significant studies and
numerous reviews have been done on the mechanisms of individual
fish swimming [15-17], different simplified motions [14], and even on
real fish in a controlled environment [18].
Fish are believed to school for a wide variety of reasons, including
socialization, predator avoidance, and feeding [19-23]. The obser-
vation and study of fish schools have shown that fish have lower
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tail-beat frequencies based on their positioning within a school
suggests that they are deriving a hydrodynamic benefit and saving
energy when schooling [24,25]. To date, however, direct measure-
ments of the oxygen consumption (and therefore energy expenditure)
of schooling fish remain an outstanding issue. Fish have also been
observed to synchronize their tail beats relative to one another based
on sensory feedback on the surrounding flow from their lateral line,
which is a sensing organ somewhat unique to fish [26,27]. When fish
are denied this sensory input, they have been observed to lose their
tail-beat synchrony [28] and tend to remain further away from their
neighbors while schooling [29]. Fish have also been observed to
actively interact with other wakes in a flow, specifically adjusting
their swimming gait downstream of cylinders [30]. Similar behavior
has been observed in a fish following behind a purely pitching [31] or
pitching and heaving hydrofoil producing fishlike wakes [32]. This
behavior also emerges passively, which has been shown when a
recently deceased fish was placed in the wake of a cylinder [18]. In
this case, the flexible body of the fish, without internal or external
control, interacted with the cylinder wake to produce net thrust.
Recent works using adjoint optimization methods have also found
that the drag on tandem oscillating cylinders in flow may be reduced
by synchronizing their oscillations [33,34].

By leveraging engineering simplifications of fish swimming, an
experimental study of infinite-span pitching hydrofoils in a con-
strained tandem configuration by Boschitsch et al. [35] demonstrated
that the leading hydrofoil is largely unaffected by the presence of the
follower, except in cases of streamwise spacings of less than one
chord. In these close interaction cases, the leader experienced pro-
pulsive efficiencies up to 1.2 times what it experienced in isolation.
The efficiency of the follower is always affected by both phase
offset (between the oscillation motions) and streamwise spacing of
the hydrofoils. In some cases, the combination of phase difference
and spacing increased the efficiency of the following hydrofoil up to
1.5 times the isolated case. At each streamwise spacing, there was a
specific phase offset that corresponded to a peak in efficiency for the
follower. This phase was closely linked with the streamwise spacing
of the hydrofoils, creating a banding effect in the streamwise
spacing-phase offset space. Boschitsch et al. [35] also showed that
the vortices shed by the upstream hydrofoil served to either enhance
or reduce the thrust production of the follower. In time-averaged
flow data, cases with high average thrust production resulted a
single coherent jet oriented downstream. In cases with low average
thrust production, a branched wake structure was present, where
impinging vortices were pushed at an oblique angle to the hydrofoil,
thus reducing net thrust.

Kurt and Moored [36] extended these studies by evaluating hydro-
foil tip and finite-span model effects on performance of tandem
hydrofoils. The flowfields, which were recorded along the midspan
of the finite-span hydrofoil models, produced similar time-averaged
wakes as the infinite-span studies [35]. Kurt and Moored [36] also
analyzed the tandem hydrofoils for their collective performance
gains, which assessed the total improvements or losses of the system.
The finite-span hydrofoil models were significantly less efficient
when compared with infinite-span hydrofoils, with the finite-span
models having a collective efficiency of 25%, as compared to 42% for
the infinite-span hydrofoils. This loss in efficiency may be due to the
presence of the hydrofoil tip vortex system, which is known to alter
the vortices present in infinite-span studies into a chain of vortices
[12,37]. This effect also causes a contraction of these chains in the
spanwise direction as these vortices convect downstream [37].

Recent studies on constrained and unconstrained propulsors have
found evidence of the existence of stable equilibrium points for the
relative positioning of free-swimming propulsors [38—45]. These
studies have typically focused on constrained in-line swimmers
[35,36] or free swimmers locked into a planar arrangement [39,45].
These equilibrium points represent positions that swimmers will
naturally gravitate toward due to the influence of hydrodynamic
forces, which can further result in changes to their hydrodynamic
performance. In general, these studies have shown that in the stream-
wise and cross-stream directions, there are equilibrium points, which
are a function of the relative phase and oscillating amplitude of the

propulsive bodies present in the flow. However, these studies have not
accounted for changes in positioning outside the two-dimensional
(2-D) oscillation plane in the spanwise direction.

The current study experimentally investigates the effects of span-
wise spacing on tandem in-line thrust-producing hydrofoils. Similar
to prior studies, oscillating hydrofoils were placed at fixed relative
positions and tested with varied oscillation phase differences. The
addition of spanwise spacing will show the effects of the vortex chain
system generated by the leading propulsor and extend the search for
equilibrium points in the spanwise direction. Force measurements at
these relative positions are used to define “near” and “far” streamwise
interaction regions, as well as document how spanwise shifts alter the
performance of the hydrofoils.

II. Experimental Methods

Experiments were performed in a recirculating flow channel
located at Lehigh University, which has a turbulence intensity of less
than 0.3% of freestream velocity [46]. Finite-span hydrofoils were
constructed out of polyethylene terephthalate glycol using a fused
deposition modeling three-dimensional (3-D) printer and sanded to
ensure a smooth surface finish. Both hydrofoils had a rectangular
planform shape with a chord length of ¢ = 9.5 cm and a span of
b =19 cm, resulting in an aspect ratio of AR = 2. The hydrofoils
had a NACA 0012 profile with squared wingtips. Both hydrofoils
were connected to servo motors using 10-mm-diameter carbon fiber
rods. Their pitching axis was 5 mm behind the leading edge, or 5% of
the chord. An acrylic plate was also fitted over the surface of the flow
channel to mitigate free surface effects. The drag coefficient for these
actuating rods was approximately C, ~ 0.095 [47] and, with one
chord of immersion in the flow, the drag they could produce was
almost 50% of the expected thrust produced by the hydrofoils. In
addition, the upstream, or leader, hydrofoil was manufactured with
a longer actuating rod to facilitate changes in spanwise spacing bet-
ween the hydrofoils. A key experimental feature was the addition of
streamlined fairings placed around the actuating rods, which served
to shield them from the oncoming flow, and thereby eliminate rod
drag from the measured forces. This was more important in cases
where the spanwise spacing was varied because the drag on differing
rod lengths could result in inaccurate assessment of thrust pro-
duction. Both fairings had teardrop profiles with overall lengths of
5.75 cm and a leading-edge diameter of 20 mm. The fairings were
constructed in two parts. The first piece was affixed to the actuation
mechanism mounting, whereas the second was attached to the first
using magnets. The clearance between the actuation rods and the
inner surface of the fairings was approximately 3 mm to ensure that
the rods never came into contact with the fairings. Figures la—1b
schematically show the actuation mechanisms used for both hydro-
foils as well as the placement of the fairings. Figure 1c shows a
photograph of the fitment of the rear portion of the fairing to one of
the hydrofoils.

The hydrofoils were oscillated independently by high-torque servo
motors (Dynamixel model MX-64AT), which have a minimum
command-response resolution of 0.0879 deg. The oscillation motion
was sinusoidal with an adjustable phase offset between the hydro-
foils, which are given in Egs. (1) and (2):

0 = 0, sin(2xf1) )

0, = 0, sinQQaft + @) 2

where 0; and 6 are the pitching angles at time ¢ for the leader and
follower, respectively; and 8, is the angular amplitude of oscillation.
Also, ¢ is the temporal phase offset between the leader’s and fol-
lower’s pitching motions. A phase offset of 0 deg indicates fully
in-phase motion, and a phase offset of 180 deg indicates fully out-of-
phase motion.

The experimental setup allowed for the streamwise spacing (x/c)
and spanwise spacing (z/b) between the hydrofoils to be varied.
Note that, here, the streamwise spacing is normalized by the chord
length, whereas the spanwise spacing is normalized by the span
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Fig.1 Schematics of a) hydrofoil actuation linkages and b) schematic of
fairing placement around actuation rod. Photograph of mounting of rear
fairing portion (Fig. 1c).

a)

length to facilitate discussion of the offset as percentages of the
hydrofoil dimension in each direction. The spanwise spacings
ranged from 0 to 0.5 spans in 0.125 increments. The streamwise
spacing ranged from 0.625 to 1.125 chords in 0.125 increments. The
hydrofoils were kept a minimum of one chord length from the
channel floor and the surface plate. A schematic of the experimental
setup can be seen in Fig. 2.

The hydrodynamic forces acting on the hydrofoils were mea-
sured using high-resolution six-axis load cells (ATI NANO43) fitted
between the servo motors and hydrofoils. Using the manufacturer-
supplied calibration matrices, the load cells were able to resolve forces
as small as 1/512 N and torques as small as 1/40 N - mm. The sensor
bias error supplied by the manufacturer was 1.25% for both load cells.
The motions of the hydrofoils were recorded using quadrature optical
encoders (USDigital E5 series) with a resolution of 5000 counts per
revolution, or 0.0180 deg resolution using X4 decoding. The mean
error between the command issued to the motors and the reading from
the optical encoders was 0.05 deg. Data acquisition was conducted
using a National Instruments PCI system at a sampling frequency of

. Top View

y Increasing x/c
—
Follower Side View
Leader

Uso
—_—
z
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Fig.2 Schematic of experimental setup.

Table1 Experimental

parameters
Parameter Value
Foil profile NACA 0012
c 9.5cm
AR 2
6, +7.5 deg
f 1 Hz
Uy 0.1 m/s
St 0.25
k 0.95
Re 10,000

1000 Hz. The load cells were tared in quiescent flow prior to each trial
in this study. Instantaneous power consumption was calculated using

P(1) = T40 3)

where P is the instantaneous power consumption, 7'z is the measured

instantaneous torque about the oscillation axis, and 0 is the instanta-
neous angular velocity. The oscillating amplitude and frequency were
keptfixedatd, = = 7.5 degand f = 1 Hz,respectively. The phase
offset between the hydrofoils ranged from ¢ = 0 to 360 deg in 15 deg
increments. Based on previous studies [35,36], the Strouhal number
was held fixed at St = 0.25, and the freestream velocity was set to
U, =0.1 m/s. These flow and motion conditions resulted in a
Reynolds number of Re = U c/v = 10,000, where v is the kin-
ematic viscosity, and a reduced frequency of k = fc/U, = 0.95.
These values are summarized in Table 1.

Several common hydrodynamic forces are presented, including
thrust 7', lift L, and spanwise force F,. Forces were recorded in a
reference frame relative to the load cells. A rotation matrix was then
applied to give lift and thrust forces in the laboratory frame of reference:

T = —F,cos(d) + F,sin(0) (@)

L = —F,cos(0) — F, sin(0) (5)

where F, and F, are the x and y planar forces in the reference frame
relative to the load cells. All forces were recorded in newtons and are
presented in dimensionless form as

Cr = T/0.5pbcU?, (6)
C; = L/0.5pbcU?, (7)
CFZ = FZ/OSpch%,o (8)

where p is the fluid density. The power consumption was normalized
as

Cp = P/0.5pbcU3, )

Time-averaged performance coefficients are denoted using over-

lines (for example, [;]) The propulsive efficiency, presented as a
percentage, was considered as the ratio of the average useful power
output to the average power consumed as

7=Cr/Cp (10)

III. Results

A. Isolated Hydrofoil Performance

To verify the functionality of the experimental setup, data were
taken for both hydrofoils in isolation, with only one hydrofoil in the
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flow at a time. The average thrust production Cy, power consumption
Cp, and propulsive efficiency 7 were compared with those from
previous studies and are shown in Table 2. Random uncertainties
were based on standard deviations between 5 repeated trials: each
with 40 repeated oscillation cycles. Bias and random uncertainties
were determined using the methods outlined by Figliola and Beasley
[48], and they are detailed in the Appendix. There were slight
variations in the performance of the leader and follower hydrofoils,
which were likely caused by minor variations in manufacturing of the
hydrofoils, mounting hardware, and fairings. The leader hydrofoil
was also fitted with a longer connecting rod to facilitate changes in
spanwise spacing, which may also contribute to any difference. Prior
experimental studies did not account for the offset drag of the static
hydrofoil, and so values of C; in Table 2 for the current study are
adjusted using a drag offset of C, = 0.06 for a NACA 0012 profile,
which was derived from the work of Senturk and Smits [49]. The
thrust aligned well with prior experiments by Kurt and Moored [36]
but was somewhat lower than those predicted by Senturk and Smits
[49], which was an infinite-span simulation. The power consumption
measured in the current study matched well with those predicted by
Senturk and Smits [49] but was noticeably lower than those reported
by Kurt and Moored [36]. A number of factors likely reduced power
consumption, including airfoil shape, Reynolds number, and the
addition of fairings to the current study. Efficiency aligned reason-
ably well with prior studies while most closely aligning to the finite-
span hydrofoils of Kurt and Moored [36].

B. Tandem Hydrofoils with Spanwise Spacing

The hydrofoils were placed in tandem in the flow channel and tested
at a variety of streamwise and spanwise spacings. Figure 3 shows the
relationship between the phase offset and the average performance
coefficients of the leader and follower hydrofoils at x/c = 1.125
chords of streamwise offset, which was the largest streamwise spacing
tested in the current study. The variation in line color reflects the
various spanwise spacings within the range of z/b = 0-0.5. Horizon-
tal dashed lines identify the isolated hydrofoil mean performance
coefficients. For the leader, the average thrust production and effi-
ciency (Figs. 3a and 3c) were generally independent of phase offset.
The average power consumption of the leader (Fig. 3b) had a minor
dependence on the phase offset of the hydrofoils. Phase offsets of
around ¢ = 180 deg lowered power consumption slightly, whereas
power consumption was increased above the isolated leader case for
other phase offsets. Prior studies have shown that average performance
coefficients of the follower are functions of phase offset [35,36], which
is also the case for the follower here (Figs. 3d—3f). As in prior studies,
the data exhibited a sinusoidal dependence on phase offset. The thrust
and efficiency for both hydrofoils did not fall below their respective
isolated values, but power consumption was observed to drop below
the isolated values for some phase offsets.

The introduction of spanwise spacing had limited effects on the
thrust and efficiency of the leader. However, the leader’s power
consumption consistently decreased with increasing spanwise spacing
at all phase offsets. There were more noticeable effects on the follower
when the spanwise spacing was varied. Three phase offsets of interest
are noted by the vertical dashed lines in Fig. 3e: maximum average

x/c = 1.125
Leader Follower

0.3
B
5 .,

0.1

a)
0.55

- ﬁ/
& Increasing z/b

Increasing z/b

0.3 -
) e)
60%
=
40% N
20%
0 90 180 270 360° 90 180° 270 360°
c) 1} f) )
0 1/16 1/8 3/16 1/4 5/16 3/8 7/16 1/2
z/b

Fig. 3 Performance coefficients of tandem hydrofoils: x/c = 1.125.
Dashed lines denote performance in the isolated case.

power consumption near ¢» = 0 deg (phase 1), average power con-
sumption matching the isolated hydrofoil near ¢ = 90 deg (phase 2),
and minimum average power consumption near ¢» = 180 deg (phase
3). The effects of spanwise spacing can be most easily observed at these
three phase offsets, with the largest effect of spanwise spacing being
observed in the power consumption. For the maximum average power
consumption condition for the follower (phase 1), increasing the span-
wise spacing reduced both the thrust production and power consump-
tion of the follower. The corresponding decrease in efficiency indicates
that the reduction in thrust production had an increased impact on
the performance of the follower. Increasing the spanwise spacing at
the minimum power condition (phase 3) caused an increase in power
consumption with limited discernible changes in thrust production and
efficiency. No changes were observed at the inflection phase offset
(phase 2), but at this point, the hydrofoils acted nearly identically to two
hydrofoils in isolation.

Similar trends were observed when the hydrofoils were moved
closer together in the streamwise direction. Figure 4 shows the aver-
age performance coefficients for streamwise spacing of x/c = 0.625,
which was the closest tested. Both hydrofoils experienced greater
variability in their average thrust production and efficiency, which
is indicative of greater unsteadiness in the surrounding flow. The
power consumption of the leader had a more pronounced sinusoidal
dependence on phase offset than at larger streamwise spacing, with
a substantial decrease in power consumption near ¢ = 180 deg.
When increasing spanwise spacing, the amplitude of the leader’s
sinusoidal variation in power with phase offset was mildly reduced,

Table 2 Isolated performance metrics at St = (.25

Study Reynolds number Re Profile Cr C, 7

2-D experiment Boschitsch et al. [35] 4,700 Teardrop 0.150 £ 0.020 0.660 £ 0.060 22 + 4%
2-D experiment Kurt and Moored [36] 4,800 Teardrop 0.140 £+ 0.050 0.770 £+ 0.001 18 £ 6%
2-D experiment Kurt and Moored [36] 7,500 Teardrop 0.150 £ 0.020 0.790 £ 0.003 19 £ 2%
3-D experiment Kurt and Moored [36] 7,500 Teardrop 0.210 £ 0.020 0.750 % 0.005 28 £+ 3%
2-D simulation Senturk and Smits [49] 10,000 NACA 0012 0.161 0.429 38%

3-D experiment Present study, leader 10,000 NACA 0012 0.141 £ 0.016 0.420 £ 0.040 33 £ 3%
3-D experiment Present study, follower 10,000 NACA 0012 0.136 £ 0.013 0.423 + 0.040 32+ 1%

“The leader hydrofoil was at its maximum depth when tested in isolation.
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x/c = 0.625

Leader Follower

0 1/16 1/8 3/16 1/4 5/16 3/8 7/16 1/2
z/b
Fig. 4 Performance coefficients of tandem hydrofoils: x/c = 0.625.
Dashed lines denote performance in the isolated case.

with the power decreasing around ¢ = 0 deg and increasing
around ¢ = 180 deg. The thrust production and efficiency for
the follower significantly increased for all phase offsets, with a
peak in thrust occurring near ¢ = 180 deg. The phase offset of
power consumption was shifted by approximately 180°, as com-
pared with x/c = 1.125 (Fig. 3), with the minimum and maximum
power consumption occurring near ¢» = 0 and 180 deg, respec-
tively. The effect of spanwise spacing on the follower power con-
sumption was the same as that identified for x/c = 1.125 in Fig. 3;
that is, increasing spanwise spacing flattens the power consump-
tion curve.

To better understand the parameter space, maximum average per-
formance metrics are shown in Fig. 5 along with average magnitude

Leader Follower
—~ 03 L_| Increasing z/b
‘ & —
(&) —— |
; 0.2 7\' —— —
0.1
a) €)
0.55
‘Qj‘ 0.50 Increasing z/b /
T 045 e = /f’i Increasing z/b
£ 040
0.35
) f)
£ o \ ——
~ —— \'_A —
£

maz ([
-
|
\

3 i Increasing z/b
0.625 0.750 0.875 1.000 1.125 0.625 0.750 0.875 1.000 1.125
d x/c h) x/c
[ . . . . .
0 1/16 1/8 3/16 1/4 5/16 3/8 7/16 1/2
z/b

Fig. 5 Maximum performance coefficients and magnitude in lift of
tandem hydrofoils. Dashed lines denote performance in the isolated case.

in lift coefficient |C; | for each streamwise and spanwise combina-
tion. The lift values reported here represent the average magnitude
of lateral forces experienced by the oscillating hydrofoils. The leader
was largely insensitive to changes in streamwise and spanwise spacing
but generally slightly outperformed the isolated hydrofoil case, regard-
less of follower position. All values for the follower (Figs. Se—5h) were
significantly higher than the isolated case. Regardless of streamwise
position, increasing spanwise spacing caused performance metrics to
shift toward the isolated case. Small changes in spanwise spacing
around z/b = 0 caused seemingly no changes in values; but at larger
z/b, changes in spacing generated notable decreases in all maximum
values for the follower. Also of note is that in all arrangements tested,
both the instantaneous and time-averaged spanwise forces C., for both
hydrofoils were found to be small enough to be negligible, indicating
no hydrodynamic forces pushing the hydrofoils toward any particular
spanwise spacing in the time average.

Two distinct streamwise spacing regions are identified in Fig. 5,
with the boundary occurring near x/c = 0.875 chords (vertical
dotted lines). In the far region (x/c > 0.875 chords), the maximum
thrust production and efficiency of the follower were independent of
streamwise spacing. However, decreasing streamwise spacing in the
far region corresponded to an increase in the maximum power con-
sumption of the follower. In the near region (x/c < 0.875), the maxi-
mum thrust production, power consumption, and efficiency were
functions of the streamwise spacing. The trend in maximum power
consumption reversed from that in the far region, with decreasing
streamwise spacing causing a sharp decrease in the follower’s maxi-
mum power consumption. Decreasing streamwise spacing in the near
region also corresponded to increases in the maximum achievable
thrust production and efficiency for the follower. Lift appeared to be
largely insensitive to changes in the streamwise spacing. Oscillating
wings have been shown to be relatively insensitive to disturbances
[50], suggesting that the vortex interaction here is not sufficiently
large to alter lift-generating mechanisms.

C. Finite-Span Vortex Effect

The results shown so far reinforce those of previous studies, which
found that the performance of tandem hydrofoils is heavily depen-
dent on the streamwise spacing and phase offset relative to one
another [35,36]. The results shown also demonstrate that the perfor-
mances of the hydrofoils depend on their spanwise spacing relative to
one another. This dependence is related to the structure of the wake
shed by the leader. The wake structures shed by pitching hydrofoils
have been well documented by prior studies, like the particle image
velocimetry (PIV) results of King et al. [37]. Figure 6 shows a
schematic of the wake structure expected to be shed by an isolated
hydrofoil in this experiment. Hydrofoils undergoing periodic pitch-
ing motions at moderate Strouhal numbers are known to produce a
nominally two-dimensional 2S wake structure at the midspan [37]
with alternating sign vortices in the x-y plane, as shown in Fig. 6a.
In addition, the wake shed from a finite-span oscillating hydrofoil
experiences a spanwise contraction as it moves downstream. King
etal. [37] observed that at St = (.25, which is the same value as in the
current experiments, the rate of the spanwise contraction of the wake
was approximately 0.30 span lengths per chord length of the down-
stream movement. This prior result suggests that for a tandem inter-
action, such as the one in the current experiment, the amount of
incoming wake directly impinging on the follower hydrofoil’s span is
directly proportional to the relative streamwise spacing between the
hydrofoils, which accounts for the trends in x/c shown in Fig. 5.

The effect of spanwise spacing on the wake structure is shown in
Fig. 7, which expands Fig. 6b. Figure 7 shows how the contraction of
the incoming wake changes the amount of wake the follower interacts
with. At streamwise spacings of x/c = 1 and z/b = 0, the wake shed
by the leader interacts with 70% of the span of the follower, as shown
in Fig. 7a. Small increases in spanwise spacing up to a critical
z/b value of z/b.; = 0.15 do not change the percentage of the
follower’s span interacting with the incoming wake (Fig. 7c). How-
ever, increases in spanwise spacing beyond this value (Fig. 7b) decrease
the portion of the follower’s span interacting with the incoming wake.
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Fig.6 Schematic representation of wake structure shed by isolated hydrofoil along a) midspan x-y plane and b) top-down x-z plane, as well as ¢) isometric

view.
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Fig.7 X-Z plan view of portion of the leader’s shed wake interacting with the follower hydrofoil.

This effect was observed in Fig. 5, where small changes in spanwise
spacing around z/b = 0 did not generate a significant change in the
performance of the follower. Similarly, at x/c = 0.625, the critical
spanwise spacing was found tobe z/b;; = 0.094, as shown in Fig. 7d.
This critical z/b value is a function of the wake contraction and can be
defined by Eq. (11):

2/bui = 0.15(x/c) (11)

Figures 8b—8e show the maximum average performance of the
follower hydrofoil at a streamwise spacing of x/c = 1.125, where
z/bei = 0.169 is denoted by the vertical dotted lines. At this stream-
wise spacing, the wake has contracted to approximately 66% of the
follower’s span. Figure 8a shows the fraction of the follower hydro-
foil’s span that is immersed in the wake of the leader hydrofoil. The
dotted lines in Fig. 8 are included to draw attention to trends in the
data. Small values of spanwise spacing (0 < z/b < 0.169) resulted in

no change in maximum power consumption and lift magnitude, but
slight increases in thrust production and efficiency were observed in
Fig. 8b. This increase in performance is likely occurring when the tip
vortex system from the leader aligns and suppresses the tip vortex of
the follower hydrofoil, which would increase the follower’s effective
aspect ratio, thereby increasing its thrust production and efficiency.
This region, where the performance of the follower was generally
unchanged or slightly increased by changes in spanwise spacing, cor-
responds to cases where the amount of leader wake interacting with the
follower remained constant. Conversely, increasing spanwise spacing
above z/b.;, generated an approximately linear decrease in all perfor-
mance coefficients.

Figure 9 recreates Fig. 8 for a closer streamwise spacing of
x/c = 0.75. In this case, the thrust production (Fig. 9b) had more
variability at all spanwise spacings. This is likely caused by the
stronger vortex—body interaction taking place at the closer stream-
wise spacing. Figure 9 clearly shows how decreasing the streamwise
spacing results in a smaller value of z/b.,;;, which aligns well with the
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Fig.8 Representations of a) amount of wake impinging on the follower
hydrofoil, b) maximum average thrust production, ¢) power consump-
tion, d) efficiency, and e) lift magnitude as functions of spanwise spacing
at x/c = 1.125. The dotted lines are included to draw attention to trends
in the data.

prediction of Eq. (11) of z/b.;; = 0.113. Similar results were found
for all other streamwise spacings considered. These results and those
presented in Fig. 5 demonstrate a direct correlation between the
strength of the tandem interaction on the follower hydrofoil and the
portion of the follower hydrofoil’s span interacting with the incom-
ing wake.

D. Relationship Between Power, Phase, and Spanwise Spacing

A deeper analysis of the relationship between phase offset, stream-
wise spacing, and spanwise spacing was done to better understand the
vortical interactions experienced by the follower. The average thrust
production and power consumption of the follower hydrofoil at the
minimum (z/b = 0) and maximum (z/b = 0.5) spanwise spacings
are shown in Fig. 10. The boundary between the close and far regions
was clearly visible in the data in this format and is noted by a dotted
line at x/c = 0.875. When considering the effects of spanwise
spacing, both thrust production and power consumption had lower
dependence on phase offset at large spanwise spacing (z/b = 0.5)
when compared to the in-line case (z/b = 0). Despite this reduced
dependence, the power consumption of the hydrofoils exhibited a
linear relationship between phase offset and streamwise spacing
that remained consistent across the various spanwise spacings tested
(Figs. 10b and 10d).

The linear relationship in minimum power observed in Fig. 10
has been demonstrated to be a function of the vortex wake structure
shed by the leader. Because the wake shed by the leader is periodic,
achange in streamwise spacing was equivalent to a change in phase
offset. Decreasing streamwise spacing, while holding the phase
constant, will cause the vortex shed by the leader hydrofoil to
impinge on the follower hydrofoil earlier in the follower’s oscil-
lation cycle, affecting the power consumption of the follower.

—> Decreased wake interaction
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Fig. 9 Representations of a) amount of wake impinging on the follower
hydrofoil, b) maximum average thrust production, ¢c) power consumption,
d) efficiency, and e) lift magnitude as functions of spanwise spacing at
x/c = 0.75. The dotted lines are included to draw attention to trends in the
data.
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Fig. 10 Average thrust production and power consumption of follower
hydrofoil.

Portugal et al. [3] expressed this concept as the simple linear
relationship, which is given in Eq. (12):

¢ = -360 deg(x/c)//l* + ¢spatial (12)
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where 1* is the incoming wake wavelength normalized by the
chord. The spatial phase ¢y,. is the equivalent phase offset,
taking into account the number of wake wavelengths between the
propulsors. This formulation was validated for tandem oscillating
propulsors by Epps et al. [51]. Furthermore, this formulation was
recently employed by Kurt and Moored [36] to determine the wake
wavelength and the convective speed of the wake shed by a hydro-
foil. Here, Eq. (12) was empirically applied to the phase offset at
which minimum power consumption occurred in the far region data
(shown in Figs. 10b and 10d as dashed lines) using a simple linear
regression. The resulting phase for minimum power consumption
for the tandem hydrofoils in this study is given in Eq. (13):

P& min = —240 deg(x/c) + 435 deg (13)

where ‘»bc_,,,mm is the phase offset for minimum average power

consumption for the follower as a function of x/c. Combining
Eq. (13) with Eq. (12) to determine the wake wavelength, based
on the power data, gives 360 deg /A* = 240 deg, and thus A* =
1.4 chord lengths. The convective speed of the wake, based on this
wake wavelength, was 1.4U . Kurtand Moored [36] documented a
wake convective speed of approximately 1.02U, based on their
PIV measurements of the wake of an isolated hydrofoil. A close
analysis of the interaction PIV presented by Kurt and Moored [36]
shows that in the far region, the wake wavelength increased when
the vortices interacted with the follower. Figure 11 shows a sche-
matic representation of this wake acceleration during the interac-
tion. Interestingly, this phenomenon does not appear to be function
of the phase offset between the hydrofoils. The phases at which the
follower experienced minimum and maximum average power con-
sumption (see Figs. 10b and 10d) are consistently 180° apart for all
x/c values in the far region, suggesting that wake acceleration is
likely more airfoil-shape dependent than motion dependent. Fur-
ther study on a wide range of airfoil shapes and motions would be
needed to fully understand the underlying dynamics of this wake
acceleration.

Although it is interesting to understand the phase relationship
between the hydrofoils, the power consumption is a more critical
aspect of the interaction. The data shown in Fig. 3 demonstrate that
the power consumption of the follower had a sinusoidal relationship
with phase offset, but it also varied as a function of x/c and z/b.
Equation (14) was developed around this sinusoidal relationship and
uses Eqgs. (15) and (16), which were empirically defined using the
data from the current study:

Cp=ACp COS(¢ - ¢C_p,min + 180 deg) + CP.offset (14)

z/b £0.15x/c

2AC, = ©
ACp = Ci(x/c)> + C3 + {C4(Z/b) z/b > 0.15x/c

Cp oftset = Cs(x/c)* + Ce(x/c)* + C(x/c) + Cy (16)

where ACp is an amplitude modifier that is dependent on the stream-
wise and spanwise positions, ¢C_p.min is the phase offset of minimum
power consumption [Eq. (13)], and Cp e is an offset term that is
dependent on the streamwise location. Equation (15) uses a best-fit
exponential function for streamwise spacing. C_4 are best-fit coef-
ficients based on the experimental results. A piecewise function was
required to account for the vortex wake contraction and its interaction
with the follower. As shown in Fig. 8, the power remained constant
for small spanwise spacings, before linearly decaying. Cp ,fpeq Was
defined using a third-order best-fit curve of the experimental data.

Ay <2 =1l4c
p o é &
D .-
% ¢ n=i0 o5

Fig. 11 Acceleration of wake.

Table3 Empirical
coefficients for follower
power consumption

Parameter Value
C, 0.002546
C, —18.34
C; 0.1281
Cy —0.115
Cs —0.3929
Ce 0.9769
C; —0.8057
Cy 0.6633
Cp model Cp, xperimental
0.3 0.4 0.5 0.3 0.4 0.5
EE a0
z/b = 0.0 z/b = 0.0

4

z/b=0.5

0 9 180 2700  360° ¢ 9 180 270"  360°
¢ 1]
Fig. 12 Comparison of predicted and experimental average power
consumption for the follower hydrofoil.

The empirically derived coefficients C|_g are shown in Table 3 for
reference. It is likely that these coefficients are dependent on the
airfoil shape, aspect ratio, and other factors. However, it is expected
that the general outline of Eqs. (14—16) applied to all tandem hydro-
foil cases in the far region. A comparison of the experimental data and
data modeling using Egs. (14-16) and the coefficients in Table 3 is
shown in Fig. 12. The model was applied only to the far region but
exhibited close alignment with the experimental data.

IV. Conclusions

An experimental investigation of tandem oscillating hydrofoils was
done to evaluate the effects of spanwise spacing. A variety of relative
streamwise spacings, spanwise spacings, and phase offsets were tested
at a constant Strouhal number; and the hydrodynamic forces acting on
both hydrofoils were recorded. The time-averaged thrust production
and power consumption of the follower were strongly affected by the
presence of the leader. The magnitude of the changes in the follower’s
hydrodynamic performance from that of an isolated foil decreased with
increasing streamwise spacing, and two distinct streamwise spacing
regions were identified: a near and a far. A delineation between these
near and far regions was found at around x/c = 0.875. In the far
region, the leader was largely unaffected by the presence of the fol-
lower; and the follower’s performance trended toward its isolated value
with increasing streamwise spacing. The transition to the near region
was marked by a decrease in maximum average power consumption by
both hydrofoils and an increase in the propulsive efficiency of the
follower hydrofoil. The introduction of spanwise spacing had limited
effects on the performance characteristics of the leader, regardless
of streamwise spacing or phase offset relative to the follower. In all
configurations tested, the spanwise forces acting on the hydrofoils were
small, indicating that there were no net forces driving the hydrofoils
toward any particular spanwise configuration.

Distinct trends with spanwise spacing were observed for the fol-
lower, which were linked to the spanwise contraction of the vortical
wake structure shed by the leader. Below a critical spanwise spacing,
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which was dependent on the rate of wake contraction and streamwise

Table A2 Random and bias
uncertainties for isolated hydrofoils

spacing, there was little to no change in performance. This corre-
sponded to a region where there was no change in the portion of the
follower hydrofoil’s span interacting with the incoming wake. Span-
wise spacings beyond a critical value resulted in a monotonic decrease
in the hydrodynamic performance of the follower, trending toward the
isolated performance of the follower.

Finally, a simple model was developed for the average power

consumption of the follower hydrofoil as a function of streamwise
spacing, spanwise spacing, and phase offset relative to the leader,
specifically for the far streamwise region. This model was derived
empirically from the experimental data gathered and produced results
that closely matched experimental results. This demonstrates the feasi-
bility of using simple models, such as the one developed here to predict
the performance of hydrofoils, for a variety of configurations that may
help provide further insight into the underlying flow physics.

Appendix: Experimental Uncertainty Analysis

Uncertainty was calculated using the methods outlined by Figliola
and Beasley [48] and, in a similar manner, employed by Stutz et al.
[52], which takes into account random uncertainty S and bias uncer-
tainty »’. Random uncertainty quantifies the variability in each input,
and bias uncertainty quantifies measurement accuracy and error. The
equations used for the power calculations are given in Eqs. (A1-A7).
Random and bias uncertainty values are given in Table Al. The
resulting uncertainties in the power coefficient, thrust coefficient, lift
coefficient, and efficiency are shown in Table A2:

P(t) = T,0 (A1)
oP 2 rop T2
= [|= =5, A2
g \/[6Tzs“] +[0059] (A2
oP 2 rop 72
by = || — b/ = b! A3
’ \/[6Tz TZ] +[ae “’] (A9
Cp = P/0.5pbcU3, (A4)

Variable S, by
Cr, leader +0.010 +0.013
Cy, follower +0.003 +0.013
Cp, leader +0.0002 +0.040
Cp, follower +0.0001 +0.040
n, leader +3% +1%
n, follower +1% +1%

e, = + /S, + b2 (A7)
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