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Abstract

A three-dimensional pulsed-jet propulsion model consisting of a flexible body and a steerable
bent nozzle in tethered mode is presented and studiedsnumerically. By prescribing the body
deformation and nozzle angle, we examine the flow evoTution and propulsive/turning
performance via thrust vectoring. Our results show that the vortex ring is no longer axis-
symmetric when the jet is ejected at an angle with the incoming flow. A torque peak is observed
during jetting, which is mainly sourcedfrom the suction force (negative pressure) at the lower
part of the internal nozzle surface,when the flow is directed downward through an acute angle.
After this crest, the torque is dominated by the positive pressure at the upper part of the internal
nozzle surface, especially atarelatively low jet-based Reynolds number (O(10%)). The torque
production increases with, a’larger nozzle bent angle as expected. Meanwhile, the thrust
production remains almost unchanged, showing little trade-off between thrust and torque
production which demaonstrates the advantage of thrust vectoring via a bent nozzle. By
decoupling_the thrust atthe internal and outer surfaces considering special characteristics of
force generation by pulsed=jet propulsion, we find that variations in Reynolds number mostly
affect the viscous friction at the outer surfaces. The influence of the maximum stroke ratio is
alsostudied. Results show that both the time-averaged thrust and the torque decrease at a larger

stroke ratio.

*Corresponding author: ging.xiao@strath.ac.uk
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1. Introduction

Aquatic animals swim effectively and efficiently, providing numerous prototypes for "hio-
inspired underwater vehicles. Aquatic locomotion mode can be roughly classified into‘three
main forms, i.e., body/fin undulation, fin oscillation, and jet propulsion. The former. two
swimming modes have received much attention, and extensive studies have beenfocused on
them in decades (Fish and Lauder, 2006; Fish et al., 2016; Sumikawa et al., 2022; Yu and
Huang, 2021; Zhong et al., 2019). In comparison, jet propulsion, utilized by cephalepads such
as squid, octopus, and cuttlefish, has gradually attracted interest in recent years due to some
inherent merits (Bi and Zhu, 2019b; Gemmell et al., 2021; O’Dor, 2013). Jet propulsion can
produce considerable thrust within a split second, which is essential for.escape or predation.
Some squid are capable of matching the fastest fish whensthe. maximum speed is considered
(Gosline and DeMont, 1985). With a turning nozzle, this pulsed jet'can also create a notable
turning toque for maneuvering in close-quarter environments. &

To understand the underlying mechanism ofijet propulsion utilized by squid, it is necessary to
study the morphology of these animals. The structure of a squid is shown in Fig. 1(a). The
mantle, as the main component of a squid;surrounds the mantle cavity (Ward and Wainwright,
1972). Experiments show that the squid mantle has two main muscle types, circular muscles
and radial muscles (Thompson and Kier, 2006). According to electromyographic recordings,
the radial muscles are active during the hyperinflation of the mantle, while the deflation of the
mantle during which the fluid is}ischarged rapidly is actuated by circular muscles (Gosline et
al., 1983), as shown<n Fig. 1(b): Ward (1972) found that smooth and uniform changes in
diameter (around«15%. in moderate jetting) were presented in different parts of the mantle
during the inflation-deflation jetting cycle, whereas the mantle length remained almost

unchanged.
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(a) (b)
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Fig. 1. Profile of a squid (a) and the deflation-inflation jetting cycle (b). Reproduced from Fig. 1 in Luo
et al. (2020b).

Mantle cavity
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Biological observation and measurement of the hydrodynamics,and flow /patterns around
swimming squid have also been conducted. For example,sAnderson and DeMont (2000)
evaluated the jet velocity, jet thrust and intramantle pressure based on'the measured kinematics,
body deformation, and mantle cavity volume of swimmingsquid (Loligo pealei) via high-speed
digital video. Similar analyses of squid hydrodynamics were reported by Anderson et al. (2001).
Their findings offered new perspectivesn,the locomotory hydrodynamics of the jetting
process of squid and other jet propulsion-based.organisms.

Subsequently, DPIV (digital particle‘image'velocimetry) techniques were utilized to visualize
the jet flow of squid. Experimental results reported by Anderson and Grosenbaugh (2005)
showed that squid jets were periodic, steady, and prolonged emissions of fluid and continuous
jets discharged from the squid W{re unstable. Bartol et al. (2008) found that the jet around squid
hatchings (paralarvae) in low and intermediate Reynolds numbers mostly consisted of
elongated vortex rings withoutaeclear pinch-off from the trailing tail component. In comparison,
the wake patterns of juvenilefadult squid that operate at high Reynolds numbers exhibit two
primary jet modes. In jet'mode I during slow swimming, the discharged fluid rolls up into a
single leading vortex ring, at each jet pulse. In jet mode Il during fast swimming, the leading
vortexring pinchsoff from a long trailing jet with distributed vorticity.

In addition to the jet flow from live squid, vortex ring formation can also be duplicated in
experimental environments through a simple piston-cylinder arrangement. Using such a device,
Gharibset al. (1998) found that two flow patterns could be produced depending on piston stroke

to'eylinder diameter ratio (stroke ratio). The flow field at a small stroke ratio shows a single
3
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vortex ring, while it consists of a leading vortex ring followed by a trailing wake at a large
stroke ratio. These two patterns correspond to the two jet modes I and II observed from live
squid, respectively (Bartol et al., 2009). The conversion between these two modes emerges at
a specific stroke ratio, the “formation number”.

Inspired by the jet-propelled locomotion mode of squid, some robotic designs, have ‘been
proposed. For example, experiments of a squid-inspired underwater robot named “Robosquid”
developed by Moslemi and Krueger (2010) suggested higher propulsivesefficiency of the
trapezoidal jet velocity profile than the triangular velocity pattern. Nevertheless, the jets were
produced by pneumatic or piston actuation rather than inflation-deflation‘of the body, a key
feature of squid jetting. Some squid-inspired soft robotic devices utilized body deformation to
produce pulsed jets. An earlier design that combines the coneept of soft robotics with pulsed
jet production was developed by Serchi et al. (2012). Experiments,on this prototype suggested
that propulsive performance heavily relied on the flexible response of the robot shell to external
actuation. A more recent squid-inspired robot reported/by Buja?d et al. (2021) demonstrated a
preferred Strouhal number for efficient  swimming, ‘which is reminiscent of a similar
phenomenon in fish swimming.

There are also numerical studies that consider body deformation and jet propulsion of squid-
like swimming. By using a potential flow model, Bi and Zhu (2018) investigated the burst-coast
swimming of a cephalopod-like jet swimmer. They found that the model could reach optimal
swimming speed near thescritieal, stroke ratio. Subsequent studies of a 2D fluid-structure
interaction model found symmetry-breaking instability of the jet wake after continuous jetting
(Bi and Zhu, 2019b) and. the significant role of the added-mass effect in thrust production (Bi
and Zhu, 2019a). They,also examined the effect of nozzle geometry on jet propulsion
performance«(Bi and. Zhu, 2021a) and jet propulsion efficiency through a novel thrust-drag
decomposition (Bi and Zhu, 2021b). The locomotor transition of squid jet from water into air
was numerically studied using CFD (computational fluid dynamics) by Hou et al. (2020). They
found that a lower launch angle could yield a bigger flying speed. Other numerical studies of

jet nozzles can be found in Urazmetov et al. (2021) and Tabatabaei et al. (2015).

Page 4 of 31



Page 5 of 31

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BB-103060.R2

However, most of the existing studies focused on the thrust production of squid-like jets, while
the torque generation, essential for turning or escape maneuvers, receives much less attention.
As mentioned earlier, squid achieves “thrust vectoring ” by steering its nozzle to a certain angle.
Biological measurements indicated that squid exhibited high maneuverability in terms of the
lowest length-specific radius of the turn reported for any aquatic taxa (Jastrebsky et al., 2016)-
Inspired by this feature, a few squid-like robotic designs also showed excellent turning
performance. For example, a 3D-printed nozzle with a fixed angle relative torthe long axis of a
cephalopod-inspired robot made with compliant ribs reached a turning rate up to S0 deg per
second (Christianson et al., 2020). Excellent turning maneuverability by cephalopod-inspired
soft robots capable of thrust vectoring was also reported by Wang etal. (2019) and Zhang et al.
(2020a).

Nevertheless, the above studies focused on mechanical implementation, while the underlying
hydrodynamic mechanism remains unrevealed. Altheugh experiments on round jets in cross-
flow have been conducted to show the surrounding flow field .(Kelso et al., 1996; Lim et al.,
2001; New et al., 2006), the thrust and torque created by these transverse jets were not
considered in these studies. It is also unclear how the pulsed thrust would change when turning
torque is produced by thrust vectoring.

We numerically examine the‘thrust and torque’production of a three-dimensional squid-like
swimmer with a bent nozzle in this study. Stemming from a 3D jet propulsor with a pressure
chamber and a fixed nozzlesin'our last work (Luo et al., 2021b), this system is equipped with a
steerable nozzle that enableshe fluid to be deflected away from the body axis with different
angles. A background flow is included to simulate the swimming state before the maneuver.
The body deformation is prescribed so that we can examine the effect of the equivalent stroke
ratio on the torque generation which has not been studied yet.

The rest of the paper is organized as follows. Section 2 provides the problem statement,
including model geometry, deformation design, and performance evaluation method. Then the
numerical model and approach are described in section 3. The simulation results are presented

in section 4. Finally, section 5 presents the conclusions of this work.
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2. Problem statement

The three-dimensional squid-like swimmer considered here consists of a pressure chamber
corresponding to the mantle cavity of squid, similar to that in our previous work (Luot aly;
2021Db). In addition, a nozzle that mimics the funnel tube is added. This nozzle serves as a fluid
exit. For a complete deflation-inflation cycle, when the body cavity deflates, the internal fluid
is ejected through the nozzle, then the fluid is absorbed back into the cavity with the body
inflating for the next jetting. It is noted that “thrust vectoring” can be achieved by turning the
nozzle, which is the key difference between the present model and the previc&s one in Luo et
al. (2021b). In this way, the overall pulsed jet force may not be in line with the direction of the
background flow direction and a turning torque will be generated. In this.study, only a single
deflation phase is considered as it produces most of the thrust andstorque during a complete
inflation-deflation cycle.

The profile of the squid-like model is presented in/Fig. 2(a). The body length is L, the nozzle
size is D = 0.2 L and it has a length of 0.1 . The body geometry and dimension are the same
as that in Luo et al. (2021b). Distinctively, a'bent noezzle is considered in this work. The bent
angle @ of the nozzle is defined as the angle between the axial midlines of the body and the
nozzle, as shown in Fig. 2(a). The deflation of the body is achieved by increasing the
eccentricity e of an ellipse, while the nozzle is fixed with the given angle 6, as shown in Fig.
2(b). The body length remains unchanged during deformation, consistent with squid jetting jet

N

locomotion (Ward, 1972). The details of the deformation design can be found in Luo et al.

(2021b).

Fig. 2. The profile (a) and deflation (b) of the cross-section of the model (the starting (eo) and ending (e1)
positions are shown in solid lines). Adapted from Fig. 1 in Luo et al. (2021b). The nozzle inlet and outlet
planes are marked as p1 and p», respectively.
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The deformation of the squid-like model is depicted in Fig. 2. During deflation, the thickness
of the wall is varied to keep the volume of the body wall constant to avoid mass change. The
initial state, i.e., the inflated state of the body, is denoted by e = e;, while the extreme deflated
state is denoted by e = eq. The internal volumes of the body cavity correspond to these two
states are V(ej) and V(ed), respectively. We define the equivalent stroke ratio as Ii(t) =
4A(t)/(z=D?) with A(t)= V(ei) — V(e(t)) and e denoting the instantaneous eccentricity (Luo et al.,
2021b). Then the maximum equivalent stroke ratio, I'm = 4(V(ei) — V(eq))/(zD?) is obtained
when the body reaches the fully deflated state. During body shrinking, the'spatially-averaged

speed Vj(t) around the jet nozzle outlet is given by
—4 dV(e) dr

V. (t)= =—D>D. 1
(1) zD?  dt dt @)
Following Luo et al. (2021b), the jet speed V; is prescribed as a constant velocity profile, given
by 3

vV, (t) =V, te 0, Tyl, (2)

where Vjm is the specified maximum jet speedand Tqdenotes the deflation period, given by
Td
|V, (®ydt=r,D. (3)
With Eq.(1), we can calculate theiinstantaneous internal volume V(e) and equivalent stroke ratio
I'(t), from which the eccentricity, and thus the body configuration can be obtained. Table I lists

the maximum equivalent strokesatio I'n and the corresponding initial eccentricity that we will

investigate.

Table I. I'n at different e; with the fully deflated state reached at eq = 0.92 (Luo et al., 2021b).
€i 0.904 0.898 0.883 0.868 0.844
™ 3.31 4.66 7.60 10.59 15.07

The jet veloeity based Reynolds number is calculated by

Re; =ijD/v, (4)

where vds the kinematic viscosity.
Antinecoming background flow Ug is considered to simulate the scenario of sudden turning

during steady swimming. The ratio between the incoming flow speed to the jet velocity Uo/Vim
7
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is chosen as 0.42, which lies in the range of real squid (Anderson and Grosenbaugh, 2005). This
study considers the tethered mode of the model, i.e., it does not swim forward or turn during
jetting. Therefore, we define the mean torque coefficient C,, acting on the model over one

deflation period to evaluate its turning performance as

17
— ﬁjo M (t)dt (5)
" 05pviD*
where M(t) is the torque of the fluidic force on the center of the bodyy calculated by

M (t):_Lb p(rx n)ds+.|'sn rx(z-n)ds, where S, denotes the internal and external surface of

~
the model, n denotes the normal vector pointing outward the surface, r«sthe momentum arm

vector, p is pressure, t is the viscous stress tensor, and the fluid density. is denoted by p. It is
noted that the characteristic speed for normalization is chosen as the jet speed Vin rather than
the background flow speed. This is because the vortex ring formation and jet-related thrust
production are more associated with Vip. 3
For this specific study, the nozzle bent angle 6 is about the z-axis, as shown in Fig. 2, and

therefore, the z-component of the torque coefficient in the xy plane Cw; is our concern, which

is defined as

o M. (1)
Cu. (1) = 050V D ©)

The thrust coefficient Cr and y-direction force coefficient Cy are defined as

y A0
C ()=——1 , 7
') 0.5pV;, D’ )
and
F, (1)
C,(t)=—=>"—, 8
(1 0.5pV7 D’ ®)

where F;and F, are the x and y components of the overall hydrodynamic forces on the

swimmer, respectively. The power expenditure coefficient Cp is given by

__ PO
Co (t)_m, (9)

where P denotes the power consumption of the body calculated by

8
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P(t) :jjsb—(a-n)vg (t,5)ds, (10)

where & and V, represent the stress tensor and velocity vector of the fluid adjacent to the bedy
surface ds, respectively, and n denotes the normal vector.

A turning factor evaluating the torque production performance is defined as

O

=M 11
My C. (11)
where C_p=TiIOTd C, (t)dt. The propulsion factor evaluating the propulsion performance is
d
defined as ~
V!
= P (12)

where |=J‘0T"—FX (t)dt is the overall impulse, and P, =J'0T" P(t)dt with Pi,, denoting the

inp

overall energy expenditure during the deflation period:(L.uo et al., 2021b). The symbols of the

physical parameters are summarized in Table II. y
Table 11. Physical parameters.
Cwmz The torque coefficient in the xy plane Pinp The overall energy expenditure
Cr The thrust coefficient Re Reynolds number
Cr The power expenditure coefficient Tq The deflation period
Cy The y-direction force coefficient Uo The incoming background flow
e The eccentricity of an ellipse Vi The jet speed at the nozzle
D The nozzle size Vim The maximum jet speed
| The overall impulse I'n The maximum equivalent stroke ratio
L The body length A MH The turning factor
M The torque on the center of the body nt The propulsion factor
M; The torque in‘the z-direction 0 Nozzle bent angle
P The power consumption v The kinematic viscosity

3. Numericalimodeling and method

The/in-house/fluid solver resolves unsteady viscous compressible Navier-Stokes equations

which can:be written in the integral form as

£ [[f,vag+f (F-6)-nds o (13)
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where n is the unit normal vector pointing the outward direction, Q denotes the fluid domain
with boundary S. The conservative state variable is represented by U, defined as
T

U={p, pu, pv, pw, pE} (14)

where u, v, and w denote the three velocity components in the Cartesian coordinatesisystem,

and E represents the total energy of the fluid. The tensor F in Eq.(13) is the convective flux

and G denotes the diffusion flux sourced from the viscous shear stresses.

Using the finite volume method, the fluid domain Q is divided into a number of hexahedral

cells. Each of them is uniquely denoted by (i,j,k), and for one cell, Eq«(23) ‘holds.and a semi-
~

discrete form can be derived

_Ri,j,k =‘Ji,j,kl (15)

%(UMKAQ)Mk
where Ui« is the flow state variable of the cell with the volume of AQ; R« denotes the residual
of the net fluxes. Jijx is an artificial viscosity term proposed\by Jameson et al. (1981) to stabilize
the computation and eliminate non-physical oscillations: 4

For the time-dependent simulations, a dual-time stepping algorithm is implemented for

temporal integration, where Eq.(15) can be reformulated as a steady-state flow problem using

a pseudo-time t* (Jameson, 1991)

0 1
U(n+l) S R* U(n+1) , 16
at’ AQ) (u"?) (16)

where

3(UAQ)"™ —4(UAQ)" +(UaQ)"?
2At '

R*(U")= R(U(””); 3(ur)- (17)

A multistage Runge-Kutta scheme is employed to integrate the semi-discrete Eq.(16) to march
to convergence in t*. Detailed descriptions of this fluid solver are reported in previous studies
(Liu and Ji, 2996; Sadeghi, 2004; Sadeghi et al., 2003).

It is noted that'the freestream Mach number, Mao = Uo/ao where ao denotes the sound speed, is
chosen as 0.06 to yield negligible compressibility and ensure numerical stability, as we did in
ourprevious.simulations (Luo et al., 2021a; Luo et al., 2021b; Shi and Xiao, 2021). The Mach
number distribution range is monitored in each simulation to ensure that it is always below the

threshold value (0.3) when compressibility becomes pronounced. Moreover, our numerical

10
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tests also show that the variation of fluid density is negligible at this freestream Mach number,
suggesting the feasibility and accuracy of this fluid solver in solving incompressible flows. In
addition, this compressible flow solver has been successfully validated and applied to various
incompressible flow simulations associated with boundary movement in our previous work
(Liu et al., 2016; Luo et al., 2020a; Shi and Xiao, 2021). The quantitative validations are
provided in our previously published papers (Luo et al., 2021a; Luo et al., 2020a; Luo et al.,
2020b).

The computational domain and the fluid mesh at the model surface are presented in Fig. 3. The
wall condition is applied on the body and nozzle surface, and the noncreflective far-field
boundary condition is imposed on the other boundaries (Luo et al., 2021b). Aimesh and timestep
size independence study is conducted at Rej = 1000, = 10 deg, and I', =/10.59. There are three
meshes generated: a coarse mesh with 3.99 million cells, a medium-size mesh with 5.55 million
cells, and a fine mesh with 7.77 million cells. The height ofithe first layer of the three grids is
5 x 107 L. First, three meshes are used with a non-dimensional’timestep size, At= AtV /L =
0.025, to test the mesh convergence, and the results are shown in Fig. 4(a). It is found that the
result of the medium-size mesh differs little from that of a fine mesh. Afterward, the influence
of the timestep size is also examined by using smaller Az . It is seen that a smaller timestep size
almost does not change the results. Therefore, the following computations are conducted with
the medium-size mesh at Ar <0.025 for.computational economy.

A S

(a) (b)

Flow v

&S x 7L

g 3.5 [ :
SX/W < i H
1 5 L 1

12L '

Fig. 3. The layout of the computational domain (not in scale) adapted from Luo et al. (2021b) (a), and
the generated fluid mesh at the jet model surface (b). Part of the mesh at the body surface is hidden to
show the inner (red), outer (green), and nozzle (black) surface.
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Fig. 4. Cr when three meshes are used with Az = 0.025 (a), and varied timestep sizes are used with the
medium-size mesh (b) at Re = 1000, 8 = 10 deg and I'n = 10.59. ~

4. Results

The thrust and torque production of a squid-like swimmer via jet through a bent nozzle is
numerically studied. Following the previous work (Luo et al:;¥2021b), the body deflation is
started after the external flow field is fullydeveloped, i.e., it becomes quasi-steady.

The bent angle of the nozzle is chosen as 5, 10; and 15 deg. The maximum angle matches the
one used by an existing squid-inspired robotby.Christianson et al. (2020), which showed that
a too large nozzle bent angle only led to spiniin.situ. One demonstration case of a jet swimmer
with a bent nozzle is presented tesshow.the propulsion and torque generation. Then a parametric
study is conducted to examinge Qe effect of jet-based Reynolds number (Re; = 100 and Re;j =
1000) and nozzle bent angle, followed by the examination of the effect of the maximum stroke

ratio.
4.1 Jet through a bent nozzle

Simulation of the jet propulsion of a squid-like model with a nozzle bent angle 6 = 15 deg is
performed at Rej.= 1000 and I', = 10.59 in this section. In many previous studies, the jet-
propulsion system was often idealized as a piston-cylinder device with a straight tubular nozzle
so that the jet is mainly discharged in the axial direction (Abdel-Raouf et al., 2017; Zhang et
al.;2020b). In comparison, the present model has a bent nozzle. Thus, it is interesting to see the

actual jet profile during the flow passing through the bent nozzle, which is shown in Fig. 5. It

12
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is seen that the axial velocity uyx along the body length direction becomes more uniform along
the nozzle plane after the jet passes through the nozzle (i.e., two peak speed values become flat)
(see Fig. 5(a) and (b)), demonstrating the rectification effect by the nozzle. In addition, we also
find that the bent nozzle effectively directs the jet flow as the radial velocity uy becomes all
negative (along the negative y-direction as shown in Fig. 2, downward) after‘running pastit;
while the axial speed uy is generally symmetric about the midline when the jet enters the nozzle.
This applies to the early phase of the jetting at I' = 2.45. And the radial speedruy, concentrates

on the downward nozzle plane, as depicted in Fig. 5(d), at the late phase of.the jetting.

~

['=245 [=10.59

(@) .\ wr (b) | N

U, Py

ulV,,

0.01 ! 0.0 Ue P2
-0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5 -0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5
D viD
0.6 0.6
(c) —=u.p,(d) .
0.4H U, D, 041 u, Py
0.2 0.2
E E
O T
. 0.0} . 00
= =
-0.2+F -0.2F
04F -0.4+
-0.6 ) L | | L | ! L ' | -0.6 L | L ) L L ) L L |
-0.5-04-03-0.2-0.1.0.0 01 0.2 0.3 04 0.5 -0.5-0.4-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5
wD y/D

Fig. 5. The axial velocity (ux)»along the body length direction and radial velocity (uy) along the radial
direction (y/D) at the nozzle inlet plane (p1) and outlet plane (p2) (see Fig. 2(b)) at z= 0 plane at I = 2.45
((a) and (c)) and.I"=:10.59 ((b) and (d)) when Rej = 1000, 0 = 15 deg, and I', = 10.59.

To show_the' surrounding flow field during jetting through a bent nozzle, the Z-vorticity,
streamline, and Q criterion distribution at the plane z = 0, and iso-surface of Q criterion are
presented in'Fig. 6. One leading vortex ring followed by distributed vortices is observed herein
with the/maximum stroke ratio I'n = 10.59 which is larger than 4. Because of the interaction of

the background flow and tilted jet about the horizontal midline through a bent nozzle, the wake

13



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - BB-103060.R2 Page 14 of 31

structure is not symmetric about the horizontal axis, different from that by an axis-symmetric

model in previous studies (Bi and Zhu, 2018, 2020; Luo et al., 2021b). This can be seen fro

the streamline distribution in Fig. 7(a) at I = 3.06, where a stronger vortex is formed nea&
upper nozzle outlet plane. Thus, the upper part of the vortex ring is better developed a

instant as shown in Fig. 7(b). The upper vortex structure shown by the planar ZQo
i

criterion contour also lasts longer than the lower one which fades quickly after the vo ng

detaches from the nozzle, as depicted in Fig. 6.
Z-vorticity Q criterion Iso-sufface erion
L. L. i A

=
'=7.35
['=8.58
Fig. 6. Z-vortici erion distribution at plane z = 0, and iso-surface of Q criterion (Q = 0.05
after normalization) alized by Vjw/D and meDz, respectively, at Rej = 1000, 8 = 15 deg, and I'n =

v" 14
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(@) L ® B

Fig. 7. The streamline distribution (a) and iso-surface of Q criterion in xy plane (b) at.I’ =3:06 when Re;
=1000, 8 =15 deg, and I', = 10.59.

~
For insight into the thrust and turning torque production during thejetting, we plot the

instantaneous thrust and torque coefficient in Fig. 8. A peak torque value'is observed slightly
after the maximum thrust, and they both approach a constant.duringithe late phase of the jetting.
The thrust generation mechanism has been discussed insour recentwork (Luo et al., 2021b). In
this work, we focus on torque production. The nozzle is bent dgwnward along the negative y-
direction. Therefore, it is reasonable to anticipate that the torque is mainly sourced from the lift
force. To this end, we depict the instantaneous lift:force coefficient Cy at different parts of the
model and compare them with the overall C, in'Fig. 9. It is found that the overall lift force is
dominated by the component on the internalnozzle surface. Indeed, by applying the momentum
theorem to the jet flow in the y-direction, we expect a vertical reaction force on the internal
nozzle surface as the fluid is forced to change flow direction in the bent nozzle. On the other
hand, due to the overall asymm?ric configuration of the swimmer, the external body surface

sustains downward.force in the negative y-direction.

' tT, '
Fig. 8. Cr and Cyw in one deflation period at Rej = 1000, 8 = 15 deg, and I'n = 10.59.
15
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For further insight into the pressure distribution at the internal nozzle surface, the pressure
contour is plotted in Fig. 10. As can be seen, the lift force at the internal nozzle surface is mainly
sourced from the suction force (negative pressure) at the fore lower surface as the jet flows
through an acute angle of the bent nozzle. The positive pressure, mainly located at the rear

upper surface, has a smaller magnitude.

0.6 - Internal body surface
: \ = = External body surface
05| A 5. - - - External nozzle surface
: , \ = - =Internal nozzle surface
| p) 1\ = - - -Nozzle ring surface
0.4 fl -:. R Overall_ - y =
- 03f F L T -
U ! :
02F £

Fig. 9. Cy in one deflation period at Rej =.1000, = 15 deg, and I'n = 10.59.

LX(E

m 0

Cpressure -4.5 0 4.5

Fig. 10. The pressure distributions  (Cpressure = p/0.5pUo? ) on the lower (a) and upper sides (b) of the
nozzle internal surface at T = 3.06 (t = 0.3 Tq) when Cy reaches the maximum at Rej = 1000, 6 = 15 deg,
and I'm = 10.59. The color range is adjusted to reflect the absolute value of pressure to facilitate
comparison.
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It is noted that the flow evolution and force and torque production in realistic free-swimming
conditions may be different from the present results in tethered mode. Here, the timescale for
rotation is considered to be infinite, and time variation in the external body force is expected to
be different for an untethered case. Additionally, if the swimmer could rotate under the torque
action relative to the incoming flow, the thrust force may be reduced as the body is less

streamlined related to the freestream velocity.

4.2 The effect of nozzle bent angle

In this section, the impact of 8 on the thrust and torque production is examined'at Re; = 100 and
Rej = 1000. The case with a straight nozzle with 8 = 0 deg is alsosincluded for comparison.
Firstly, the axial and radial velocity profiles at the nozzle exit plane with @ = 0 and 15 deg are
plotted in Fig. 11 to compare the flow direction through straight and bent nozzles. The bent

nozzle breaks the symmetry of these two velocity components about the midline noticeably and

the flow is directed downward as expected. y
(@) 1af ®) OLr
1.2+ 0.0
o — 0=0deg
= : . o1} 6=15deg
- 08¢} -
> =
= 06F = 02
04F 03l
0.2
0.4}
O'O 1 L L 1 1 Il 1 1 1 ] 1 1 I 1 1 1 1 1 L 1
-0.5 -0.4 -030.2 -0.170.0,,04 0.2 03 04 0.5 -0.5 -04 -03 -02 -0.1 0.0 0.1 02 03 04 05
y/D yiD

Fig. 11. The speed distribution at the nozzle outlet plane (p2) at I' = 3.06 when Rej = 1000 and I'n =
10.59.

To showsthe effect of this asymmetrical jet flow on force and torque production, Fig. 12
summarizes the performance metrics with two Reynolds humbers. Not surprisingly, the torque
production, including the time-averaged and instantaneous torque coefficients, as depicted in
Fig»12(b) and Fig. 13, increases with a larger bent angle of the nozzle. This may be attributed

to.a larger pressure difference between the upper and lower surfaces of the internal nozzle when
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flow passes a more acute angle (e.g., see Fig. 10). Nevertheless, the thrust generation that

generally remains unchanged with increased 8 does not show a trade-off. This is different from

the caudal fin propulsion of a sunfish which utilizes different fin movement and deformation

patterns to produce thrust and lift force (turning torque). An experiment (Esposito et al.; 2012)

and numerical simulation of a sunfish-inspired caudal fin (Luo et al., 2020a) suggested that lift

force generation via complex tail conformations was usually accompanied by thrust. and

propulsion efficiency reduction. This does not apply to the “thrust vectoring” of the present

squid-inspired jet swimmer which can produce considerable thrust and torque simultaneously,

. . ~
as shown in Fig. 12(a), (b), and (d).
(a) 20 (b) 1of —a—Re,= 100 ©), 2 —a—Re,= 100
SooTeTTTTe o N - & -Re,= 1000 Se -Re,= 1000
S| —=—Re=100 Sl ' o /
B 15} - ¢ ~Re=1000 T, 00 B
& = I
8 5 518
= Z 04} =
5 ;
g g vE
= —s £ 02 =6 -
s .
05 0 5 10 15 00 0 5 |'0 15 = 5 10 I
0 (deg) @ (deg) 0 (deg)
@ - e (e)0s —=—Re, = 100
—=—Re;= 100 Tt --- . 051 % ® -Re,= 1000
10f — o -Re;= 1000
= 0.8
0.6
0 5 10 15 0 5 10 15
& (deg) & (deg)

Fig. 12. The mean Cr (a), Cwz (b), (}(c), 7 (d), and nu (e) over one deflation period at different nozzle-

turning angles.
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— =5 deg, Re=1000
— — =10 deg, Re=1000
L5+ ¢ #=15 deg, Re~100

I 1]
1

v —===8=15 deg, Re=1000
\ .
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! -
R

)
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Fig. 13. The comparison of Cy.

Although the peak torque coefficient is smaller at Re; = 100 compared with that at Re; = 1000
(see Fig. 13), its time-averaged value over one period islarger than the latter, as shown in Fig.
12(b). This is related to the instantaneous torque productionr profile at the two Reynolds
numbers, i.e., the torque at Re; = 1000 decreases significantly during the steady jetting phase
after reaching the peak at t =0.3 Tq. In contrast, at Re; = 100, Cv, maintains a relatively large
magnitude after the peak, even larger thanthe;oneat Rej = 1000, as presented in Fig. 13. The
drop of Cw, at Re; = 1000 after the peak is closely related to the pressure distribution at the
internal nozzle surface depicteddn'Fig. 14. A comparison of Fig. 10 and Fig. 14 shows that the
negative pressure at the lower erzIe surface, the main source of the torque production at the
maximum Cy, is reduced significantly in magnitude and distribution area during steady jetting
at Re; = 1000. Thus, the torqueproduction is weakened at the steady jetting phase despite that
the positive pressure atthe upper surface increases slightly. In comparison, the positive pressure
with a larger distribution area dominates the upper internal nozzle surface at Re; = 100, along
with a slightly smaller negative pressure at the lower surface. In this way, the lift force and
therefore, the torgque production about the z-axis, at Rej = 100 are expected to be larger than

those at the other value of Reynolds number during steady jetting, as seen in Fig. 13.
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Lower nozzle surface Upper nozzle surface

b

Re; = 100

Re; = 1000

B

C -4.5 0

‘pressure

Fig. 14. The pressure distributions on the lower and upper the nozzle internal surface att = Ty

with two different Re; when 8 =15 deg and I', = 10.59.

The overall thrust Cr is given by the thrust uced by the body deformation minus the

drag force Cp, i.e.,Cr=Cy—Cp. T ynolds number and nozzle bent angle have

effects on them. We first compare three main thrust sources of Cy identified in our recent work

(Luoetal., 2021b) in Fig. 15. Theyiinclude the thrust coefficient Cy; attributed to jet momentum

flux given by

=F, 1(05pv}D?), (18)

where
F, =jA puzds, (19)
where A r ozzle plane; the over pressure-related thrust coefficient Cp, =
F,/(0.5p le outlet plane with F, denoting the over-pressure force given by

emporalwariation of the fluid momentum inside the body with a normalized form as Cy,, =

2 2
' VinD") (Luo etal., 2021b).

20

Page 20 of 31

T A
R



Page 21 of 31

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT -

BB-103060.R2

@) L
0 _’ —— 0=0deg, Re~100 Il —— 0=0 deg, Re7100
/ ,l — — =0 deg, Re=1000 4! — — 0=0ueg, Re=1000
- = [
-1H 6=15 deg, Re=100 05 J 0=15 degyRe~100
/ - - - -0=15 deg, Re;~1000 J’// - == - 0=15deg, Re=1000
_2 L L I L ) 0.0 L L L L |
0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1T, 175
C o des Ree d _
( ) 09 6=0 deg, Re;=100 ( ) 2.5 0=0 ddghRe~100
A - z:?sdzg‘ R;'_l?gg 20l = = 0-0 deg, Re~1000
\\ e < 9=15 deg, Re;~100
\ ====-0=15deg, Re;=1000 15l -
0.1F 3 =~ --0=15 deg, Re~1000
& &
oof
0.5
b LR
0.1 ] 7
) 7/
0.5 - : -
0.0 : . : : . . 0.6 0.8 1.0
0T, HT,

Fig. 15. The comparison of overall Cr (a), and threethrust sources, Cr; (b), Crp (), and Crm (d).

In general, the three jet thrust sources are more affected by the jet-based Reynolds number
compared with the nozzle bent angle. Especially, the over-pressure-related thrust Cr, shows
large differences in terms of relative portion at different jet-based Reynolds numbers and the
nozzle-bent angles at the constant jetting phase. For example, the difference in Cr, during the
constant jetting phase after t = 0\6 Tq remains around 150% and 58% at 6 = 0 deg and 15 deg
from Re; = 100 to Rej = 1000, respectively. The effect of 4 on Cr, is also significant at the
constant jetting phase with the difference in Cr, reaching 174% and 110% at Re;j = 100 and Re;
= 1000 from 6 =0 degito 15:deg, respectively.

Fig. 16 presents the pressure distribution near the nozzle outlet plane at t = 0.3 Tq. Consistent
with the pressure fieldatithe internal nozzle surface, the positive pressure concentrates on the
uppersnozzle outlet plane when the nozzle is bent, while for a straight nozzle, the exit ring plane
is surrounded by negative pressure. This negative pressure has a more dominant influence
around the exit plane with a larger Reynolds number, especially at & = 0 deg, and thus, the

minimum Cr, depicted in Fig. 15(c) is seen at this instant for a straight nozzle.
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Fig. 16. The pressure distribution near the nozzle outlet
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Fig. 17. The difference in instantaneous thrust coefficient between the cases'Re;=100 and Re;=1000 at
I'm =10.59 and 4 = 15 deg.

4.3 The effect of stroke ratio

Previous studies of a piston-cylinder arrangement suggested that the wake characteristics of the
jet flow were determined by the maximum stoke ratio. Some researchers even argued that the
optimal propulsion performance might occur-at the formation number (Linden and Turner,
2001). These studies focused on the jetby a straight nozzle in the rest fluid. How the maximum
stroke ratio affects thrust and torgue productionwhen the nozzle has a bent angle in the presence
of background flow remains less known. In this section, its effect is examined by conducting
simulations using additional.values of Lim listed in Table | with Rej = 1000 and 6 = 15 deg.
The streamline, Z-vorticity, Q=criterion distribution at the middle plane z = 0, and flow structure
when the body is fully deflated at the end of the deflation for the cases with I'n = 3.31 and 10.59
are shown in Fig. 18. Ata small I'n, the jet flow seems to be fully discharged into the leading
vortex ring. When the maximum stroke ratio is increased to 10.59, the wake structure is more
complex where the vortexiring is followed by distributed vortices. The vortex rings at the two
valuges of stroke ratios are no longer axial-symmetric, unlike those behind a straight nozzle in
our.previous study (see Fig. 5 in Luo et al. (2021b)).

For insight into the propulsion and turning capabilities, we plot the performance metrics with
varied maximum stroke ratios in Fig. 19. The variation patterns of Crand #r are generally

similar to those of a jet swimmer with a straight nozzle (Bi and Zhu, 2020; Luo et al., 2021b),
23
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i.e., they both decrease as I'm goes up. This is partly because a smaller ', corresponds to a less
inflated body, thus a smaller drag force. For this reason, the peak instantaneous thrust

coefficient Cr and torque coefficient Cwmz, as shown in Fig. 20(a) and (b), are increased at a

smaller I'n. Unlike C;, the time-averaged torque coefficient C,,, over one deflation period is
not sensitive to the variation of maximum stroke ratio. Nevertheless, with the increased power
expenditure during jetting at a larger I'n as presented by Fig. 20(c), the turning factor ngoes
down correspondingly. The case with I', = 10.59 and 6 = 0 deg, i.e., a straight nozzle, is also
included for comparison. It is found that the peak instantaneous thrust of a bent nozzle is smaller
than that of a straight nozzle as the fluid may lose some horizontal kinématic energy that
accounts for turning torque production when passing a bent nozzle.»For a.similar reason, the
instantaneous power expenditure for a straight nozzle is always:lower than the counterparts of

a bent nozzle after t = 0.2 T4 at the same I'n.
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Fig. 20. Cr, Cwmz, and Cp inone'deflation period at different stroke ratios with Rej = 1000.

5. Conclusions

The jet propulsion and terque production performance of a squid-like model is numerically
studied in thisswerk. This cephalopod-like model has a deformable pressure chamber with a
steerable bent'nozzle. The chamber deflates by increasing the eccentricity of the body so that
the internal flow is ejected with an angle about the midline and background uniform flow. The

effects'of nozzle bent angle, jet-based Reynolds number, and maximum stroke ratio on the

propulsive performance and torque generation are systematically studied.
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The bent nozzle is proved to be effective in flow rectification and direction, demonstrated by
the axial and radial velocity profile at the inlet and outlet nozzle plane. The leading vortex ring
discharged from this bent nozzle is no longer axi-symmetrical and its upper part becomes
plumper than the lower part. A turning torque about the z-axis in the anticlockwise direction is
produced during the jetting in addition to a pulsed thrust force which peaks slightly, earlierthan
the former. By decoupling the lift force associated with this torque at different parts of the
model surface, we find the lift force acting on the internal nozzle surface may:contribute most
to the torque generation. Furthermore, the pressure distribution shows that. this force (and the
torque) is mainly sourced from the suction force (negative pressure) at the fore lower surface
as the jet flows through an acute angle of the bent nozzle.

Our systematic simulations suggest increased torque production‘at a larger nozzle bent angle as
expected. Meanwhile, the thrust production is not reduced with increased torque generation,
different from the caudal fin locomotion mode in=which, turning torque production for
maneuvers is usually accompanied by decreased thrust/force.

The jet-based Reynolds number affects both the torque-and thrust production. Regarding the
torque coefficient, although a distinctive peak value of Cy,, attributed to notable negative
pressure (suction force) at the lower internal nozzle surface when the nozzle is bent downward
relative to the body length direction, is seen during unsteady jetting at a higher Re; (1000), it
decreases significantly after the crest.nln comparison, the instantaneous torque coefficient
remains at a high level atdow Re; (100) with the upper nozzle surface being dominated by
remarkable positive pressure during this steady jetting phase. As a result, its time-averaged
torque coefficient is larger than that at a higher Re;. Our results also show that the jet-based
Reynolds number has a significant impact on the over-pressure-related thrust (Crp) during the
constant jetting:phase by/changing the pressure distribution at the nozzle exit plane. It has little
effect on the other two jet-related thrust sources including the thrust sourced from momentum
flux (Cr) and.internal fluid momentum variation (Crm). Considering special characteristics of
force generation by pulsed-jet propulsion, we find that the difference in the overall thrust force
at the two values of Rej is mainly dominated by the viscous friction at the outer surfaces by

decoupling the thrust at the internal and outer surfaces of the squid-like jet model.
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The effect of the maximum stroke ratio on torque production is similar to that on the thrust
force, i.e., a smaller maximum stroke ratio results in a larger peak and time-averaged torque
coefficient. Nevertheless, the turning factor is not as sensitive to the maximum stroke ratio as
the propulsion factor is, which shows a continuous decrease with a larger maximum stroke ratio.
In this study, the body deformation is prescribed and no material behavior or structural
dynamics is considered. Future studies may be focused on a jet model with the structural
response being considered in free maneuvering mode to examine the turningsadiusand velocity

in a stationary fluid.
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