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Summary

The process of flow generation with metachronally The energetics of the tube and the pump are derived from
beating pleopods in a tubiform burrow was studied by the forces, and the mechanical efficiency of the system is
designing a hydrodynamic model based on a thrust—drag the ratio of these two. Adjusted to standardCallianassa
force balance. The drag of the tube (including the shrimp) subterraneavalues, the model predicts a mean flow velocity
comprises components for accelerating the water into the in the tube of 1.8 mmsl. The mean thrust force, equalling
tube entrance, for adjusting a parabolic velocity profile, for  the drag, is 36.8N, the work done by the pleopod pump
accelerating the flow into a constriction due to the shrimp’s per beat cycle is 0.91J and the energy dissipated by the
body and another constriction due to the extended tail-fan, tube system is 0.06@J per cycle. The mechanical efficiency
for shear due to separation and for the viscous resistance is therefore 7.3 %. Pump characteristics that may be varied
of all tube parts. The thrust produced by the beating by the shrimp are the beat frequency, the phase shift, the
pleopods comprises components for the drag-based thrust amplitude and the difference in pleopod area between the
and for the added-mass-based thrust. The beating pleopods power and recovery strokes. These parameters are varied
are approximated by oscillating flat plates with a different in the model to evaluate their effects. Furthermore, the
area and camber during the power stroke and the recovery moment of added mass shedding, the distance between
stroke and with a phase shift between adjacent pleopod adjacent pleopods, the number of pleopods and the total
pairs. The added mass is shed during the second half of the tube drag were also varied to evaluate their effects.
power stroke and is minimized during the recovery stroke.
A force balance between the pleopod thrust and the tube
drag is effected by calculating the mean thrust during one Key words: burrow ventilation, tube-dwelling shrimp, Callianassa
beat cycle at a certain flow velocity in the tube and subterranea, ventilation energetics, laminar flow, hydrodynamic
comparing it with the drag of the tube at that flow velocity.  modelling.

Introduction

Most tube-living crustaceans use the thrust generated Isuggest even higher ventilation capacities (e.g. de Vaugelas,
beating limbs to ventilate their burrow (Atkinson and Taylor,1985; Scott et al.1988). The energy involved in burrow
1988; Allansonet al. 1992). The thalassinid decapods beatventilation has been estimated from the ventilation flow rates
three or four pairs of pleopods metachronally (Farley and Casiy, a few shrimp species only (Gust and Harrison, 1981;
1968; Dworschak, 1981). Burrow ventilation is assumed to ballanson et al. 1992; Stamhuis and Videler, 1997 These
energetically expensive and is always a periodic everdgstimates of the dissipated energy are based on the resistance
(Atkinson and Taylor, 1988; Farley and Case, 1968; Tates of the tube, without taking the mechanism of flow generation
al. 1977; Felder, 1979; Dworschak, 1981; Mukai and Koikejnto account. They therefore underestimate the total energy
1984; Scott et al1988; Forster and Graf, 1995; Stamhuis etinvested by the pumping shrimp (Stamhuis and Videler,
al. 1996). The ventilation flow rates of the Callianassidae var997b).
between 0.6 and 10 mlmih(Koike and Mukai, 1983; Mukai The thalassinid shrim@allianassa subterraneereates and
and Koike, 1984; Forster and Graf, 1995; Stamhuis anthhabits an extensive burrow in the seabed (Witbaard and
Videler, 199D), and those of the Upogebiae vary between 3®uineveld, 1989; Atkinson and Nash, 1990; Rowden and
and 50 mImin! (Dworschak, 1981; Koike and Mukai, 1983). Jones, 1995; Stamhuis et &4B97). The shrimp ventilates the
Descriptions of sediment resuspension in tropicaburrow on average every 14 min for approximately 1.3 min,
Callianassidae and respiratory ventilation in Upogebiasvhich represents 8 % of its time budget (Stambtel. 1996).
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The ventilation flow is produced by active pumping using thre¢1>C:>0). The cross-sectional area in the third part of the tube
pairs of pleopods in an ad-locomotory metachronal pattern atuals that in the first part £8A1).

a frequency of approximately 1Hz. The pleopods are spread The total drag force consists of the following components
during the power stroke and retracted during the recovergPrandtl and Tietjens, 1957; Schlichting, 1979; Munsbal.
stroke. The areas of the pleopods differ by a factor 0i994), whereU is velocity, pis the density anqu is the
approximately two between these strokes (Stamhuis amginamic viscocity of sea water: (a) the force related to
Videler, 1993). Although the beat pattern is rhythmical, theaccelerating water into the tube entrance :Uﬁ./;ﬂl; (b) the
flow generated in the burrow is non-pulsatile and completelyrag associated with adjusting a parabolic velocity profile =
laminar. In the vicinity of the beating pleopods, the main flow).2x5pU12As; (c) the viscous drag of the tube section upstream
is confined to the lower part of the tube, owing to a constrictiogf the animal = &uL1U1; (d) the force required to accelerate
caused by the tail-fan (Stamhuis and Videler, )97he  the flow into the first constriction Zp{U 1[(A1/A2)-1]} 2A2; (€)
kinematics of the structures involved in burrow ventilation angnhe viscous drag of the first constricted sectiomgL8U>; (f)

the resulting flow patterns in the vicinity of the shrimp aréthe force required to accelerate the flow into the second
reasona}bly well understooq, but thgz mecharjisms of thrughnstriction =/4p{U 2[(A2/A)-1]} 2A¢; (g) the drag involved in
production and the energy involved in ventilation need morgne fiow separation directly behind the second constriction =

investigation. The present study therefore concentrates WoU2(1-AdA)?As; and (h) the viscous drag of the tube
mapping the thrust and drag forces generate@difanassa  gqoction downstream of the animal & 3Us.

subterraneaand on the energy involved in ventilation by  11a tube is divided into three sections with lengthsL>

, b and c. Components d, e and f sum

applicable model to t.he pumping qhqracteristics of the shrimQO form the drag of the middle section, and the sum of g and h
The effects of varying characteristic variables on the fIOv\fepresents the drag of the downstream section. The drag forces

Velrcr)]c'tgf:,nc.t:rfctugfé t:ealdits;péated mechanical energy and tQEl,d,tube-Fs,d,tuba of these sections can be written as specific
pump etficiency val ' equations by expressing all velocitidsand tube diameters D

as multiples or fractions df and Dwbe WhereDupe is the

Materials and methods diameter of the tube:
The tube-pump model _ 2.2002Dund _
A shrimp ventilating its burrow is essentially a pump driving F1,d,wupe= — =8 " 8mLiU, 2

water through a tube. When the flow velocity is constant, the
thrust-producing pump is counteracted by the resistance of tt

i F2,d tube=
tube. The mean thrust will equal the mean drag, and the forct e

are in equilibrium: TtpUZDrube? % 1 1%2 Chody + Ei _ 1 EZC(E
Funrpump= — Fube. ) 8 [DCbody [ 0Ce Cbod_y[l O
U
Both the thrust and the drag are a function of the flown + 8rl2 , (3)
velocity in the tube. To determine the magnitude of the thrus Coody
and the drag, equation 1 must be solved numerically with the
flow speed in the tube as an iteration variable. 1002D 1 2 0 _
F3,d tube= pustUbeZ EE% -10 (1-Cy20O+ 8mlaU.
Tube drag W O O
The drag of the tube, including the shrimp’s body, is (4)

calculated by summing the drag contributions of the separatg,g total tube drag is:
parts of the tube, applying the approach of Stamhuis and
Videler (1997b). The flow in the tube is assumed to be laminar Fd,tube= F1,d tube* F2,d tubet F3,d tube (5)

(Hagen—Poiseuille flow) with a mean flow velocity. The tube 1,4 energy dissipated by the tube and the water flow during

containing the animal is abstracted to be a straight cylindriczgne beat cycle of the pleopOdéue Tis the product of the drag

t“k?e’ of Iengt_thot and (_jle_lme_ter B W|th_two constrictions force, the mean velocity and the duration of the beat dycle
(Fig. 1). The first constriction is a reduction of the tube cross-

sectional area £0 A>=ChodyA1, Where Gody is the coefficient Wtube 7= Fdtubex U x T. (6)
of tube area reduction due to the shrimp’s body, over a distance
L2, representing the shrimp’s body @soay>0, A1=/TD12). Pleopod-generated thrust

The second constriction, immediately behind the first, reduces The thrust generated by an oscillating pleopod pair is

the tube area toACcA1, Where G is the coefficient of tube calculated by summing the drag forces and the forces required
area reduction due to the tail-fan constriction. It represents the accelerate the added mass of water around the pleopod. A
reduction in cross-sectional area by the uropods and the telspleopod pair is assumed to resemble a slightly cambered flat
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Fig. 1. Diagram of a model ventilatinGallianassa subterrane& a tube, showing hydrodynamic events (dashed lines), cross-sectional
ventilatory profiles (horizontal arrows) and variables used in the tube-pump model (seB,tdid)neter;L, length; subscripts 1, 2, 3 and ¢
refer to the respective tube sections and the narrow constriciégriptal length of the tubé&in, normal forcer, fraction of pleopod length;tf3
angle between tube axis and pleopodtime-dependent angular velocity of a pleopod pair.

plate attached to the tube wall by a hinge. Each pair has itsass of a section of an oscillating flat plate, being the mass of
own sinusoidal motion pattern with time-dependent angulathe volume of a cylinder with a diameter equal to the width
velocity ux. The relative velocity between a pleopod and thewpp and a height\r (equalling the body of revolution around
water depends on the phase of the oscillation as well as on tthee longitudinal central axis) (Blake, 1979; Mortsal. 1985).
distance to the pleopod hinge. The forde exerted on the q

water in the_ direction qf the flow b_y a horizontal sllpe of a AFam= p(VATWpgPAr) x (con) x sinp, (11)
pleopod (height Aand width wp) at distance from the hinge
(Fig. 1) can be expressed as the sum of a drag Farand an
added mass fordéam

wheret is time.
The added mass forces are not constant throughout the beat
AF = AFq + AFam. @ cycle because they decrease with increasing Reynolds numbers
. . . Vogel, 1994) and as a result of shedding of the water mantle
The drag forcé\Fq is derived from Newton’s Resistance Law (Daaiel 19234) Added-mass sheddir?g at sinusoidally
gxpresseq as a Bernoull|-'l|l'<e dynamic pressure .equat'og‘scillating pleopods can be predicted from the limb kinematics
incorporating a drag coefficient«qPrandtl and Tietjens, and the resulting forces. The normal drag forces have been
1957): dealt with separately and are neglected here.
AFg = 0.5pCd(WppAr) X Jor — Uysinf] x (wr — UysinB)sinp, The added mass of a pleopod Pdifppis assumed to equal
@8) VapTwpp?R, where Ris pleopod length, with its centre of mass at
_ _ _ R/2 (Fig. 3). At the start of a power stroke, the oscillating pleopod
whereUy is the velocity component perpendicular to the tubeaxerts a forceFan=(dw/df)xMa px(R/2) on the added mass,
axis andp is the angle between the pleopod and the axis.  resulting in an accelerationwi/2)/dtin the tangential direction.

The drag coefficien€q of a pleopod is assumed to equal them, , is subjected to an additional radial (centrifugal) force
drag coefficient of a flat plate perpendicular to the f@yyp,

corrected for camber using a multiplication factaif 16 ]

Cd = Cd,fp X fcam, 9) 1:A H
whereCy,fp is a function of the Reynolds numtRebased on 10l > Yop
the plate width (after Vogel, 1994): 5 ' )

S 081 \ Concaveside
Cdfp=1.17 + 17.1R&-21 (10) 0.6 \\
(N=7, 1<Re<19) r2=0.9996) andcamis a function ofd/wpp, 047 S
whered is the camber depth amgl is the pleopod width, and 0.2 Convexsde T ———-
of the direction of flow (Fig. 2, after Hoerner, 1965). 0 ; ; ; ; ; ; ; ; ;
The added mass forcAFam is derived from Newton'’s 0 02 04 06 08 10 12 14 16 18 20
Second Law of inertia and is essentially the product of the ma: d/wpp

of a pleopod pair, including its water mantle, and the IocaFig. 2. The correction factoredn due to camber for the drag

acceleration. The mass of the flat-plate-like pleopods icoefficient of a flat plate perpendicular to the flow, with flow towards
assumed to be negligible compared with the added mass athe convex and towards the concave sides, as a functidfwgs
is therefore omitted from the equation. The added mass ofwhered is camber depth andpwis plate width (based on data in

pleopod section with a height s assumed to equal the added Hoerner, 1965).
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gradually. This process was simplified to implement it in our
model by incorporating a coefficie@hedsetting the moment
__________ ' of instantaneous added mass shedding.

Because the water mantle is smaller during the recovery
stroke than during the power stroke, the added-mass forces are
assumed to be smaller during the recovery stroke than during
the power stroke.

The thrustFr t produced by the whole pleopod pair at time
tis found by integrating the thrust forces from the hinge to the
tip of the pleopods:

Fd’par

vi=oxy X R/2 &R
Fthrt= dF. (13)
0
The mean thrudti, during one motion cycle with periddis
found by integratind-tnr,t Over a whole period divided b

Fig. 3. Diagram depicting the radial forces on the added Magps

of an oscillating pleopod, modelled as a flat plate. Velocity vectors in
the radial and tangential directions are indicated. Vectors are ndthe rate of doing work per pleopod pair slice is the product of
drawn to scale. The light shaded area indicMggp at the start of  the velocity (w-Uysinp) and the force dF. The total work per
the power stroke (t=0), the dark shading is #e®.15T after t=0,  beat cycle per pleopod pair is then found by integrating over
wheret is time andT is the duration of the beat cycle. The centre Ofthe p|eop0ds from hinge to t|p, and over time from 0:to

mass of Mppis depicted as a circle with a central plus sign.
velocity of Mapp in the tangential direction with respect to the &T&R i
pleopod;vshed,: radial velocity ofMappin the radial directionFrad, Wahr,t = (oor = Uys'nB)dth- (15)
centrifugal force on the added mass of the pleopod in the radial 0 JO

direction;Fq pas drag force parallel to the pleopod during added mass The mechanical efficiency of the pump-and-tube system
sheddinggy, time-dependent angular velocity of the pleopod pair; Rdescribed can be found by expressing the energy required to
pleopod length. accelerate the water into the tube and to overcome the tube drag

as a fraction of the total energy produced by the pump:
Frac=Ma, ppxvt?/(R/2)=Ma pxx?R/2, where vis the velocity of W
Ma,ppin the tangential direction with respect to the pleopod. This _ YubeT )
force is the reactive force due to inertia becadggp resists Whhr, 7
changes in the direction of movement (Daniel, 1984) Thus, while A pump system Consisting of more than one p|eopod pair can
Ma,ppis accelerated in the tangential direction, it tends to movpe treated as an array of single pleopod pairs. However, phase
radially and is shed from the pleopod dud-igs However, as shifts between adjacent pleopod pairs or very small distances
soon as Mppstarts to move in the radial direction with respecthetween the pairs may result in direct interactions. These
to the pleopod, this motion is resisted by an induced drag forggteractions will influence the net thrust forces and the energy
parallel to the pleopodtd,pa="pCd,paWVppR\shed - Vshed,iS the  produced as a result of masking effects. In this model, a pleopod
velocity of the added mass in radial direction, v@#parbeing  pair is assumed not to contribute to drag or thrust as long as it

approximated by the drag coefficient of a flat plate parallel to thi touching a more rostrally situated neighbouring pair.
flow (after Vogel, 1994):

Ca,par= 0.004 + 12.4R&91 (12) Applying the tube-pump model@allianassa subterranea

(N=7, 1<Re<19) r2=0.99). The morphology of the pleopods and the tail-fan, the
The Reynolds number of the pleopod is 100-200 half-wagpproximation of the pleopod kinematics of C. subterranea
through the power stroke, resulting inCaparof 0.2-0.1. A and the flow in the vicinity of the shrimp, as described by
dynamic equilibrium betweelfrrag and Fqdpar evolves. The Stamhuis and Videler (1997a,b), are used as input for the
radial velocity vincreases during the first half of the power model.
stroke, maintaining this force balandem is zero half-way During burrow ventilation o€. subterranea, the three pairs
through the power stroke, bbtad is maximal becausey is  of sinusoidally beating pleopods are ranked from rostral to
maximal. In the second half of the power stroke, the pleopodaudal and phase-shifted over 120°. As a result of the phase
decelerates, but instead of decelerating with the pleopod, tishift, the pleopods interact mainly during their recovery stroke.
added mass will continue moving caudally due to inertia an@uring these interactions, the caudal-most of two interacting
will slide off the pleopod in a radial direction. Note that therepleopod pairs moves together with the rostral-most until it is
is no exact moment of shedding, but that the added mass shatide to resume its own sinusoidal path. Interactions are

_ 1 &T&R
Ethr= — dFt. 14
th T JO Jo ( )

(16)
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assumed to take place when the pleopod tips overlap. Durimgeopod pairs and burrow size are varied to study their effect
interactions, the caudal-most pleopod pair is assumed not tm the flow velocity in the tube, on pumping energetics and on
contribute to the thrust. the efficiency of the pleopod pump systemCofsubterranea.
The camber of the pleopods is different during the two strokes.
The camber depths are approximately Wgh3luring the power
stroke and 0.38pp during the recovery stroke. The pleopod drag Results
coefficients must therefore be multiplied by 1.08 during the The tube-pump model with all variables set for a ‘standard’
power stroke and by 0.52 during the recovery stroke, indicatinG. subterranean a ‘standard’ tube (see diagram in Fig. 1)
a slightly higher @ during the power stroke and a significantly predicts a mean flow velocity in the tubeo)0.0018 mst.
reducedCq during the recovery stroke, compared with a flat plateThe mean thrust produced by the oscillating pleopods,
In C. subterranea, the added mass of a pleopod is gradualbalancing the total tube drag,Agw=F d,ube=36.8XL06N. The
shed in a caudo-ventral direction during the second half of thetal work per beat cycle done by the pleopods is
power stroke and is relatively small during the recovery stroképp,7=0.91x1076J, and the total work dissipated by the tube
In the model, instantaneous shedding half-way through thand water per pleopod beat cycléNgpe =0.066x1076J. The
power stroke is assumed, and the added mass forces are therefoeehanical efficiency 1is therefore 7.3 %.
assumed to be zero during the second half of the power stroke.The pleopod tip positions in time with respect to the telson
During the recovery stroke, the water mantle comprising thare depicted in Fig. 4A, which shows two complete beat
added mass is assumed to be reduced to 20% of its initieycles. The first pleopod pair (PP1) is able to perform a
volume. complete sine wave, but the movements of the other two pairs
At rest, a pleopod has an angleBefv2 with respect to the (PP2 and PP3) are restricted by the first and the second pair
tube axis. The pleopods oscillate sinusoidally with a maximumespectively. Fig. 4B shows the thrust genergkegl) and its
angle swept a0 The angular velocity of a pleopod at titis:  components as a function of time. Drag ford€g) are
produced by all three pleopod pairs, although not in equal
= % ' (17) amounts. Added mass forcés ) are mainly generated by the
dt first and the second pleopod pair and contribute significantly
the total thrust. Owing to the metachronal motion pattern,

wherefy is the angle between the pleopod and the tube axi . . :
B g Pieop ISt e third pleopod pair generates thrust only during the second

time t half of its power stroke and, therefore, contributes mainly to
= o + dosi +6n), 18 . ' '
B = Bo + dosin(ex + &n) (18) the drag forces and little to the added mass forces. The net
and6n, is the phase shift of theth pleopod pair. thrust forces only just become negative because there is always

The flow in the burrow upstream and downstream of the pleopod pair performing a power stroke. The mechanical
shrimp is laminar with a parabolic velocity profile and is notwork done by the pleopods from the start of the cycle is
pulsatile. At the abdomen of the shrimp, in the vicinity of thedepicted in Fig. 4C, which shows the cumulative work per beat
beating pleopods, the mean flow velocity I8 assumed to cycle Wpp,T for two complete cycles. Approximately 50 % of
increase linearly from 0 to(® downwards over the cross the work per beat cycle is done by the first pleopod pair; the
section of the tube (from dorsal to ventral with respect to théhird and second pair contribute approximately 15 % and 35 %,
shrimp). respectively.

The mean flow velocity in the tulbis used as an iteration ~ Variables that may be altered by a pumping shrimp are the
variable when implementing the model for C. subterrafi¢®®  beat frequency, the phase shift angBand the angle swept
mean thrust produced by the pleopods and the drag of the tubeAccording to the model, the flow velocityin the tube, the
are calculated with lhsymptotically approaching a value at work W done by the pleopods and the mechanical efficiency
which the drag equals the mean thrust withimn®N) This  all depend strongly on these variables.
value represents approximately 0.01% of the forces at The flow velocity increases almost linearly with an increase
equilibrium for ‘standard’ C. subterranezdaracteristics. in frequency and the mechanical efficiengyasymptotically

A ‘standard’C. subterraneaeduces the tube cross sectionapproaches 14% at high frequencies. The mechanical work,
to 70% with its body and to 10 % with its tail-fan and has thred@owever, increases with the square of the frequency, indicating
pleopod pairs 10 mm wide and 8.5 mm long with a 120 ° phasthat a frequency increase involves high additional costs
shift and a 45° maximum angle swept. The area of théFig. 5).
pleopods is assumed to be halved during the recovery stroke.According to the model, the flow velocityibl the tube will
The total tube length of the burrow is 0.45m and the shrimp’be greatest if there is little or no phase sbiFig. 6). When
body length is 0.05m. The tube diameter is 0.01 m (StamhuBis small, all the pleopods are able to contribute to the thrust
and Videler, 1997a,b). The flow velocity, thrust and drag, adluring their entire power stroke, without being restricted by
well as the energetics and the efficiency, are calculated atjacent pleopod pairs. The work per beat cYdglgras well
equilibrium of forces. asn are also maximal at small&hd decrease with increasing

The beat frequency, phase shift, angle swept, pleopod ar@alue to interactions among the pleopod pairs. At valués of
ratio, added mass shedding, inter-pleopod distance, numberatfove 180°, a metachronal wave in the contra-locomotory
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direction occurs, instead of the ad-locomotory wave normally30 %, as can be seen in Fig. 7. At higher values tffie thrust
applied byC. subterraneaat 8=120°. The flow velocity is generated is relatively large, but only part of this thrust
minimal at 6:300°. At this point, the pleopods just mask onecontributes to the net thrust, andlecreases. The relationship
another in the contra-locomotory metachronal wave, whiclhetweemn anda depends not only of, but also on the drag
counteracts the difference in area during the power stroke awdefficient of the pleopods and on the interactions between
the recovery stroke. The small peal®al50° is an effect of adjacent pleopod pairs. The angular velocityiswdirectly
the interactions between the pleopods, as the pleopods justated toa since f is kept constant. The drag coefficient of
touch one another during a small part of the recovery strokethe pleopods is approximately inversely relatedwto(see

In the model, the thrust depends on the afdietween a equation 10). Interactions between adjacent pleopod pairs start
pleopod and the tube axis (see Fig. 1). At very small maximurat values ofx above 10°. The mean flow velocity as well
angles swepti, the thrust generated is relatively small, butas nshow changes in their slopescat10°, and other small
almost all of it contributes to the net thrust, sificgays close but sudden changes at higher values afe caused by changes
to 90° during the whole cycle. At small values @f the in pleopod interactions (Fig. 7). Disregarding the pleopod
mechanical efficiency is therefore relatively high at almosinteraction effects, mlecreases approximately co-sinusoidally
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0.035 — Flow velocity »ig@ :é(c))o 0.0035 — Fowvdocity S 5
& 0.030 - --- Mechanical efficiency < & 0.00304 ™ ——— Mechanical efficiency L300
b — Work r16% 80 b A — Work -4
£ 00254 FUE L0 £ 00025 L5 8 -
2 0020 128 60 = 20,0020 L5 33
8 r10T 50 x g8 = 5 <
T 00154 8B 402 T 0.0015 w15.8 1232
& 0010+ 6F ¥ 2 0.0010- 10 £
€ o 45 L2 e Bl
{005+ L2 2 Lo oo0054 /T L5 g
0- Lo = Lo =
4 Lo L
T T T T T T T O O

T T T T
LI B L B B L |
012 ?:reiuer?cy?HZ] 8910 0O 15 30 45 60 75 90
_ o (degrees)
Fig. 5. The mean flow velocity in the tubd, the mechanical
efficiencyn and the work done per beat cy®lgp, T as a function of
the pleopod beat frequentypredicted by the tube-pump model.

Fig. 7. The model predictions of the mean flow velocity in the tube
U, the mechanical efficiency and the work done per beat cycle
Wpp,Tas a function of the maximum pleopod angle swept

at small values of a@lue to decreasinBmax At higher values The distance between adjacent pleopod pairs cannot be
of a, then curve reflects the curve of the pleopod dragchanged by a pumping C. subterrankacause it is completely
coefficient Cq as a function of Reynolds number due to thedetermined by its morphology. In juveniles growing towards
higher angular velocities. The work done by the pleopods pedulthood, however, the distances between the pleopod pairs
beat cycle W, T increases with the square of amplitude. increase with animal size. This may affect not only the absolute

Fig. 8 shows that an increase in pleopod area during tHeow velocity in the tube but also the efficiency of the pump
recovery stroké\pp recoveryresults in a gradual decrease in flow system and the work per beat cycle. Fig. 10 shows the effects
velocity in the tube. The value of however, decreases steeply of an increase in the distance between the adjacent pleopod
at relatively larger pleopod areas during the recovery strok@airs onU, n and Wpp T as predicted by the model for a
resulting in an increase in the work per beat cyglg t. ‘standard’ C. subterraneaAll three variables increase with

In the model, the added mass that is accelerated during timereasing distance between the pleopod pairs, up to
power stroke is assumed to be shed when the pleopod pairaigproximately 8 mm. Above 8 mm, all pleopod pairs are able
half-way through the power stroke. This assumption is basetd perform an almost complete power stroke and mask one
on flow studies (Stamhuis and Videler, 1B97Fig. 9 shows another only during part of the recovery stroke. At distances
the effect of varying the moment of shedding during the powegreater than 11 mm, the pleopods no longer interact.
stroke expressed as a fractiorilah Cshed on U n andWpp, . The number of pleopod pairs cannot be varied Gy
Shedding of the added massCahe#0.25 (half-way through subterranea. Some other thalassinid species, however, have
the power stroke) seems to yield the highest flow velocity ifiour pairs of pleopods, and some tube-living invertebrates
the tube and the highest mechanical efficiency. A delayedave many more paddling structures which are used for
shedding, at €ed0.35 results in a reduction in the work per ventilation. The implications of more pairs of pleopods has
cycle, because shedding takes place at the moment when the
net thrust force approaches zero.
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Fig. 8. The model predictions of the mean flow velocity in the tube

Fig. 6. The mean flow velocity in the tubg, the mechanical U, the mechanical efficiency and the work done per beat cycle
efficiencyn and the work done per beat cy¥lgp tas a function of Wpp1as a function of the pleopod area rafigh recover/App,power

the phase differencé between adjacent pleopods, predicted by thewhere power and recovery refer to the power and recovery strokes
tube-pump model. respectively.
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Fig. 9. The model predictions of the mean flow velocity in the tubcefficiencyn and the work done per beat cy¥lgp ras a function of
U, the mechanical efficiency and the work done per beat cycle the number of pleopod pairsat a fixed phase shif=120° and at
Wpp,T as a function of the added mass shedding coefficlerdq 0=360 °/n, predicted by the tube-pump model.

which is expressed as a fraction of cycle duration.

been evaluated by varying the number of pleopod pdiem  efficiency has quadrupled, at only double the cost compared
1 to 10. Since irC. subterraneahe phase shift between the with the situation with §120°.
pleopod pairs 8360 °/n the phase shift was set to vary along Burrow size is determined by the inhabiti@gsubterranea.
with n. For comparison, was also varied without varying 8 The effect of decreases as well as increases in burrow size are
but 6 was kept at the ‘standar@. subterranegphase shift of assumed to affect the burrow resistance. Changes in burrow
120°. resistance have been tested by multiplying the tubeRirage

With 6 fixed at 120°, the possession of more than ondy a factob between 0 and 5 (Fig. 12). Since the flow velocity
pleopod pair is clearly advantageous, but the flow velocity doda the tube at standard settindgs=1) is only a fraction of the
not increase as much wittwhen there are more than two pairs mean velocity of the pleopods, a decrease in burrow size
(Fig. 11, lower set of curves). A2, the pump system does results in an increase in the flow velocity in the tube. The total
not change very much, and little additional thrust is added witlvork done by the pleopods decreases and the mechanical
every additional pair of pleopods, as reflected in the gradu&ffficiency increases dramatically with decreasing burrow size.
rates of increase d, Wpp,T and @ When varying @with n,  An increase in burrow size does not result in dramatic
the system changes with every additional pair of pleopods. Th#hanges, since all the variables shown are close to saturation.
mechanical efficiency rincreases more steeply than linearly The flow velocity and the mechanical efficiency decrease
with increasingn up to approximately eight pairs of pleopods slightly and the work done increases slightly. Apparently, the
(Fig. 11, upper set of curves). Above naBstill increases, flow velocity in the burrow and the work done by the pleopods
although its slope as well as the slopeJ@indWpp tstartto  do not change very much above a critical burrow size, which
decrease. Note that at, for example, n=8 an860 °h=45°, is approximately 0.6 times the total tube lendthy) in our
the flow velocity in the tube has doubled and the mechanicahodel.
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Fig. 12. The model predictions of the mean flow velocity in the tube

Fig. 10. The mean flow velocity in the tulié the mechanical U, the mechanical efficiency and the work done per beat cycle
efficiencyn and the work done per beat cy@igp tas a function of  Wpptas a function of the burrow size, expresset,ashere b is a
the distance between adjacent pleopod pairs, predicted by the tutconstant varying from 0 to 5 by whidfy wbe the drag force of the
pump model. tube, is multiplied.
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Discussion note that the actual ratio of the pleopod areas of C. subterranea
Our tube-pump model predicts a mean flow velocity in thef approximately 0.5 represents a critical value. The
tube of 1.8mmd% for a ventilating C. subterraneaat Mechanical efficiency and the flow velocity start to decrease
‘standard’ model settings. This is very close to the meafteeply around that value, and the work per beat cycle starts to
velocity of 2.0+#0.1mm3% actually generated byC. increase drastically at this point (Fig. 8). A ratio closer to 1
subterranean an artificial burrow with characteristics similar Would therefore be disadvantageous.
to the model settings (Stamhuis and Videler, 1)97 Shedding of added mass has not been incorporated
Therefore, the model predictions for the mean thrust and dregj/antitatively in previous models of paddling propulsion,
forces, for the work done and for the mechanical efficiency aralthough its importance has been pointed out (Daniel, 1984,
expected to be realistic. 1995; Morris et al. 1990). Added mass shedding at the
The mean beat frequency during ventilation 6f  sinusoidally oscillating pleopods df. subterraneacan be
subterraneais approximately 1Hz. According to the model, predicted from their limb kinematics and the resulting forces
the mechanical efficiency increases steeply in the frequendn the added mass. We incorporated shedding of added mass
range 0-2 Hz and then levels off. The optimum beat frequends an instantaneous process in our model because this might
therefore seems to be approximately 2 Hz. However, the workimic the real situation closely: the added mass is accelerated
per beat cycle increases with the square of frequency, so théuring the first half of the power stroke and subsequently shed
doubling the frequency will quadruple the work per beat cyclewith only very slight deceleration during the second half of that
Sometimes the shrimp removes suspended sediment from &oke (Stamhuis and Videler, 1987Variation of the moment
burrow by heavy ventilation movements lasting approximatelyf shedding in our model suggests that shedding the added
10s at an estimated frequency of 3-5Hz (Stamhuis et alass at &shed(=tshed T, Wheretshedis the time of added mass
1996). The work per beat cycle during such a pumping bout ghedding) of 0.25-0.30, approximately half-way through the
up to 25 times the work during normal ventilation. Such arpower stroke, is indeed most efficient.
extreme effort will probably lead rapidly to energy depletion. In our calculations of the added mass component of the
The phase shift between adjacent pleopod pair<.in pleopod thrust, we assumed that the initial velocity of the
subterraneaduring normal ventilation is approximately one- added mass was zero. The velocity of the pleopod at that
third of the cycle. The model predicts the highest flow rategroment is zero (&0) and, by definition, the added mass is the
and mechanical efficiencies at small phase shift angles, at ordyater mantle attached to the pleopod (Vogel, 1994). When the
a small increase of the work per cycle (25%). It therefor@leopod accelerates during the first part of the power stroke,
seems optimal to apply an almost simultaneous beat pattern fine added mass must be accelerated as well. This process might
all pleopod pairs. Such a pattern has been observed duribg assisted by the flow in the lower part of the tube due to the
propulsion of the copepod®leuromamma xiphiasand high local flow velocities, but this contribution is hard to
Acanthocyclops robustuéMorris et al. 1985, 1990). These quantify. We did not take this into account and hence assume
species apply a small phase shift between the swimming letfsat the added mass forces are independent of the flow in the
during the power stroke only and perform a simultaneoutube.
recovery stroke. This results in maximum propulsive force for We varied the number of pleopods at different phase shifts
all swimming legs during the power stroke. The disadvantagé order to compare the thrust-producing system Cof
of such a system, however, is that the thrust is generated $nbterraneawith that of other tubiculous invertebrates and
pulses, resulting in a jumpy swimming pattern. G  with that of free-swimming paddlers. With more than three
subterraneapulsatile thrust generation would probably lead topleopod pairs or other paddling structures, a phase shift smaller
a pulsating flow in the tube, which is energeticallythan 120° becomes advantageous. With more (pairs of) limbs,
disadvantageous (Stamhuis and Videler, b397The the mechanical efficiency of the propelling system increases
hydrodynamic resistance of a tube increases dramatically witkignificantly with the number of limbs at phase shifts of
increasing pulsatility of the flow in the tube (Cataal. 1978).  360°/n. This is observed, for example, in the brine shrimp
A phase shift angle of 120 °, as founddnsubterranea, might Artemia swimming with up to 11 paddling thoracic
therefore not be the theoretically optimal phase shift, but mosippendages. The number of appendages depends on the
probably helps to keep the flow in the tube steady and can bievelopmental stage. The phase shift between pairs of trunk
regarded as energetically advantageous. limbs is approximately one cycle divided by the number of
A maximum angle swept of approximately 45° seems active pairs, but minimally approximately one-ninth of a cycle
good compromise between maximizing the flow velocity andBarlow and Sleigh, 1980). Our model, although not originally
minimizing the energetic costs. Differences in pleopod aredeveloped for this type of free-swimming paddler, predicts an
between the power stroke and recovery stroke are determinagttrease in the mechanical efficiency of trunk—limb propulsion
mainly by the shrimp’s morphology, and it is not surprisingwith an increase in the number of trunk limbs during
that a relatively smaller pleopod area during the recovergevelopment towards adulthood. The model may, with a few
stroke should increase the flow velocity and the mechanicahodifications, be applicable to many other paddling animals,
efficiency, at decreasing costs. It is, however, interesting ttubiculous or free-swimming.
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Cshed
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List of symbols 0o
cross-sectional area of tube sectior)(m B
area of pleopod pair (#n Bmax

constant with a value of 1-5

coefficient of tube area reduction due to the (¢
shrimp’s body

coefficient of tube area reduction due to the (o
tail-fan constriction

drag coeffient n
drag coefficient of a flat plate perpendicular p

to the flow p
drag coefficient with the object parallel to the 6

flow Bn
added mass shedding coefficient W
pleopod camber depth (m) o
diameter

diameter of tube section (m)

frequency (Hz) 2 3

Cq multiplication factor correcting for camber

force (N)

added mass force (N)

drag force (N)

drag force parallel to pleopod during added
mass shedding (N)

drag force of the tube (N)

normal force, perpendicular to the pleopod (N)

centrifugal force on the added mass of the
pleopod, in the radial direction (N)

c

thrust force produced by beating pleopods (N)ALLANSON B. R. SUNNER. D. AND

thrust force produced by the pump (N)

recovery
power

maximum angle swept by a pleopod (degrees)

angle between pleopod and tube axis (degrees)

maximum angle between pleopod and tube
axis (degrees)

angle between pleopod and tube axis at time
t (degrees)

angle between pleopod and tube axis at rest
(degrees)

mechanical efficiency

dynamic viscosity (kg ms™)

density (kg m?)

phase shift angle (degrees)

phase shift of thath pair of pleopods

angular velocity (rad$)

time-dependent angular velocity

Subscripts
tube sections 1, 2 and 3, respectively
narrow constriction of the tube
recovery stroke
power stroke
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Cambridge) for guidance on the fluid dynamics of tube flows,
especially on entrance effects and oscillatory flow.
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