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Summary

The ventilation flow in the vicinity of the pleopod- separation zone with backflow caudal to the telson. Owing
pumping thalassinid shrimp Callianassa subterrane@n an  to the high rates of shear, the jet diverged and re-adjusted
artificial transparent burrow has been mapped using to a parabolic cross-sectional profile  within
particle image velocimetry. The flow in the tube in front of 1-2bodylengths behind the shrimp, showing no traces of
the shrimp was unidirectional, laminar and steady, with a  pulsation. The metachronal pleopod movements in
parabolic cross-sectional velocity profile. The mean flow combination with the increase in flow velocity at the
velocity was 2.0+0.1 mmd. The flow passed the thorax of constriction in the tube caused by the uropods and the
the shrimp along the lateral and ventral sides. Ventral to telson probably prevented pulsation. The energetic
the abdomen, the flow was dominated by the metachronally consequences of pulsating and steady flows in combination
oscillating pleopods. The water around a pleopod is with several tube configurations were evaluated. The
accelerated caudally and ventrally during the power results suggested that, by constricting the tube and keeping
stroke, and decelerated to a much lesser extent during the the flow steady,C. subterraneaaves on ventilation costs by
recovery stroke owing to a reduction in pleopod area. On a factor of up to six compared with oscillatory flow in a
average, the flow ventral to the abdomen converged tube without the tail-fan constriction.
towards the small opening underneath the telson,
simultaneously increasing in velocity. A jet with a core Key words: burrow ventilation, particle image velocimetry, PIV,
velocity of 18-20mms! entered the area behind the tube-dwelling shrimp, Callianassa subterranea metachrony,
shrimp from underneath the telson. This caused a ventilation energetics, laminar flow, non-pulsating flow.

Introduction

Thalassinid shrimps characteristically create and inhabin the Upogebiae compared with the Callianassidae
burrows in the sea bed. These burrows are regularly ventilaté@worschak, 1981; Mukai and Koike, 1984; Forster and Graf,
for respiratory purposes or to filter the flow through the burrowl995; Stamhuigt al. 1996). Filter-feeding thalassinids, e.qg.
for food (Atkinson and Taylor, 1988). The ventilation flow is Upogebia pusillaand Upogebia major use pumping rates of
generated by metachronal beating of three or four pairs &3-50mImin! (Dworschak, 1981; Koike and Mukai, 1983).
abdominal appendages, the pleopods (Farley and Case, 1968;these species, ventilation mainly serves feeding purposes
Dworschak, 1981). Burrow ventilation is assumed to bend is occasionally performed for respiration only (Sebél.
energetically expensive and always occurs periodically988).

(Atkinson and Taylor, 1988; Farley and Case, 1968; Tates The Callianassidae usually inhabit extended burrows and
al. 1977; Felder, 1979; Dworschak, 1981; Mukai and Koikehave other feeding strategies (Griffis and Suchanek, 1991).
1984; Scottet al. 1988; Forster and Graf, 1995; Stamheis Water is pumped through the burrow mainly for respiration.
al. 1996). The predominantly filter-feeding Upogebiae areOccasionally, sediment is expelled from the burrow by
estimated to spend up to half their time on burrow ventilatiopumping, causing a plume at the sediment surface (e.g.
for feeding purposes (Dworschak, 1981). The non-filterSuchanek, 1983; de Vaugelas, 1985; Stamhtisl. 1996).
feeding thalassinids, e.g. most of the Callianassidae, onlentilation pumping rates of 0.6-5.5miminhave been
ventilate their burrows occasionally, to renew the burrow wateobserved irC. japonica(Koike and Mukai, 1983; Mukai and
for respiration (Farley and Case, 1968; Stambktial. 1996).  Koike, 1984).

Ventilation is performed in longer bouts with shorter intervals Flow through a burrow may be assisted directly by the
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ambient flow or indirectly as a result of ‘chimney effects’ at40 mm total length were collected from box core sediment
elevated exhalant openings (Vogel, 1978, 1994). This magamples at the Oyster Grounds, central North Sea,
reduce the ventilation costs in some upogebian speciggpproximately 53°48l and 4°3(E. A sampling trip was made
(Allanson et al. 1992). Flow generation mechanisms inin September 1992 on the Dutch research veszdhgid.
burrow-living animals have been studied mainly in tube-Each specimen was stored and transported to the laboratory in
living worms (e.g. MacGinitie, 1939; Chapman, 1968;a separate jar. In the laboratory, each animal was allowed to
Brown, 1975, 1977; Riisgaard and Larsen, 1995). Flowonstruct a burrow in a 5 or 101 plastic container largely filled
generation by metachronally beating pleopods (or othewith sediment from the sampling site and stored submerged in
appendages) is observed in thalassinids, but the resultant flegawater aquaria at 12°C. For details of the collection
inside the burrow has not previously been studiegrocedures, transport, storage and handling conditions, see
guantitatively. Stamhuiset al. (1996).
The thallassinid shrim@allianassa subterraneeareates and
inhabits an extensive burrow in the seabed (Witbaard and  Experimental arrangement for recording the flow
Duineveld, 1989; Atkinson and Nash, 1990; Rowden and To record the ventilation current o€. subterranea
Jones, 1995; Stamhuét al. 1997). The shrimp ventilates its individual animals were placed in a simple artificial burrow, a
burrow every 14 min for 1.3 min, which is approximately 8 %U-shaped glass tube of 8 mm diameter with two turning
of its time budget (Stamhuét al. 1996). This may account for chambers at the ends of the horizontal section (Fig. 1). The
a significant part of its energy budget. The ventilation flow idurrow was submerged in a glass aquarium (width 5cm)
produced by active pumping with three pairs of pleopods in acontaining artificial sea water. The temperature of the
ad-locomotory metachronal pattern at a frequency oéxperimental aquarium was kept at 12°C by mounting it
approximately 1Hz (Stamhuis and Videler, 1897The against a flat water-cooled heat exchanger, using ordinary hair-
present paper describes quantitatively the ventilation flow istyling gel as a contact agent. Neutrally buoyant polystyrene
the burrow and in the vicinity of a pleopod-pumpi@y  particles with a diameter of approximately| 28 were added
subterranea Flow fields in front of, around and behind the to the water in the aquarium. The particles were illuminated by
shrimp are analyzed and processed to velocity profiles. Thevertical laser light sheet, approximately 0.5mm thick, using
flow is examined for pulsation, and the energetic advantagesred light Krypton laser (wavelength 647 ffmax 1 W). The
of different ventilation strategies are evaluated. laser sheet coincided with the central plane of the glass tube.
Images of the illuminated particles were taken using a high-
. resolution video camera equipped with a macro lens, mounted
Materials and methods normal to the light sheet. The camera was electronically
Collection of animals shuttered to prevent motion blur. The video frames were
Callianassa subterranea(Montagu) of approximately recorded using a U-matic-SP video recorder with access to

Temperature-controlled cuvette
with experimental animal in tube

vy .
Il emmmm '
Sheet probe

U-matic video

recording system o
Fig. 1. Experimental arrangement showing
the laser sheet illuminating the central
vertical plane of a Perspex burrow in a Armoured glass fibre Recirculating
cooled cuvette. Particle displacements in the cooler
illuminated plane, caused bgallianassa

subterranegoumping, are recorded on video
and later processed to vector flow fields. INNOVA Krypton lase
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Fig.2. A mudshrimp Callianassa r
subterranea (total length approximately___|
40mm) in a tube in the active ventilation |
posture. The large rectangles labelled with :
Roman numerals indicate the tube sectiomsT
in which the flow was analyzed. L

each of the separate fields of a video frame (i.e. 25 frathes s@nalyzed using PTV because of the large velocity gradients.
50 fields s1). Velocity vector maps derived from the particle displacement

The flow generated by a ventilati®) subterranedn the data were processed to complete flow fields by two-
horizontal glass tube was recorded in four areas: in front of tHémensional spline interpolation, after vector validation. The
animal, around the beating pleopods, directly behind the telsdgsulting vector flow fields consist of arrays of vectors
and further behind the animal (Fig. 2). The normal ventilatiorflescribing the velocity magnitudes and directions of the local
posture ofC. subterraneaallowed mainly lateral views but, flow. Vector averaging in the direction of the longitudinal axis
since the shrimps sometimes turn around their longitudinal ax@ the tube resulted in average local flow profiles. Gradient
during ventilation, some views from the ventral and dorsaYariables derived from the velocity flow fields were used to
aspects were recorded as well. Ventilation flows generated [§judy and describe the flow morphology (Stamhuis and
five different animals were recorded, and all showed the samédeler, 1995). Pulsation of the flow was studied by tracking
flow patterns. The results from one animal are presented. Single particles in the main stream over time.

Image processing and flow analysis Results

To prevent video interlace blurring, single fields were used The flow in the tube in front of a pumpirigy subterranea
for analysis. The first fields of two successive video frames unidirectional (Fig. 3). The velocity profiles in the tube’s
were digitized to 768512 pixel images which were enhancedmedian plane are almost perfectly parabolic throughout the
by background equalization and contrast stretching (TIMube, indicating fully developed laminar ‘Hagen—Poiseuille’
image-processing environment, DIFA Vision Systems)flow. No irregularities or backflows near the tube walls
Displacements of particles were obtained at sub-pixel accuraéydicating major oscillations are found (Fig. 4).
by applying a combination of particle-tracking velocimetry Tracking of individual particles in the main stream in time
(PTV) and sub-image correlation particle image velocimetrnshows the flow to be practically non-pulsatile (Fig. 5, region
(SCPIV) (Stamhuis and Videler, 1995). The flow patterns id). The maximum core velocity is approximately
front of and behind the experimental animals were analyzed.0+0.2 mms! (mean #s.p., N=29), the mean velocity in the
using SCPIV, the flow around the beating pleopods had to tebe is therefore 2.0+0.1 mrmi's
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Fig. 3. Vector diagram of the flow in front
of a pumpingCallianassa subterranein
an artificial burrow (area | in Fig. 2).
Inner tube diameter 10 mm; the animal |_
sitting on the right; a large cheliped and ja
large antenna are just visible. The labels
A-D refer to Fig. 4. Area= 26.88 X 17.92 [mn] _ Umean= _ 2.477 Umean= _ 0.000  Scale Fact: 3.5
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spaces between neighbouring pleopods as they approach one

1 1
2+ A 2 5 another (due to metachrony), mainly during the second half of
34 34 the power stroke (Fig. 8B, between the second and third
44 47 pleopods). Acceleration and shedding of bodies of water
g: g: results in significant velocity gradients in the area of the
74 74 beating pleopods (Fig. 5, region Il). The net result of the
8+ 8- pleopod action is an average water displacement converging
9 94 towards the lower tube wall with an increasing flow velocity
é ﬂ: ﬂ: in a caudal direction (Fig. 7B-D). The water leaves the area of
g TT T T 7T T T T 71 the pumping pleopods only through the narrow opening
S 0123456 0123456 underneath the telson because the uropods close off the rest of
§ the tube diameter. The water is ejected as a jet with a mean
% 1 C 17 D velocity approximately eight times the velocity of the
> g: g: undisturbed flow in front of the shrimp (Fig. 6, right part;
4 il Fig. 7D,E).
5 5- The velocity field directly behind the animal shows the high-
6 6 velocity jet below a separation zone directly behind the telson
7 7 (Figs 9, 10). In the separation zone, vortex-like backflow
g: g: occurs with low velocity compared with that of the jet core.
104 104 The jet coming from the opening underneath the telson
11 11 continues to converge for a short distance downstream of the
(‘) 1‘ 2‘ 3‘ J, 5‘ 5 (‘) ‘1 ‘2 é 21 i,__) 5 telson, .the narrowest part '(the ‘vena cqntracta’) beipg sitgated
_ approximately 0.15 tube diameters behind the opening (Fig. 6,
How velocity (mm s1)

right side). From there, the jet diverges and the core velocity
_Fig. 4. Veloc_:ity profiles of fou_r consecut_ive subsections_ pf the flowgecreases because of the steep velocity gradient surrounding
in the tube in front of the shrimp, showing mean velocities.é% e jet core. The transverse velocity gradients are caused by
.N=.7) for .each row of vectors. The labels A-D refer to the ar®33hear between the jet core and the tube wall below the jet as
indicated in Fig. 3. - . .

well as between the jet and the slowly rotating separation zone

above it (Fig. 9, colour coding). Because of the high rates of

Immediately in front of the abdomen, the flow is confinedshear, the jet evolves towards a parabolic velocity profile

to the narrow space between the tube wall and the shrimpigithin a distance of approximately 2.5 tube diameters behind
thorax (Fig. 6, left part). The velocity near the tube wall isthe animal, which is less than one body length (see also Fig. 5,
increased compared with the flow velocity in front of theregion III).
animal (Fig. 4) because of the reduced cross-sectional arealn Fig. 11, the animal had turned around its longitudinal
(Fig. 7A). Ventral to the abdomen, the flow is dominated byaxis, allowing a dorsal view of the abdominal region. This
the oscillating pleopods (Fig. 6, middle part). During thefigure shows the blocking of the tube by the tail-fan, since the
power stroke, each pleopod acts like an oar accelerating a maast abdominal segments, the uropods and the telson close off
of adhering water during the first part of the power stroke. Ithe tube almost completely, preventing leakage along the top
the lower part of the tube (see Fig. 6), the water is mainland the sides. The flow passes only through the small opening
accelerated by the distal part of the pleopods and the extendeehtral to the telson and emerges (in Fig. 11) some distance
pleopodal rims, which enter this region during the power strokbehind the telson, when it enters the central plane of the tube.
only. The water mass around the pleopod is shed in a ventrdhe separation zone with low-velocity backflow is visible
caudal direction during the second half of the power strokdirectly behind the telson in this figure.
(Fig. 8A first pleopod, Fig. 8B second pleopod). Shedding of Further downstream of the animal, the jet has faded and only
the water mass is facilitated when water is squeezed from tlsenall traces remain. (Fig. 12; area IV in Fig. 2). The flow

ty (mm s1)
BEaBRR8HK

Fig. 5. The flow velocity as a function of position in tf\%
tube, with respect to the pumpingallianassa = 5} P
subterraneaRoman numerals I-1V indicate the areas of 0
interest indicated in Fig. 2. | I " v
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PIUChart 3.2 2V-06-19%1 File: a:\cspp.piv

Fig. 6. Vector diagram of the flow around thd
pumping pleopods ofCallianassa subterranea
(area Il in Fig.2), averaged over a whol
pumping cycle (22 steps of 0.04s). The velocity |§
colour-coded to emphasize the flow morpholog
The flow is vortical in the area where the
pleopods are active (the pleopods are omitted f
clarity). High flow velocities are observed in the
lower part of the tube, where the pleopod tigs
accelerate the water during their power strokg.
Labels A—E refer to Fig. 7. Area= 26.88 X 17.92 [rn] Umean= 5.853 Unean= 0.242 Scale Fact:

profile in the tube gradually returns to the parabolic velocityevaluated. Finally, our results will be compared with data in
profile normal for laminar flow (Fig. 13). the literature on thalassinid ventilation flows.

The flows in front of, around and behind a pumpibg The flow in the burrow in the vicinity of a pumpir@.
subterraneaare summarized in Fig. 14. This figure also showssubterraneamatches predictions for non-pulsating laminar
reconstructed cross sections of characteristic positions in tlilw in a tube at low Reynolds numbére:20). The flow in
tube to clarify further the morphology of the flow. front of the shrimp shows a parabolic velocity profile, which

is characteristic of Hagen—Poiseuille flow (Prandtl and
Tietjens, 1957). This is also the case for the flow profile
Discussion downstream of the animal. A sudden expansion directly behind

In this discussion, our results will be compared witha constriction, as behind the telson®fsubterraneausually
theoretical and empirical predictions. The energeticauses a local separation zone with backflow near the tube wall
implications of different flow regimes will be quantified and (Caroet al. 1978; Munsoret al. 1994). The parabolic velocity

.| A 1 .| 1 .|
2 - 24 B 2 - ¢
34 34 34
4 4 - 4
5 54 5
a 6 - 6
7 7 7
8 - 8 - 8 -
5 9 9 9 -
-g 10 10 10
5 114 11 11
< T T T T T T T T T T T T T T T T T T
3 0 2 46 0 2 4 6 810 0 2 4 6 81012141618 20
S 1 14
3 5 D 3] E
> 34 3
) ) . . 44 4
Fig. 7. Velocity profiles of five 5 5
consecutive subsections of the tube 6 6
. . . 7 74
in area Il (see Fig. 2), showing the g | 8 -
flow velocities around the abdomen 9 9
(means #s.0., N=7) for each row of B ﬂ:
vectors, averaged over a whole T T T T T T

T T T T T T T T T T T T T T T
areas indicated in Fig. 6. Flow velocity (mm s71)
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FIUChart 3.2  29-06-1994 File: ..scs32168.piv UELOCITY VECTORS FIUChart 3.2  29-06-1994 File: ..\cs32182 . piv UELOCITY VECTORS

fArea= 2688 X 17.92 [mnl Umean 4.908 Unean= 0.818 Scale Fact: 1.4 il ] EAT) Scale Fact: 5
Fig. 8. Vector diagrams of the flow around the pumping pleopods durlng two stages of the pumping cycle W|th a phase dlﬁa'mm;ealef
(14 steps of 0.04s), showing the formation and degradation of rotational flow patterns between the pleopods due to then anwtlerat
shedding of water mantles. (A) The first pleopod has almost finished a power stroke, the second pleopod is making a rkepthesyttsned
pleopod has just started a power stroke; (B) the first pleopod is starting a power stroke, the second pleopod is halfiapdlveugtroke,
the third pleopod has just started a recovery stroke.

profile is restored within a short distance behind the telsorkor 1N 0<3, the phase of the flow raf@starts to lag behind
This is normal for laminar flow at lolRe showing limited the phase of the pressure gradiémp, and the parabolic
transition effects at tube entrances, constrictions andelocity profile becomes disturbed by the oscillatory motion of
expansions (Prandtl and Tietjens, 1957). The effects dhe fluid core. IIW@>3, Q lags more than 60 ° behipo, and
pulsation of the flow can be evaluated and predicted by thieertial forces rule the flow, causing the velocity profile to
Womersley numbéwo (Caroet al.1978). This dimensionless flatten (Caroet al. 1978). The hydrodynamic resistance of a
parameter is a function of the tube diamdderthe angular tube increases witlVo causing a decrease @hat values of

frequencyw and the kinematic viscosity. Wo>1.
In our experimentsWo=12.5 with D=0.01 m andw=21t
Wo= E \/T*) _ @ (pulsation frequencyf=1Hz), predicting a strong pulsatory
2 Y flow, an almost flat velocity profile, a phase shift betw&en

and Apg of almost 90°, and a strongly reduced flow rate of
WhenWo<1, the flow resembles a normal Poiseuille flow.approximately 0.Qsteady Where Qsteadyis the non-pulsating

PIUChart 3.2 19-11-1996 File: ..\chtallZ.piv SHEAR

max

Fig. 9. Diagram showing the velocity vectors o . T
the flow directly behind a pleopod-pumping
Callianassa subterranegarea Ill in Fig. 2). The

S e e S

[ R A T e e e ()

jet with high core velocities coming from Ll A B A A S s She ememers S Si
underneath the telson (just visible on the left IR I R e R e ey
diverges over the tube diameter with increasin RN SR BS ~ U e ettt odion

v — B et et et

' L
distance behind the shrimp. Directly behind thes * °
telson, a large slowly rotating vortex system igl %
formed due to separation. The colour coding
shows the relative rate of shear. The relativg
maxima indicate the steep transverse velocity
gradients at the tube wall and in the area between
the jet and the slowly rotating area of wate
behind the telson. Labels A—E refer to F|g 10. Are: BB X 17.92 [mnl Umean= Z.919 Umean= -0.413 Scale Fact: 2.0
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1+ A 1
2+ 2+ B
3 3
4~ 4
5+ 54
6 6
7 7
8 - 8-
9~ 9+
_E 10 10
S 114 11+
[ T T T T T T T T T T T T T T T T T T T
= 0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16
o]
14 14 1
E 2 c 2+ b 2+ E
34 3 3
Fig. 10. Velocity profiles of five 4 4+ 4
consecutive subsections of area Ill 5 5 54
of the tube (see Fig. 2) showing the g ] ?g s*
backflow directly behind the telson 8 8- 8-
and the jet which evolves g | 9- 9
progressively towards a parabolic 10 - 10 10+
velocity profile (means z*sb., 11 11+ 11
T T T T T T T T T T T T T T T
N=7). Labels A-E refer to 0 2 4 6 8 10 12 0 2 4 6 8 10 0246
corresponding areas in Fig. 9. Flow velodity (mm s

laminar flow rate. However, the flow actually generatec€by jet flow converges further until the ‘vena contracta’ and then
subterraneaesembles laminar flow with no trace of pulsationdiverges. The flow velocity in the jet decreases only gradually,
and no disturbance of the normal velocity distributions. because of separation and the consequential rotating water mass
The fact that the flow in the tube is not pulsating can béehind the telson. As a result, the high flow velocity persists
explained from the geometry and kinematics of the ‘pump’. Thever a trajectory much longer than the constriction itself. This
uropods and telson constrict the tube diameter. This reduces thigh flow velocity causes inertial forces to prevail over viscous
cross-sectional area by a factor of approximately 10, therelfgrces, the locaReincreases to values near 150 and the local
increasing the local mean flow velocity by the same factolWWo decreases to values close to 1. The character of the flow
Some distance before the constriction, the flow convergaberefore changes locally from viscosity-dominated to inertia-
towards the small opening. Directly behind the constriction, thdominated, which suppresses the expression of pulsation.

PIUChart 3.2 25-06-1994 File: ..ccteldor.piv ABS. VELOCITY

Fig. 11. Velocity magnitude (colour-coded
projected on the vector diagram of the flo
directly behind the abdomen of a pumpin
Callianassa subterraneaiewed from the
dorsal aspect. No water passes the uropo|
illustrating the way in which the tube ig
closed off. Behind the telson, small vector
indicating the downward component of th
large vortex are visible. The diverging je
from underneath the telson comes into ti

plane of view on the right, showing high
core velocities. Area= 30.72 X 20.48 [mm] Umean= 2.021 Umean= 0.025 Scale Fact: 2.0
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downstream of a pleopod-pumpir@allianassa
subterranegarea IV in Fig. 2). The jet has almost
completely faded and the flow shows only minor

remnants. Labels A-D refer to Fig. 13. firca= 26.88 X 17.92 [mm] Umean= 2.723 Umean= -0.030 Scale Fact: 3.5

Furthermore, the pleopod movements during the recovergt the flow rate and Reynolds number that apply to the burrow
stroke are not the opposite of those during the power strokef C. subterranea(Forbes and Recktenwald, 1996). The
During the power stroke, the pleopods are fully extended intdiagram matches our observations of the flow in the vicinity
the main stream. During the recovery stroke, they are ‘lifteddf the shrimp, confirming the laminar non-pulsatile character
out of the main stream and reduce the flow velocity relativelpf this flow.
little. The pleopods therefore act like oars, and the flow in the
area of the oscillating pleopods is mainly confined to the lower

part of the tube (see also Stamhuis and Videler, 8997 14 A 14 B
Consequently, hardly any pulsation is generated. g: g:
The pleopods move in an ad-locomotory metachronal wave 4 4-
with a phase shift of approximately one-third of a cycle. This 5- 5-
phase shift increases the pulsation frequency by a factor of 6 6
three, but reduces the amplitude of a pulsation by 7 7
approximately the same factor. Theoretically, the frequency g: g:
increase would doubléeNo but, since the amplitude is 104 104
practically zero, the flow is hardly affected. .g 1+ S 1+ .
Finally, the pleopod pump system ©f subterranedas a 3 01234567 0123456
slip component, unlike a piston pump with valves. A piston =
pump imposes pulsation on the fluid because the fluid has to = %: c %: D
follow the piston displacement. Moving pleopods do not close % 3 3
off the tube completely, so that water can still flow around the > 4+ 4+
tips. This damps pressure differences and promotes steady g* g*
flow. ] ]
In conclusion,C. subterraneaapplies a combination of Z;: Z;:
mechanisms to minimize pulsation in the flow through its 9- 9-
burrow. It constricts the tube with its tail-fan, thereby locally 10 10
changing the morphology and character of the flow, and it J L. 11 afSEEE.
employs a pump with metachronally moving oar-like 0123456 0123456
pleopods. Flow velocity (mms-1)

Fig. 15 is a diagram of the streamlines of a modelled laminar
non-pulsatile flow in a tube of comparable geometry to that iikjg. 13. Velocity profiles of four consecutive subsections of the tube
the present study with @. subterranegpresent, but without in area IV (see Fig. 2), showing restoration of a parabolic velocity
oscillating pleopods. This prediction was generated by solvinprofile (means 1s.0., N=7). Labels A-D refer to the corresponding
the Navier—Stokes equations numerically in two dimensionsareas in Fig. 12.
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Fig. 14. Composite picture of the flow in

tube in front of, around and behind a
pleopod-pumpindCallianassa subterranea

based on the results presented in this study.
The colour coding gives an impression of

the mean magnitude and direction of the
flow. The cross sections of areas where
significant changes take place,

reconstructed from the results, illustrate I\F-—Mm Watational fiow
the flow morphology. Relative water velocity

Calculations of the dissipated mechanical energy for a tub — osd2  8uliOi
with or without a constriction and with or without a pulsatory Ap1 = pu~  1.2pU"  Splith , @)
component in the flow yield estimates of the mechanica 2 2 (0.5D1)?
energy involved irC. subterraneaentilation at different flow
regimes. The power necessary to maintain a steady lamin p(Uz-U1)2  8uL2Uz  p(Uc - Up)2
flow in a tube containing a pumping. subterraneanay be Apz = 2 * (0.5D,)2 * 2 )
calculated by assuming that the animal in its tube resembles a
straight cylindrical tube of lengthit and diameteiD1 with p(Uc-Uz2 O A2  8uLsUs
two constrictions (Fig. 16). Aps = s - ED + 0.2’
The first constriction is a reduction of the tube diameter tc s 0 (0:50s)
0.89D; over a distance of 5cm, representing a reduction in Crosgrherep is the densityyl is the dynamic viscosity of sea water,
sectional area to approximately 70% due to the shrimp’s bodyJ is the mean flow velocityA is the cross-sectional area of the
The second constriction, immediately behind the first, reducegpbe section and the subscripts 1, 2, 3 and c refer to the
the tube diameter to 0.B2, representing a reduction in cross- respective tube sections and the narrow constriction. The

sectional area by the uropods and the telson by a factor of 1Qjissipated powePs is the product of the flow rat@o and the
The total pressure difference to maintain flow in the tube igressure gradiemtpot:

the sum of the partial pressure differences to (A) accelerate
water into the tube entrance, (B) adjust a parabolic velocity Po= QoApror , (®)
profile, (C) overcome the viscous drag of the tube sectiohere
upstream of the animal, (D) accelerate the flow into the first

- . . -an
constriction, (E) overcome the viscous drag of the firsf — G0 .5D1)2 7
constricted section, (F) accelerate the flow into the second Qo= Urm(0.501)°. 7)
constriction, (G) compensate for the pressure drop caused e tube dimensions and the mean velocity in tube section 1
separation, and (H) overcome the viscous drag of the tutsre chosen to equal the experimental situat®0.01m,
section downstream of the animal. For reasons of clarity, thesa=1 3=0.20 m,L2=0.05 m,L=0 andU=0.002 m 5. The power
can be grouped according to the three distinct tube sectiondissipated by the water during normal ventilation flowCin
(1) the upstream tube section (A+B+C); (2) the constrictionsubterranea assuming steady laminar flow throughout the
(D+E+F); and (3) the downstream tube section (G+H). Theube, is found to b&,=0.115<105W.
pressure drops for these sections can be calculated from theA similar approach can be followed to calculate the
following equations (Prandt and Tietjens, 1957; Schlichtingdissipated power for a pulsatile flow with the same mean flow
1979; Munsoret al. 1994): rate. Since minimization of pulsation i@. subterraneais

(4)

Aprot= Ap1 + Apz + Aps (6)

Fig. 15. Simulation of the flow in a tube in the
vicinity of a pumping Callianassa
subterranea obtained by solving the
Navier—Stokes equations numerically for a !
60x40 grid, projected onto a 20cm long and :
1cm wide tube. The streamlines are shown as- |
thin lines, the cross-sectional velocity profiles i
as broken lines, and the shrimp is depicted &
two consecutive constrictions (see text). The tube is displayed with a smaller aspect ratio to give a clearer picturelafibe wiasu
performed using QnS, a two-dimensional computer fluid dynamics program for laminar flow.
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Fig. 16. Model ofCallianassa subterranem a Lo

tube, to show the hydrodynamic events, Crosss_,! S D1 D>
sectional velocity profiles and dimensional = —>" !

variables used in the equations for calculatingiH: > i i Dc § - il
the pressure drop and the dissipated enddgy.

diameter;L, length; subscripts 1, 2, 3 and c‘l_l ”””””” e L 2 ”””” s L3 ””””””” >
refer to the respective tube sections and the ... >
narrow constrictiont.tot, total tube length. Lot

concluded to be due to the tube constriction, the dissipateslibterranea theoretically doubles the dissipated power
power is calculated for a pulsating flow passing through @P¢=2Psteady, but requires only one-sixth of the power that
straight cylindrical tube without constrictions and of the samevould be needed to produce oscillatory flow in a tube without
total length. The minor constriction due to the animal’'s bodythe tail-fan constriction Riot,unstead6P0). Keeping the flow
is neglected to enable an analytical solution of the problensteady and laminar by partially constricting the tube and
Assuming a sinusoidal oscillatory flow componentconfining the flow ventral to the metachronally beating
superimposed on a steady flow, the mean veldditgf the  pleopods is therefore probably an energetically advantageous
flow in the tube can be expressed as: ventilation strategy.
J; = U7 +Ooaesinot, 8) It shOl_JId be noted that the _dissipated _power is not

- necessarily equal to the mechanical power invested by the
wherelbscis the maximum mean oscillatory velocity and  pumping shrimp, which is usually higher because of the pump
time. The mean flow velocity equals the situation withoutefficiency and the muscle efficiency, which are less than 1
oscillatory flow. The pressure gradient inducing pulsatingStamhuis and Videler, 198y
flow is assumed to consist of a steady part and a For a few thalassinid species, mainly Upogebiae, pumping
superimposed unsteady part. It consists of components f@bw rates are reported in combination with some information
accelerating water into the tube entrance, adjusting an an animal’s posture and p|eopod beating pattern
parabolic velocity profile, overcoming the viscous drag of thgDworschak, 1981; Allansoet al. 1992; Scottet al. 1988;
whole tube and compensating for the unsteady pressure dragprster and Graf, 1995; Stamhuis and Videler, 229The
These pressure drops can be calculated from equations 9 afglin differences between Upogebiae and Callianassidae
10 (Prandtl and Tietjens, 1957; Schlichting, 1979; this studykegarding ventilation are the number of pleopods active in
002 12002 8pLwli pumping, the_ morphology of the tail-fgn, the mechanism_ of

+ + , (9) flow regulation and the average time spent pumping.
2 2 (0.85D1)? Upogebiae, at least the filter-feeding species, spend much more
time pumping (up to 45 %) than the Callianassidae as a result
of their need to generate a flow for feeding purposes

Apsteady=

dUy _
Apunsteady= PLtot —— = PLtotlbsCOSL) . (20)

dt (Dworschak, 1981; Scott al. 1988). In the Upogebiae, the
o ) uropods are approximately the same size as the telson with
The dissipated power for the steady flow componentis:  oqyally long setae, whereas in the Callianassidae the telson is
Psteady= QolAPsteady: (11)  smaller than the uropods and has very short setae (Stamhuis

o . and Videler, 1994). The ventilation flow inUpogebia
The dissipated power for the unsteady component is founghercylata and Upogebia sp. is adjusted by changing the
after integrating\punsteadyover one cycle and multiplying by posture of the whole tail-fan (Scoet al. 1988), which is

Qo probably the case in most Upogebi@esubterraneaoes not
. &TM _ change the posture of the tail-fan during pumping and, since
Punsteady= QopLtotUbscd cos(t)dt = TD12pLtotlbsé, the other Callianassidae have a similar tail-fan morphology,
Jo this is probably also the case in the other Callianassidae. The

(12) Upogebiae have four pairs of paddle-like pleopods, which are

whereT is the period time. all used in pumping, but no records exist, to our knowledge,

When calculating the steady and the unsteady dissipatesh motion patterns or phase shifts between pleopod pairs. As
power with Ly=0.45m, D3:=0.01m, f=1Hz and in C. subterraneathe Callianassidae have only three pairs of
U1=Uos=0.002 m 51, the total dissipated power with unsteadypleopods involved in pumping, with a phase shift of
flow protunsteady Can be calculatedPstead0.061x105W, approximately one-third of a cycle (Stamhuis and Videler,
Punstead70.57%10°W and  Piot,unsteadyPsteadytPunsteady 1997a). The flow rates during pumping ibpogebia pusillare
0.640<10°5W. 2—4 times as high as @. subterraneandC. japonicaof the

Hence, by constricting the tube with its tail-fag.  same size, at approximately the same or an even lower pleopod
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beat frequency (Dworschak, 1981; Stamhuis and Videlegonstrictions were not taken into account. Depending on the

1997a; Forster and Graf, 1995; Mukai and Koike, 1984). flow velocity and the dimensions of the constrictions, this may
These data on ventilation in thalassinid species indicate thaause underestimations of the dissipated power by a factor two

the mechanism of minimizing pulsation in the ventilation flowor more.

in thalassinids may be applied in various ways. Our The present results on the velocity distributions and

hydrodynamic predictions support this view. If the pleopodmorphology of the flow in the vicinity of a pleopod-pumping

beat frequency and, consequently, the flow velocity i. subterraneawill be used to model pleopod pumping

increased, it may be energetically advantageous to widen ti@ergetics in tube-living thalassinids in companion paper

constriction, since the hydrodynamic resistance of th@sStamhuis and Videler, 198y

constriction increases with the square of the velocity (third

term in equation 3)_ and the dissipated power increase_s with theyye cordially thank Professor T. J. Pedley (University of

cube of the velocity. The other advantages of a high flowsampridge) for guidance on the fluid dynamics of tube flows,

velocity are not necessarily affected by this strategy, since tr&‘specially on entrance effects and oscillatory flow. We are

increased flow velocity with a less narrow constriction willi,jenteq to Ulrike Miiller for critically reading the first draft
make inertial forces prevail over viscous forces. This, N the manuscript

combination with the increase in pump frequency, probably

suppresses the expression of pulsation. Such a ventilation
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