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Nonbound dislocations in hexagonal patterns: pentagon lines
in surface-tension-driven Baard convection
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We report on a novel class of defects in a hexagonal pattern which we call pentalines. They are built up of
two nonbound dislocations and are orientated parallel to the roll axis of the mode free of a dislocation. A
pentaline has its origin in a transformation of the penta-hepta défétiD), taking place at higher supercriti-
cality. The underlying mechanism consists in a combination of glide and climb motion of the original dislo-
cations bound to the PHD. We demonstrate that the pentalines play an important role within the transition from
hexagonal towards square convection cells, observed in surface-tension-driveard Beonvection.
[S1063-651%9906310-2

PACS numbd(s): 47.54+r, 47.20.Dr

[. INTRODUCTION In contrast to the climb motion, the glide motion occurs
only in nonpotential systemd.2] and involves nonsymmet-
Defects strongly influence the dynamics of hydrodynamidi_c pinching off and reforming of rolls. From the.theoretical
systems. Impressive examples are the change of the chareide, it is therefore much harder to treat than climiibg].
teristic macroscopic length scale due to the defect motiof’resently, an elaborated theory does not exist. Some qualita-
(e.g.,[1,2]) and the mediating of the transition to a weakly tive features of gliding are given ji13]. Gliding occurs with
turbulent staté3,4], or to a pattern with different symmetry Small and nonuniform velocity and is stopped at high Ray-
[5-9]. The defect type which has been studied most exten!€igh numbers. Itis favored K~Koy,, or if the layer rotates
sively is the dislocation in a roll patteffor an overview see, LL4l- In the latter work was found that the gliding motion and
e.g.,[10]). The dislocation represents the generic point de_the subsequent annihilation of defects causes a reorientation
fect of the roll pattern and can in principle either move par-Of the whole structure. . .
allel (climb) or perpendicularglide) to the roll axis. The We briefly turn to anisotropic flows, for which electrohy-
. ‘ . - prodynamic convectiofEHC) is an important example. The
present paper is concerned with formation and evolution o

defects i h | batt H | patt i reparation of well separated defects can be achieved more
€lects In a hexagonal patiern. Hexagonal pattems are ermply than in RBC which supported a better understanding

result of a superposition of three roll systems whereby th%f the dynamics and interaction of defects in EHC. For an
_angle between them amounts to 120°. Wg find that chang&syerview we refer td15). According to theon[16-1§, a

in the defect structure in such a composite pattern can bgisjocation can display both climbing and gliding. Climbing
traced back to the two elementary types of dislocation mogyecyrs if the wavenumber deviates from the optimal one
tion in the particular modes. Therefore it makes sense tQuhile gliding is preferred if the rolls are tilted against the
summarize what the results of previous experimental ang@iormal direction. The motion of a pair of dislocations with
theoretical studies on pure roll patterns are with respect t@pposite charge has been investigated experimentallygin

the dislocation motion. We first consider the Rayleigh-21]. The study at vanishing external stresg2H, i.e., at zero
Benard convectiotRBC). The majority of studies is focused wave number mismatch, revealed a universal length scale for
to the climb motion of dislocations. In an early experimentpoth climb and glide motion below which the mutual inter-
[1] it was shown by means of a row of dislocations thataction of defects becomes important. Studies with imposed
climbing provides a size-adjustment mechanism. The climlexternal stresses show that climbing occurs in two stages
velocity was found to be inversely proportional to the Prandti[18,2(. At large distances between both defects the velocity
number of the fluid.(The Prandtl number Prv/« is the is constant. Below a crossover distance the motion acceler-
ratio between the kinematic viscosityand the thermal dif- ates. In contrast to the smooth climbing motion the gliding
fusivity «.) This experiment motivated later theoretical stud-shows a steplike behavi¢i8,2(. In accordance with14]
ies[11,12. Both works demonstrate that the climb velocity for RBC, the annihilation of dislocations by gliding leads to
is proportional tosk®? provided the dynamics can be derived a reduction of the original tilt anglg19]. This observation
from a potential. Heregk =k, ,,—k wherek,; stands for the  supported the idea that the glide motion is a selection process
wave number at which the dislocation is stationary. For nonfor the pattern orientation.

potential systems the climb velocity obeys a linear depen- We now leave the pure roll pattern to turn to defects in the
dency ondk [12]. The uniform climb velocity, predicted by composite hexagonal pattern which recently have attracted
[11], was experimentally verified if2]. Furthermore, it was attention[22—29. Typically, hexagonal patterns occur in
shown in[2] that the climb velocity behaves approximately presence of a vertical asymmetry, caused, e.g., by
proportional tosk®2 At a given 8k, the climb velocity in-  temperature-dependent material parameters or by a differ-
creases with the control parameter. ence between top and bottom boundary conditions. Promi-
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nent candidates are non-Boussinesq RayleighaB# con- T Ay
vection or surface-tension-driven “Bard convection dg Sapphire window Tw ATs
(STDBCO). A number of defects in a hexagonal pattern, as p - ! AT,
they occur in weakly supercritical STDBC, has been de- 9 Alk 9
scribed in[22-24). Most of them are unstable. They either d AT AT,
disappear rapidly, or they transform into the basic penta- ! oil '
hepta defectsPHD). Therefore, the interest of previous 10
works is exclusively focused to this type of defect[Bb] it Silicon crystal To

was shown that a PHD is a bound state of two dislocations of

opposite phase circulation in two different roll systems. A FIG. 1. Schematic of the liquid-air Berd system: A tempera-
theoretical explanation for the existence of this cell com-ture differenceAT is maintained across a two-layer system by iso-
pound has been given by a numerical simulafi®di] which  thermal plates. The flow is mainly driven by the temperature depen-
demonstrated that locally separated dislocations attract eac¢lgnce of surface tensiolT, and AT, represent the average
other to form a bound state which is the PHD. The far-fieldtemperature drops in the oil and in the air, respectivejyandd,
solution for the phase field of a static PHD was found inare the thicknesses of the respective layers. For the definition of the
[26]. This solution has been generalized for a moving pPHDconNtrol parametee it is useful to re_fer to the_temperature_ drop
in [28,29. From the analysis of the mobility tensor in these A Tea @85suming that both layers are in conductive stefedetailed
papers followed that the direction of motion of the PHD discussion ir(7)).

depends strongly on the deviation of the wave number of the ) , i .

particular modes from their optimal value. So, the PHD isState is forbidden in the weakly supercritical rarige].

stationary if the wave number of the three modes equals the !N the following we briefly describe the experiment and
onset value. It is now widely accepted that the motion of the"'€ Method of analysis. Then we study the decay of the basic

PHD is an important wave number selection mechanism in &P into the nucleus of a pentaline and analyze the growth
hexagonal pattern. of the pentaline until it reaches its developed stage. The con-

The evolution of induced perfect hexagonal patterns ahection between the pentalines and the square convection

moderate supercriticality was investigated in a fluid with CellS is outlined.
Prandtl number PrO(10%) [23]. To achieve its optimal
wave number, the pattern chooses different ways depending Il. EXPERIMENTAL METHODS
on the wave number mismatch. Fék<0 the nucleation of . L A
i . ; The system under consideration is sketched in Fig. 1. A
new cells is observed while fofk>0 the fusion of cells - S o S
layer of silicone oil (kinematic viscosityr=0.1 cnf/s,Pr

dominates. Both ways introduce defects which dynamics fi-~ . .
nally lead to the establishment of the optimal wave number, 100) is heated from below. The free surface of the oil is in

For small k>0 and a small container the authors reportcontaCt with an air layer, cooled by an upper isothermal

about the appearance of a dislocation which climbs througl‘?.late' The bottom plate of the layer consists of a polished

the container thereby accelerating the adjustment of the o pllicon wafer embedded into a massive copper block. The

timal wave number. Unfortunately, no systematic analysis o ransparehnt top pla.te '? made of sapph|_re. In thehpap(ta)r V\;]e
this effect was given. present the synopsis of numerous experiments, whereby the

While the structure of defects, especially that of the I:,HDflgures were selected among different experiments to achieve

and their influence on the pattern evolution in the Weakly’the most clear presentation of the phenomena. The d&pth

supercritical range is well understood, nothing is knownOf the liquid layer varies in these experiments between 1.08

: . mm and 1.45 mm which leads to an aspect ratiolof
what happens with these defects if the control parameter '§2r/d| between 64 and 8a. stands for the radius of the

increased. Theoretical models, based on amplitude equatlons’perimental container. More details about the experiments

are not capable to cover this range, and we are not aware &

experiments tackling this problem for moderate Prandtl num<an be found in Ref45,7]. The control parameter of our

bers Pr-O(10%). (This Pr-number range has been proven aSystem is defined as

suitable[7] since the vertical vorticity present at finite Pr is

still high enough to ensure a rich defect dynanmicde re- o= M (1)
mark that the knowledge about the modification in the defect AT,

structure is particularly useful with view on the hexagon- ,

square-transition, recently observed in STDE&-7,9. In  With the conductive temperature drop

these works were found that the hexagons become unstable )

against square convection cells whereby the transition is me- AT..= Bi (To—T) ©)
diated by pentagonal cells. In the present paper we study the cdr14Bi P W

formation of these pentagons. We show that a universal

schema exists guiding the transformation of the PHD into alA T, is the temperature difference required for onset of con-
association of pentagonal cells which we call pentalinevection in hexagonal cells. The Biot number Bi
Similar to the PHD, the pentaline is built up of two disloca- =\4d;/\dg lays between 0.5 and 1, depending dnand
tions with opposite winding number. But, in contrast to thethe depth of the air layedy (0.26 mm<dy<<0.40 mm).A4
PHD, the dislocations are not longer bound together. Wittand A\, are the heat conductivities of air and liquid, respec-
advanced stage of the pentaline, the distance of separatidively. The hexagonal convective pattern is analyzed by
between the dislocations increases monotonously. Such raeans of the shadowgraph-technique. The shadowgraph in-
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tensity Gx,y) may be written as sum over the intensities
delivered by the three modes, i.e.,

3
Gxy) =2, Aj(xy)expliki-r)+c.c. 3
“

The information about the defect structure is entirely con-
tained in the amplitude#; which are slowly varying func-
tions across the pattern. To obtain the we apply the
Fourier-demodulation-techniqyi20,25. After having deter-
mined thek; (j=1,2,3 we shift the Fourier-spectrum by
—k;. The particular peak is now located in the origin of the
co-ordinate system. The remaining part of the spectrum is
filtered out by using the following isotropic low-pass-filter
[30]

B(n,l):B(ln,l)B(Zn,I)Bgn,IIA)BSn,IM) (49)
with
1 ' :
BMD=|1— ~711—cog 7k )" 4b FIG. 2. The penta-hepta defe@) and its decomposition into
1.2 zn[ Lki)] (4b) the three roll subsystems. Roll settd and 2(c) contain a dislo-
cation which differs in the phase circulation. The white lines super-
andi=(x.y) imposed on the shadowgraph imagébn(d) represent the lines of

minimal intensity of the particular roll pattern obtained by Fourier

n\ 1/4 demodulation.
B, M=\ 1—- * 1-cos—(k.~Kk,) (40)
3,4 - x T Ky ,
2 \/E I1l. THE TRANSFORMATION OF THE
PENTA-HEPTA DEFECT

wherek; is the wave numbek; normalized by the Nyquist First, we briefly consider the basic features of a penta-
frequency. The filter degrer determines the slope of the hepta defect because of the important role which this defect
filter. The exponent fixes the cutoff wavenumber. Inverse plays in the scenario to be described. The PHD is a bound
Fourier transformation yields then the complex amplitudestate of two dislocations of opposite circulation of the phase,
A;. The position of the core of a dislocation follows from ¢(x,y), i.e., 1/(2r)$cV ¢(x,y)ds= =1, in two different roll
the condition R&;=ImA;=0. The points where the lines of systemg25]. Cis a closed contour encircling the core of the
vanishing real RR; and imaginary parts Iy intersect each dislocation. In our notation, a dislocation has a charge af
other are detected numerically. To obtain the roll structure ofvhen the phase jump i 27, gone in counterclockwise di-
mode;j the filtered spectrum is shifted back Byk; and in-  rection. In Fig. 2 we show a PHD with dislocations in the
verse Fourier transformed. This procedure is repeated for athodes 1 and 2 and no dislocation in mode 3. The two dislo-
three modes. Minima and maxima of the roll systems arecation cores are localized within the heptagon, close to the
again determined numerically. In the following chapters, thgoint cell edge with the pentagon in accordance With)|.
lines of minimal intensity are superimposed to the pattern tdexactly, six different PHD can occur; obtained by permuta-
display the composition of the studied defects. tion of the charges of the dislocations. Without loss of gen-
A comment is in order regarding the influence of varyingerality we concentrate in the following to a PHD of
filter sizes onto the results. In thg and & ranges where (—1,1,0) type.
experiments run, the distance between adjacent peaks is Let us study what happens with a PHD if we increase the
rather small. Additionally, a splitting of one peak into two control parameteg. We observe the PHD up t©~4 in our
subpeaks can occur due to the presence of defects. Thesgperiments. Its stability, however, is reduced in comparison
conditions require a careful choice of the filter size. A towith the range of smalt. To illustrate this we look into the
small filter degreen in combination with a large value df  behavior of thgnormalized numbersp;=N; /N of hexagons
can destroy information of the mode under study. To high (i=6) and pentagonsi €5) shown in Fig. 3.N; and N
or to smalll are not efficient in filtering out the other modes. denote the number of cells of a particular cell class and the
Typically, we choosen=2 andl=2" wherem depends on total number of cells, respectively. We find a growing num-
the size of the cells, i.e., aify . Since the choice afiandlis  ber of pentagons abowe~2. That means a mechanism must
not unique we have systematically checked their effect orexist transferring cells of hexagonal into pentagonal plan-
the location of the dislocation cores. For reasonalig)(  form. We wish to demonstrate that the PHD plays a key role
combinations we found an uncertainty of less than one-halfvithin this process. The mobility of the PHD is limited in
of a hexagon side length. So, the results are effectively inthis & range which can be attributed to pinning effects by the
variant against minor changes of the filter size. underlying small-scale structufé2,14,18,31 So the PHD
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€ < €, < €3
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A Ta
80+ % \Q.A
so]  hexagons ™
= A FIG. 4. Beyonde~2 the heptagon of the PHDa) shows a
1> tendency to diminish the length of one side adjacent to the penta-
o 404 gon. A deformed PHD appeai®). The shortening of this side
a pentagons continues and the 5-5-6-6 cluster is formell We show details of
& ® shadowgraph images converted into binary picture whereby the
20+ ’I-i-l././."‘ heptagon is shown in gray.
e o e o ber 4(four edges incidentas opposed to the other cell knots
0 Lo which are vertices of coordination number 8y contrast,
. . : . the core of the dislocation in roll set[Figs. 2b) and Zb)]
0 1 5 3 4 stays nearly unchanged close to the shortest side of the left
c nonequilateral hexagon 5-5-6-6 cluster. Roll set 3 remains

again free of a dislocation. The distance of separation be-
FIG. 3. The numbetnormalized of pentagonal cellps and of ~ tWeen both dislocation cores amounts to approximately two

hexagonal cellp, as function of the control parameter Note that ~ average hexagon side lengths. The existence of oo-

ps begins to grow continuously at>2(Pr=100). bounddislocations is the basic difference between the 5-5-
6-6 cluster and the PHD. Such a state is impossible in the

can no longer contribute to the wave number selection by it§/€akly supercritical range because the dislocations become

motion. But the PHD could support local changes of thedttracted towards each othi7]. But in the moderately su-

wave number by a modification of its shape. That is eX‘,jmﬂ}percrmcal range, the 5-5-6-6 cluster is the dominant defect

what the PHD does: it decays in a continuous process whicf/Pe which can clearly be recogniz_ed a'“?ady in the old origi-
is sketched in Fig. 4. Above~2, the heptagon of the PHD nal photographs of Heards experimen(Fig. 6. Thus, the

shows a tendency to diminish one cell side close to the pe formation of the 5-5-6-6 clusters and their subsequent evo-

tagon[Fig. 4(b)] until two of the seven cell knots mergEig. rlﬁgoge%?gg(c:)lﬁanrhymbbee:dicra]ngiféed?,as the reasons for the rise of

4(c)]. As a result, a cell compound, the 5-5-6-6 cluster, con- 1,5 geenario of the transformation of the PHD described
sisting of two pentagons and two nonequilateral hexagons, ighoye represents the generic one. Frequently, however, one
formed. This cluster is shown in Fig(& together with its | encounter the beginning of pentagon formation in a
decomposition in Figs. (6)-5(d). The elementary mecha- seemingly different manner. A typical example is given in
nism leading to the formation of a 5-5-6-6 cluster consists inFig. 7(a). By means of this example, we wish to show that
a climb motion of one of the two dislocations, forming the these alternative ways can be deduced from the generic
original PHD. Frequently, a glide motion by/k; precedes transformation. With increasing the probability to find iso-
that climb motion. This is the case in the concrete exampléated PHD’s decreases. Moreover, two PHD’s are often lo-
where the dislocation in roll set[Figs. 2c) and 5c)] shows cated side by side, separated by a pentagonal cell, belonging
a climbing by a distance of approximately one hexagon sidéo one of the both PHD’s. In the rule, only one PHD starts to
length after the gliding. In result, the cell edge of the heptatansform into the 5-5-6-6 cluster, the other one will follow at
gon perpendicular to this roll line disappears, transforminchighers.This situation is depicted in Fig. 7. From both hep-
the heptagon into a hexagon. The dislocation core of this rollagons of the PHD’$the pentagons belonging to are marked
set is now localized close to the central vertex of the newlyby P), the lower one transforms into a hexagdratchedl.
formed 5-5-6-6 clustelf.This vertex has a coordination num- The newly formed pentagon is located in between the both

13 mm
—_—

5-5-6-6 cluster

(@) (b)

FIG. 5. The 5-5-6-6 clustef@). This defect is built up of two pentagoiiéght gray) and two nonequilateral hexagofdark gray. The
5-5-6-6 cluster is the result of the transformation of the PHD involving a combination of glide and climb motion of the dislocations. The
decomposition of this new defect into the roll patterns of the mggies 1,2,3) is shown ir{b)—(d). Note, that the dislocations in the modes
1 and 2 are separated by a distance of about two average hexagon side lengths. For better visibility, the original shadowgraph image is again
converted into a binary picture. Black lines correspond to minimal intensity of the particular roll pattern. Dislocated rolls are marked by
arrows.
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IV. THE FORMATION OF PENTALINES

Next we address the question of what happens finally with
a 5-5-6-6 cluster whem is increased. We observe that this
defect expands in the same manner as it was created. The
expansion proceeds in analogy to the closing of a zipfas-
tener. The shortest side of one of the two hexagons of the
cluster begins to shrink until both cell knots merge again.
Consequently, two new pentagons are formed. The first one
below the two pentagons of the cluster and the other one
aside. In parallel, the hexagon adjacent to both new penta-
gons becomes non-equilateral again. These ensemble is
shown in Fig. 83). We denote this state as(f,3)-pentaline
since one pentagon is placed below three upper ones. The
decomposition of &1,3)-pentaline into the three roll systems
is given in Fig. 8b-d). The formation of two new pentagons
is equivalent to a combined glide/climb motion of one dislo-
cation, comprising the gliding by 2/k; together with a
climbing by one to two hexagon side lengths. This mecha-
nism is shown in Fig. 9. This figure makes clear that a dis-
continuity in the roll line, e.g. observed in Fig(f8is not an

FIG. 6. A reproduction of one of Berds original photographs artifact but expression of the gliding process. The location of
[32] displaying numerous 5-5-6-6 cluster marked by arrows. the other dislocation belonging to this cell ensemble remains

unchanged. On looking in detail to the rolls surrounding the
already existing pentagons. The only difference from thedislocations(cf. Figs. 8 and ®we note a stronger curvature
usual 5-5-6-6 clusters consists in the absence of a secomd those rolls running through the pentagonal in comparison
nonequilateral hexagon since this place is entered yet by th® those going through hexagonal cells. Thus there exists an
pentagon of the upper PHD. An interesting feature of thisasymmetry in the curvature, and consequently in the mean
way of pentagon formation consists in the fact that it requireslow, with respect to the dislocation position. This fact might
an annihilation of two of the four dislocation, building up the explain the existence of preferred direction of the glide/climb
both PHD’s. This annihilation takes place via gliding. The motion. The glide/climb process continues and we observe
surviving two dislocations in the modgs=1 andj=3 ad- the appearance of @,4)-pentaline[Figs. §e)—8(h)].
ditionally display a climb motion over a distance of about With increasing order of the pentaline the distance of
one hexagon side length. separation between both dislocations increases, too. While
this distance was about two average hexagon side lengths for
the 5-5-6-6 cluster it amounts to more than six side lengths
for the (2,4)-pentaline. Note that the transformation of the
5-5-6-6 cluster into #2,4)-pentaline proceeds parallel to the
axis of mode 3 which remains free of dislocations during this
process. The 5-5-6-6 cluster can be considered in this nota-
tion as a(0,2)-pentaline.

Before turning to the qualitative changes provoked by the
growth of the pentalines we wish to consider a quantitative
effect manifesting itself in an increase of orientational dis-
torsion. To analyze this effect we use patterns with isolated
defects only. By isolated we mean that the defect is embed-
ded into a well ordered hexagonal pattern of about 140 hex-
agonal cells and separated from other defects by a distance
comprising at least 10 hexagonal cells. We apply Fourier
transformation to such sections of the pattern containing iso-
lated defects to determine the angular position of the Fourier
modes¢; and finally the angle\ ¢;;=|¢; — ¢;| between the
modesi andj (i#j). Clearly, in the purely hexagonal case

FIG. 7. The formation of pentagons between two PHD's which@ thrée angles are equal Wd¢;;=120°. The insert of a
are separated by one pentagonal cell. Only one of the heptagondiSiocation into a particular roll pattern should lead to a
cells (the lower ong undergoes a transformation into a hexagonalWider angular distribution of the Fourier components while
cell (hatchedl producing a third pentagon. The heptagon not transthe angular position of the center of mass of this mode re-
formed and the pentagons are shown in dark and ||ght gray, respemalns Unchanged. HOWeVer, the behaV|0r Of the dIS|OcatI0nS,
tively. Pentagons belonging to the original PHD'’s are marke@by as observed in the experiment, does not fit into this simple
From the four dislocations building up the former two PHD's only idea as shown in Fig. 10. Moreover, we find a monotonous
two of them survive. The other two are annihilated mainly by glid- increase ofA ¢,, with increasing order of the pentalines at
ing. the expense of a shortening &f),; andA ¢»5. It is remark-
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FIG. 8. The initial stage of pentaline&t,3-pentalingl (a)—(d)] and(2,4)-pentaling] (e)—(h)]. The transition from the 5-5-6-6 cluster into
a (1,3-pentaline and its transition into(@,4)-pentaline proceeds similar to the closing of a zipfastener: The shortest side of one of the two
outer non-equilateral hexagons vanishes. So, two new pentagons appear. This step is equivalent to the glide motion of one of the two
dislocations by one 2/k; together with a climb motion by about one hexagon side length. For clear illustration the original shadowgraphs
are again converted into binary picture$. Fig. 5. The particular pentalines are shown in gray. Dislocated rolls are marked by arrows.

able that the anglé\ ¢, is exactly that between the both radial alignment of the pentalines. But, unfortunately no sys-
modes containing the two dislocations. Thus, the glide motematic study of this effect was possible since the frequency
tion changes significantly the orientation of the particularto find sufficiently isolated pentalines of higher order is low,
modes. This observation supports the idea that the glidingven at an aspect ratio of=80.

leads to a selection of the orientatiph6,14,19. However, Here, a comment is in order with respect to the stability,
with increasing order of the pentalines, i.e., beyond(thd-  1-e., the lifetime of these defects otherwise well ordered
pentaline, we observe a decrease\af;, again and a corre- hexagonal patternsThe stability of(0,2-pentalines is com-
sponding increase of the other two angles. This is mostly duBarable to that of a PHD. We have observed statio(ia3)-

to escapina of one dislocation via the rim achieved by thd€ntalines for more than GQ hours. Pentalines of higher order
ping Y than (1,3 have to be considered as metastable states. They

can occur but they frequently decay in€0,2)-pentalines.
However, the stability ratio betwee(0,2)-pentalines and
higher-order pentalines reverses with increasinghereby
the latter become the dominant defect type. The stability of
(1,39-pentalines in a hexagonal matrix can presently not be
definitely answered. We have tracéd3)-pentalines over a
duration of 8 hours.

Ag; (deg)
1404 - (2 4)-pentaline
(1,3)-pentaline
1301
i (0,2)-pentaline
120
FIG. 9. The mechanism of the pentagon formation consists in a
combination of glide(steps 1 and Rand climb(step 3) motions. hplfmly,l
1—pinching off of a roll somewhere within the shown rectangle, 1101 Tiexagoma
2—reforming of a new roll by the movement of the originally dis- . . .
located roll(denoted byA) and the lower part of the pinched off i=1,j=2 i=1,j=3 i=2,j=3

roll towards each other. The direction of the movement is indicated

by black arrows. 3—climb motion of the newly formed dislocation ~ FIG. 10. The anglé ¢;; between the three modésumbered by
(denoted byB) causing the corresponding hexagon side to vanishi andj) in presence of pentalines of various ord&p,, stands for
The next cycle of glide/climb motion is initiated by another pinch- the angle between the both roll sets containing the dislocations.
ing off denoted by 4. The figure shows an enlarged detail of FigNote the increase of this angle with increasing amount of pentago-
5(c). nal cells.
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tion. This gives one dislocation the possibility to escape from
the pattern via the rim. An example of a developed pentaline
is given in Fig. 11.

The important aspect coming out of Fig. 11 is the forma-
tion of square cells between the both cords of pentagons of
the pentaline. Hence, the advanced pentalines mediate the
transition to square convection cells,7,8. The process,
leading to the formation of square cells, is the same as for the
transformation of hexagons into pentagons. One of the outer
sides of the pentagons become shorter and shorter till again
both cell knots merge. This tendency is clearly visible in
pentagons located at the right side in Fig. 11. The loss of
stability of hexagonal cells, caused by the formation of the
pentalines, can qualitatively be described in terms of a loss
of phase synchronization. The hexagonal pattern is the prod-
uct of the resonant three-wave-interaction which requires
that ¢, + ¢+ p3=0. ¢; stand for the phase of modesThe
region where this condition is not longer fulfilled increases
with growth of the pentaline, i.e., with increasing distance of
separation of the two dislocations. Cells of another planform,

FIG. 11. The pentaline in a developed stages at4.2. In the name'y with square one, can appear in this region_
upper part, close to the rim of the experimental container, an undo-

ing of the pentaline occurs allowing the formation of square cells.
This underlines the mediating character of the pentalines within the
hexagon-square transition in surface-tension-drivemag convec-
tion. With the pentalines a new class of defects appears in the
higher supercritical hexagonal pattern. The nucleus of each
We remark that, with view to the entire structure, a strictof these defects is the decay of the basic penta-hepta defect.
hierarchy in the sequence of the defects with increasing corsimilarly to the PHD, the pentaline involves two dislocation
trol parameter does not exist. That means, at a g¢er2  of opposite phase circulation. But, in contrast to the PHD,
one will not see all PHD'’s converted into clusters, and forthe dislocations are not longer bound together. Moreover, the
g,>¢ all clusters into(1,3-pentalines, etc. Moreover, we distance of separation between both dislocation cores in-
observe a coexistence of the various defects in differengreases with increasing order of the pentaline. The basic
places of the experimental container over a wide range of mechanism, underlying the formation and evolution of the
values. But, if a pentaline of a given order appears it exacthpentalines, is a combination of glide and climb motions of
has evolved according to the schema sketched above.  one or both dislocations. The pentalines are regions where
We see two reasons for the coexistence of various defectthe phase synchronization, required for the hexagonal pat-
First, defects appear spontaneously in the course of pattetarn, is disturbed. This explains the mediating role which the
evolution. Therefore, the extent of defected regions variepentalines play during the transition from hexagonal to
across the experimental container. Consequently, the meajguare cells. The present study of the defects as function of
flow caused by the curvature of the rolls has locally a differ-the control parameters differs from the program conveniently
ent strength. Since the mean flow is assumed as an importagpplied, namely the measurement of the defect velocity as
mechanism for the dislocation gliding the existence of defunction of the wavenumber mismatch at constantHow-
fects of different order is plausible. Second, experimentakver, our study supports an intuitive understanding what the
inhomogeneities, such as an imperfect pinning of the menisconsequences of dislocation motion in hexagonal patterns
cus, cannot completely be excluded. These perturbationgre.
give rise to weak temperature perturbations which, close to We hope that the description of the pentalines will stimu-
the rim, can produce a dynamics similar to that of the meamate both the theoretical modeling and new experimental
flow. work. Particularly useful seems to be a study of the influence
of the Prandtl number on the glide velocity to understand the
V. FINAL STATE OF THE PENTALINE question of whether the amount of vertical vorticity created

) by the roll curvature, increases the glide velocity.
The further development of the pentaline proceeds ac-

cording to the sketched schema. However, we never ob-
served in our experiments that a pentaline penetrates through
the entire experimental container. The maximal length is of
the order of the container radius At this stage, such a We are grateful to A. A. Nepomnyashchy, U. Thiele, M.
pentaline is comprised of about 10—-16 pentagons, dependirBestehorn, K. Neuffer, and M. Schatz for stimulating discus-
on the aspect ratid’. Natural boundaries against a non- sions. K. E. and A. T. acknowledge financial support from
limited growth are grain boundaries and pentalines whictthe Deutsche ForschungsgemeinschH&tant No. Th497/
grow from other regions with different orientation. As a rule, 8-1) and from the Sehsisches StaatsministeriunT itvissen-
the pentalines are directed towards the rim in radial direcschaft und Kunst.
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