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Properties of Superfluid Turbulence in a Large Channel
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(Received 28 June 1984)

Pulsed-ion techniques are used in a 1-cmx2. 3-cm channel to obtain the first spatially
resolved measurements of the vortex-line length-density distribution and the normal-fluid
velocity field in turbulent counterflow. Also, an upper limit to the structural anisotropy of
the vortex tangle is obtained which contradicts earlier claims.

PACS numbers: 67.40.Vs, 67.40.Yv

One of the distinguishing features of superfluid
He is that flow through a channel can occur totally

without dissipation. Characteristically, such dissipa-
tionless flow will exist up to some critical velocity,
above which the fluid enters a new flow state
wherein it is permeated by a dense, dynamically
self-sustaining tangle of quantized vortex lines. '
This phenomenon is analogous to the transition of a
classical fluid to turbulent flow, and the new state is
referred to as superfluid turbulence.

The intensity of superfluid turbulence is mea-
sured by L, the length of vortex line per unit
volume. Measurements of this quantity have re-
vealed a rather complicated onset regime. Howev-
er, at higher driving velocities, where the charac-
teristic interline spacing 5 —L ' becomes small
compared to the channel size, the fluid enters a
state of fully developed turbulence. In this limit,
the line length density obeys the simple rule

Apart from the zeroth-order behavior discussed
above, very little quantitative information about the
properties of fully developed turbulence is avail-
able. One obvious point which arises immediately
is that L is not necessarily expected to be uniform.
Aside from the fact that end effects might be im-
portant in the larger channels, there is the question
of how the L profile arranges itself across the chan-
nel. Thus the possibility of substantial macroscopic
inhomogeneities has often been mentioned in the
literature. Information on this question, however,
is limited to a few experiments ' " looking for
end effects in large channels, none of which see any
significant variations in L along the flow direction.
A second important goal is to measure some prop-
erties of the vortex tangle other than L. The most
fundamental of these has been stressed by Ashton
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where u„, = I

v„—v, I is the relative velocity
between the normal fluid and the superfluid, which
drives the turbulence, and y(T) is a universal func-
tion of temperature. The typical behavior seen in
various experiments, using quite different tech-
niques to measure L, is shown in Figs. 1(a) and
1(b). The properties of this fully developed state,
including a quantitative prediction for y(t), have
recently been derived from a first-principles treat-
ment of the dynamics of a homogeneous vortex
tangle, 4 and the theoretical predictions are also
shown in Fig. 1. Data from many other experi-
ments could be added to Fig. 1 without changing
the picture a great deal. Given the very wide
variety of channel geometries and experimental
techniques that have been used in these studies, the
difficulty of obtaining absolute values for L, and
the complicated nature of the theoretical problem,
the consensus illustrated in Fig. 1 is quite satisfacto-
ry.
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FIG. 1. (a) L(v„,) as measured in several large chan-
nels near 1.45 K. Triangles, Ref. 5; dashed line, Ref. 6;
open squares, our results. (b) y(T) from various chan-
nel experiments. Triangles, Ref. 5; crosses, Ref. 6; open
squares, our values; squares, Ref. 7; circles, Ref. 8. The
solid lines are the theoretical prediction of Ref. 4.
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and Northby, ' who point out that since the vortex
tangle is being driven anisotropically by v„—v„ its
structure can be expected to be anisotropic. As a
symptom of this structural anisotropy the vortex
tangle should exhibit a net drift rate (s) (with
respect to the superfluid rest frame) in the direction
of v„—v, . Their experiment finds an easily ob-
served drift rate, which implies a substantial struc-
tural anisotropy factor (s)/t„, for the vortex tan-
gle. Preliminary calculations' along the same lines
as those of Ref. 4 predict a relatively small value for
this parameter.

In order to learn more about these intriguing
questions, we have devised an experiment which
yields an accurate determination of both the line-
length-density profile and the normal-fluid velocity
profile across the channel, and in addition permits a
measurement of the vortex-tangle drift rate. The
profiles, in particular, represent information of a
type never before obtained. The experiment is il-

lustrated in Fig. 2. A counterflow' field v„, is es-
tablished in a 1-em&2. 3-cm metal channel, 26 cm
in length. Built into the channel walls are an ion
source and a variety of interchangeable grid and col-
lector assemblies, one of which is shown in the fig-
ure. Both the source and collector assembly are
screened by 100-lines/in. electroformed grids set
flush with the channel walls. In a typical measure-
ment, a narrow pulse of negative ions is gated into
the channel and allowed to propagate to a particular
position under the action of a large drift field 8'.
The field is then switched off, allowing the pulse to
remain at this position for as long as several
seconds. Some of the ions in the pulse are trapped
by quantized vortices, at a rate' determined by the
local value of L; the rest drift along with the local
normal-fluid velocity v„. Later, 5 is turned back
on and the surviving pulse is measured in real time
by means of one or more fast electrometers as it ar-
rives at the collectors. From the amplitude of the
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observed pulse and where it falls on the collectors,
the local values of L and v„can readily be deter-
mined as a function of where the pulse was stopped.
The spatial resolution achieved with this inter-
rupted-flight technique is better than 1 mm in the
present experiment.

In the first series of measurements, Cl, C2, and
C3 were replaced by a single large collector, and
trapping rates were measured in order to determine
the L profile across the channel. The results,
shown in Fig. 3(a), exhibit a remarkable uniformity
of the vortex-line density, its value remaining con-
stant to within our measurement uncertainty of a
few percent up to within 1 mm from the walls,
where the technique fails. This is true at all power
levels studied, and is in marked contrast to the
highly inhomogeneous distributions measured
when an ultrasonic beam is used to excite the su-
perfluid turbulence. ' In addition, our measure-
ments show that the velocity dependence of L is ac-
curately given by Eq. (1) [see Fig. 1(a)]. The coef-
ficient y(T) that we observe is shown in Fig. 1(b)
and agrees well with the values seen by others.

For the second series of measurements, the pulse
was masked so as to have a downstream width of
only 1.5 mm. An array of similarly narrow collec-
tors was used to follow the downstream motion of
the free ions, and thus to determine the v„profile
across the channel as described above. The data,
shown in Fig. 3(b), again show no deviation from
uniformity, a result which appears surprising in
view of the fact that v„must eventually go to zero
at the walls. In contrast, if the normal fluid were
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FIG. 2. Experimental geometry. S, tritium source; Gl
to G3, pulsed grids with associated guard plates; Cl to
C3, collectors at virtual ground; W, grounded channel
walls. The dotted region indicates a typical charge pulse,
and extends 0.8 cm into the plane of the figure.

FIG. 3. (a) Line-length-density profiles and (b)
normal-fluid velocity profiles as a function of distance
across the channel. Heat flux levels are in milliwatts per
square centimeter. At T = 1.45 K where these data were
taken, v„=28.6Q and v„, = 31.6Q.
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undergoing classical laminar flow, v„would rise
from zero at the walls to nearly twice the observed
value at the center. The uniformity appears to per-
sist down to quite low values of the driving velocity.
Figure 4 compares the value of v„measured at the
center of the channel with the mean flow velocity
calculated from the heater power. Even at a value
of 0.5 mm sec ', which is close to the expected
critical velocity and for which 5 is becoming a signi-
ficant fraction of the channel width, the two agree,
thus implying a uniform profile. Evidently, the
nonlinear bulk coupling between the vortex tangle
and v„ is so strong as to self-consistently renormal-
ize both the velocity profile and the line-length dis-
tribution to be uniform, the vortex tangle having
somewhat the same effect on v„as would a uni-
form tangle of very fine wire filling the channel.
The boundary conditions on v„appear to matter
only very near the walls.

A third series of experiments utilizes the
geometry of Fig. 2. The drift field is kept large and
constant, so that even at the highest v„all un-
trapped ions reach only C1. The source is turned
on for a sufficient time to let the vortex tangle be-
come strongly charged with trapped ions. After the
ion source is turned off and the free ions remaining
in the channel have been collected, a well-defined
signal is observed which arises from the slow
rerelease of the trapped charges. If the tangle drifts
in the direction of v„—v„ the released charge will

eventually show up on C2. Although our measure-

ment is similar to that performed by Ashton and
Northby, the results are substantially different. We
find that even at our highest driving velocities
( —20 mm sec ') no rereleased charge whatsoever
is observed on C2 or C3, which allows us to con-
clude that the tangle drift velocity is less than 1 mm
sec ', and yields an upper limit of about 0.2 on the
structural anisotropy (s)/t„, at 1.6 K. This con-
trasts with values ranging from 0.24 at 1.31 K to
0.42 at 1.59 K reported in Ref. 12. Details aside,
we see no evidence of an effect which should be
easily observable according to the conclusions of
Ref. 12. The present experiment being relatively
direct and unambiguous, we infer that any structur-
al anisotropy which may be present is small.

In conclusion, we find that even in our very large
channel a fully developed vortex-turbulent state ex-
ists with properties which are essentially indistin-
guishable from those observed in channels several
hundred times smaller. The unusually extensive
characterization made possible by the interrupted-
flight pulsed-ion method shows a state of surprising
uniformity both in the turbulence intensity as mea-
sured by L, and in the normal-fluid velocity. In-
terestingly, this situation seems to persist down to
the very low turbulence levels characteristic of the
onset regime. Furthermore, no indication is found
of any substantial structural anisotropy of the kind
reported previously. These findings imply that ex-
periments done on channel flow can be interpreted
directly in terms of homogeneous-turbulence
theory. The historic and plausible objection to this
procedure, that there are likely to be substantial in-
homogeneities in L, is now ruled out. The strong
modification of the normal-fluid velocity field by its
interaction with the vortex tangle poses an intriqu-
ing theoretical problem which needs to be explored
further.

We wish to thank J. T. Tough for pointing out an
error in our original manuscript. This research has
been supported in part by the National Science
Foundation through Grant No. DMR-8005358.
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FIG. 4. Normal-fluid velocity at center of channel as a
function of the average heat flux density. The lines
represent v„calculated from the independently measured
heat input on the assumption that v„ is uniform.

1374

~R. P. Feynman, in Progress in Low Temperature Phy-
sics, edited by C. J. Gorter (North-Holland, Amsterdam,
1957), Vol. 1, p. 17.

2W. F. Vinen, Proc. Roy. Soc. London, Ser. A 242, 493
{1957).

For a review of this field see J. T. Tough, in Progress
in Lo~ Temperature Physics, edited by D. F. Brewer
(North-Holland, Amsterdam, 1982), Vol. 8, p. 133.

4K. W. Schwarz, Phys. Rev. Lett. 49, 283 (1982).



VOLUME 53, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 1984

5W. F. Vinen, Proc. Roy. Soc. London, Ser. A 240, 114
(1957), and 243, 400 (1957); counterflow in a

0.4X 0.78 X 10-cm metal channel.
C. F. Barenghi, K. Park, and R. J. Donnelly, Phys,

Lett. 84A, 435 (1981); C. F. Barenghi, Ph. D. thesis,
University of Oregon, 1982 (unpublished); counterflow
in a 1.0&& 1.0&&40-cm' metal channel. The crosses in Fig.
1(b) are revised values from Barenghi's thesis, which
differ considerably from the earlier published values.

7K. P. Martin and J. T. Tough, Phys. Rev. B 27, 2788
(1983); counterflow in a 0.10-cm-i.d. x 10-cm glass chan-
nel.

L. B. Opatowsky and J. T. Tough, Phys. Rev. B 24,
5420 (1981);pure superflow in a 0.0057 x 0.057 x 9.4-cm'
glass channel. According to Ref. 4, y is expected to ex-
hibit a residual L dependence proportional to I/ln(1/
L'/'a )0. Since the data of Opatowsky and Tough were
obtained with L' —10, they have been multiplied by
ln(10'ao)/ln(10 ao) =0.828 to compare them with the
other data in Fig. 1(b), which were obtained with

L ~/'2- 102

9The theory is not expected to be accurate near the A.

point. All experiments except that of Ref. 6 give values
of y ( T) which generally exceed the theoretical prediction
near T&. The explanation for the anomalously low values
of y ( T) found in Ref. 6 is not yet known.

OP. E. Dimotakis and J. E. Broadwell, Phys. Fluids 16,
1787 (1973).

J. D. Henberger and J. T. Tough, Phys. Rev. B 25,
3123 (1982).

R. A. Ashton and J. A. Northby, Phys. Rev. Lett. 35,
1714 (1975); R. A. Ashton, Ph. D thesis, University of
Rhode Island, 1977 (unpublished).

'3K. W. Schwarz, unpublished.
In this mode, a normal-fluid flow is generated by a

heater, while the superfluid component flows in the op-
posite direction to assure zero net mass flow. At our
temperatures, v„&& v, .

~5The trapping rate is the limit as 8' 0 of ~L p, g o-,

where p, is the ion mobility and cr is the ion capture di-

ameter measured in rotating-bucket experiments [D. J.
Tanner, Phys. Rev. 152, 121 (1966)].

F. P. Milliken, K. W. Schwarz, and C. W. Smith,
Phys. Rev. Lett. 48, 1204 (1982).

1375


