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We have extended our previous measurements of the transition to superfluid turbulence in flows
where the superfluid and normal-fluid velocities can be varied independently. The results indicate
that the critical line in the V,-V, plane which forms the boundary between laminar flow and
superfluid turbulence is a closed curve about the origin. The existence of this critical line suggests
that most theories of the critical velocity in He II are incomplete.

INTRODUCTION

Liquid He II is described on the phenomenological lev-
el as a mixture of a normal-fluid component and a
superfluid. The flow of He II in a tube can evidence a
kind of dissipation associated with superfluid turbulence.!
This turbulence is known to consist of a random tangle of
quantized vortex lines in the superfluid. Schwarz? has
been able to simulate the properties of a homogeneous
tangle of vortex lines on a computer and finds good
agreement with experiments done in pure superflow’
(where the normal fluid is immobilized). Superfluid tur-
bulence can be produced in many other types of flow
where the normal fluid and superfluid have average
speeds ¥V, and V,. Some experiments of this type have
been reported,*~!° but many properties of this more gen-
eral superfluid turbulence are still under investigation. In
this paper we give experimental results for the onset of
superfluid turbulence in flows where ¥V, and ¥, can be
varied independently. We compare our data with those
of Marees and van Beelen.®® The results indicate that
there is a critical line in the V,-V plane which separates
superfluid turbulent flow from laminar flow. This critical
line forms a closed curve about the origin, and the shape
of this curve depends on the temperature of the He II.
Our previous data,'' confined to a small region of the
V,-V, plane, had suggested the critical line was straight
and independent of temperature. The present experi-
ments clearly show that superfluid turbulence and “criti-
cal velocities” must be regarded as two-fluid phenomena.

APPARATUS

The transition from laminar flow to superfluid tur-
bulence is determined in this experiment by observing the
onset of the excess dissipation resulting from the tur-
bulence. The experiment requires a well-characterized
flow tube, a method for producing and measuring in-
dependent superfluid and normal-fluid velocities, and a
sensitive measurement of the dissipation. Our experi-
mental apparatus shown in Fig. 1 is a minor modification
of that used previously.!! A flow tube connects a large
helium reservoir regulated at temperature T, to a small
lower chamber containing a heater H,. This chamber in
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turn is connected to a small upper chamber via a super-
leak. The superleak offers no resistance to the flow of
superfluid but is impermeable to the flow of normal fluid.
A bundle of fiberglass fibers wrapped on a heater H, is
used to siphon superfluid from the main bath through the
superleak and through the flow tube into the reservoir.
We will call this device a film-flow transfer apparatus
(FFTA).

The flow tube used in the experiment is the same one
used previously. It is glass strengthened by a fiberglass
sheath and coated with Stycast-1266 epoxy resin. The
tube is 9.9 cm long (/) and the diameter of the tube (d)
was determined to be 1.34X 1072 cm. After an extensive
set of measurements was obtained for this flow tube the
apparatus was warmed to room temperature, the inner
surface of the tube was “roughened,” and a second set of
measurements was obtained. The roughening was pro-
duced by plating the inner tube surface with 1 um diame-
ter polystyrene spheres.!> These spheres were suspended
in methyl alcohol and drawn into the flow tube via capil-
lary action. The polystyrene spheres remained fixed to
the wall of the flow tube after the alcohol evaporated.
Examination of the surfaces of sample flow tubes with a
scanning electron microscope showed that the spheres
tend to clump together in islands of about 25 spheres
with a typical distance between islands of about 25 um.
Further investigation with the sample flow tubes showed
that the spheres do not detach from the flow-tube wall
after it has been cooled to liquid-nitrogen temperature.

Independently varied superfluid and normal-fluid ve-
locities through the flow tube were produced by a com-
bination of counterflow and superfluid transfer from the
main bath. In pure counterflow, if Q is the power dissi-
pated in H,, then the two-fluid model yields an average
normal-fluid velocity ¥V, towards the reservoir of

V,=Q/pSTA , (1)

where p is the He II density, S the specific entropy, T the
average temperature, and A4 the area of the flow tube.
The requirement in counterflow, that there be no net
mass flow, results in a superfluid velocity Vg given by

VSCFZ_ nPn /Ps s (2)

where p, and p; are the normal and superfluid densities,
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FIG. 1. Details of the experimental apparatus.

respectively, and V,cp is the superfluid velocity due only
to counterflow.

Pure superflow through the tube was produced by the
FFTA. Superfluid helium film is siphoned over the fiber-
glass bundle from the main bath, over the heater H,, and
finally into the upper chamber. The heater H, acts as a
control valve by increasing the local temperature of the
helium film. The sensitivity of film flow to changes in
temperature'? results in very fine control of the superfluid
transfer rate. The superfluid velocity through the flow
tube due to the FFTA alone is labeled V,,, i.e., this ve-
locity results from a net mass transfer of superfluid into
the reservoir can.

An order of magnitude estimate of V,, can be obtained
using the film-flow rate R over clean glass. At 1.5 K
(Ref. 13)

R (cm?/5)=0.75Xx10"* (cm?*/cm s)XP , (3)

where P is the minimum perimeter over which the film
flows. In the FFTA the minimum perimeter is the total
perimeter of the fiberglass fibers in the bundle. The bun-
dle consists of 7200 fibers of approximately 10~3 cm di-
ameter (compared with a film thickness of about 10~°
cm). The minimum perimeter is then roughly P =22 cm
which yields a transfer rate R =1.7X 107 cm?®/s. If the
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flow tube area is A4, then V,, is givenby V,,, =R/ A =13
cm/s. The highest value of V,,, seen in our experiment is
about 40 cm/s. This is consistent with a film transfer rate
of about 3R over the fiberglass, a value more typical of a
rough metal surface.

The actual superfluid velocity due to the FFTA is
determined from the rate of change of the level in the
reservoir as superfluid was transferred from the bath. A
cylindrical level-sensing capacitor was monitored with a
General Radio 1615 capacitance bridge connected to an
Ithaco 393 lock-in amplifier. A small computer was pro-
grammed to calculate the superfluid velocity after read-
ing the output from the lock-in for up to 5 min. The
lock-in output was also connected to a Hewlett-Packard
7044A X-Y chart recorder to preserve time records of the
reservoir level. Estimates of sources of error in the calcu-
lation of V,, indicate a maximum systematic error of 5%
and a maximum random error of 0.06 cm/s. The total
superfluid velocity through the flow tube V| is the sum of
the counterflow induced component V -z and the mass
flow component V,

Vs = Vsm + VsCF . 4)

The temperature T, in the lower chamber was mea-
sured with a CG500 carbon glass resistor.!* At T=1.4
K this device had a resistance of roughly 240 kQ) and a
sensitivity dR /RdT =5.48 K~!. The sensitivity was ex-
tremely stable and the resistance drift was on the order of
1 Q per hour. This resistor was monitored with an SHE
120 resistance bridge with an excitation voltage set for
maximum sensitivity with minimum self heating. The
reservoir temperature 7, was regulated electronically us-
ing standard techniques. Fluctuations in this regulated
temperature were less than about 5 uK when averaged
over 3 s.

PROCEDURE

Our experimental procedure consisted of measuring
the temperature difference across the flow tube
AT=T,—T, as a function of the two velocities ¥V, and
V,. Figure 2 shows a simplified diagram of our apparatus
with the FFTA represented as a controlled current
source. Figure 3 shows the region of the V-V, plane ac-
cessible to our apparatus.

In pure counterflow, the superfluid current source is
turned off so that ¥, =0 and V=V, [Eq. 4)]. In-
creasing the power Q in the heater H, increases V, [Eq.
(1)] and the trajectory given by the Eq. (2) is followed in
the V,-V, plane. By adjusting the heater H,, the
superfluid current source can be controlled to give values
of V,,, ranging from O to 25 cm/s. Appropriate combina-
tions of counterflow and superflow can then provide ac-
cess to the region of the V-V, plane shown in Fig. 3.

In day to day operation one of two methods would be
followed in taking data. In the first method, the value of
the normal fluid velocity ¥, would be set at some fixed
value using heater H,. A large superfluid velocity V,
would then be added by means of the FFTA. The
superfluid velocity V,, would then be reduced in steps.
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FIG. 2. Schematic diagram of the apparatus showing the
directions of the normal and superfluid flow for the first qua-
drant of the V-V, plane (positive ¥, and positive V).

At each step the temperature T, would be monitored un-
til a steady state was reached and AT was recorded. Be-
ginning with a large V,, insured that superfluid tur-
bulence was generated in the flow tube. Steady state mea-
surements of this type thus follow the vertical trajectories
in Fig. 3. In a second method, the superfluid velocity
Vn» due to the FFTA, was held constant. The normal
fluid velocity ¥V,, and superfluid velocity induced by
counterflow Vg, were varied by controlling the power
dissipated in H,. The temperature difference was then

+V,

Thermal 27
Counterflow
/:’nvn= 'psvs

FIG. 3. First and fourth quadrants of the V-V, plane show-
ing the thermal counterflow trajectory (solid line) and the two
types of experimental trajectories (dashed lines).

measured in steps yielding trajectories as shown in Fig. 3
parallel to the thermal counterflow line. This procedure
was more difficult to follow and so only a limited amount
of data was taken this way.

DATA

Measurements of the temperature difference AT, as a
function of ¥, and V;, were taken at reservoir tempera-
tures of 1.4, 1.6, and 1.8 K. At 1.4 K we followed verti-
cal trajectories of V,=0, 1, 2, 3, 4, 5, and 6 cm/s. Data
taken in trajectories parallel to the counterflow line were
taken at V,,, =0, 2.25, 3, and 4.5 cm/s. At 1.6 K we fol-
lowed vertical trajectories of V, =0, 0.5, 1, 1.5, 2, 2.75,
3.25, 3.75, and 4.8 cm/s. Trajectories parallel to the
counterflow line were taken at ¥V, =0, 0.8, 2, 3, and 4
cm/s. At 1.8 we followed vertical trajectories of V, =0,
1, 2, and 3.5 cm/s. Trajectories parallel to the
counterflow line were taken at V,,, =2, 3, and 4 cm/s. A
second set of data was taken at T=1.4 K with the tube
walls “roughened” to study the effect of surface rough-
ness on the transition to superfluid turbulence. These
data were taken in vertical trajectories of V, =0, 2, 3, and
4 cm/sec and with trajectories parallel to the counterflow
line at V,,, =0 and 3 cm/s.

The total temperature difference can be written as the
sum of a viscous term AT,, and a mutual friction term
AT, due to the superfluid turbulence'

AT=AT,+AT" . (5)

The viscous term is small, and is proportional to the nor-
mal fluid viscosity 7, and the heat current Q,

AT, =12891Q /(pS)*Twd* . 6)

Equation (6) is used to compute AT,,, and the excess tem-
perature difference AT’ is then obtained from the AT
data and Eq. (5).

Figure 4 shows a typical run taken using the first
method. These data were taken at 1.6 K in a vertical tra-
jectory with ¥V, =2.75 cm/s. (This trajectory is shown as
the dashed line in Fig. 7.) Figure 4 is a plot of the excess
temperature difference AT’ as a function of V. As V| is
reduced from about 6 cm/s, AT’ decreases sharply
becoming zero below ¥V =3.9 cm/s. Since the form of
the dissipation is not known here, we simply take the
transition from superfluid turbulence to laminar flow to
occur at ¥V, =(4.1510.25) cm/s. In the laminar region
where AT’ =0, there is no excess dissipation due to tur-
bulence. The point V,=2.75 cm/s and V,=4.15 cm/s
then denotes part of the boundary in the V,-V, plane
separating a laminar region from superfluid turbulence.

Figure 5 shows a typical run taken using the second
method. These data were taken at 1.8 K in a trajectory
parallel to the thermal counterflow line with ¥V, =4.0
cm/s. (This trajectory is shown as a dashed line in Fig.
8.) In the region between V,=1.0 cm/s and V,=4.0
cm/s there is no excess dissipation. There are two transi-
tions to superfluid turbulence along this trajectory which
occur at ¥V, =(0.75+0.25) cm/s and V,=(4.251+0.25)
cm/s, respectively. Therefore, the points ¥, =0.75 cm/s,
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FIG. 4. The excess dissipation AT’ as a function of ¥V, for
fixed ¥,=2.75 cm/s at T=1.6 K. The transition to superfluid
turbulence occurs at V;=(4.15%+.25) cm/s. The trajectory for
these data in the V-V plane is shown by the dashed line in Fig.
7.

Vin=4 cm/s (V;=3.65 cm/s), and V,=4.25 cm/s,
Vim=4 cm/s (V;=1.93 cm/s) also lie on the boundary
separating laminar flow from superfluid turbulence.
Figures 6-8 show the collection of these boundary
points at the three temperatures studied. Points shown
below the thermal counterflow line were obtained previ-

I T T T T T
(]
50 | -
3 (]
OF—9 98993994
<
1 S0+ @ i
Ti T=1.8K
<q 100 - Vgm= 4 cm/s 7
-150 | .
-200 _
L 1 1 1 | |
o) 1 2 3 4 5 6
Vn(cm/s)

Fig. 5. The excess dissipation AT’ as a function of V, for
fixed V,, =4 cm/s at 1.8 K. The transitions to superfluid tur-
bulence occur at V,=(0.75+.25) and V,(4.25+0.25) cm/s.
The trajectory for these data in the V-V, plane is shown by the
dashed line in Fig. 8.
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FIG. 6. The boundary of superfluid turbulence in the V, -V,
plane at 1.4 K. The data points mark the transition between
superfluid turbulence and laminar flow and fall on a critical line
surrounding the origin. Points below the thermal counterflow
line are from our previous results (Ref. 11). Solid symbols are
results obtained with the. artificially roughened flow tube. '
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FIG. 7. The boundary of superfluid turbulence in the V-V
plane at 1.6 K. The data points mark the transition between
superfluid turbulence and laminar flow and fall on a critical line
surrounding the origin. Points below the thermal counterflow
line are from our previous results (Ref. 11).
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FIG. 8. The boundary of superfluid turbulence in the V-V,
plane at 1.8 K. The data points mark the transition between
superfluid turbulence and laminar flow and fall on a critical line
surrounding the origin. Points below the thermal counterflow
line are from our previous results (Ref. 11).

ously,!! while points above the line are the present exten-
sion of this earlier experiment. The solid circles in Fig. 6
are the data obtained from the roughened flow tube. No
discernable difference was seen between the results for the
roughened and smooth flow tube. The collection of
boundary points in Figs. 6-8 may be taken to define a
critical line in the V,-V, plane separating the region of
superfluid turbulence from laminar vortex-free flow.
Since the data from quadrants I and IV can be mapped
into the physically equivalent quadrants II and III, the
results show that the critical line is a closed curve about
the origin.

The transition to superfluid turbulence in the V, -V,
plane has also been observed by Marees et al.® at the
University of Leiden. They used glass flow tubes of diam-
eter d =1.3X 1072 cm and produced independent normal
and superfluid velocities ¥, and V¥ using a combination
of thermal counterflow and mass flow. Their experiment
differs from ours however in the means of producing the
superfluid mass flow V,,. Instead of the FFTA (Fig. 1)
which produces a constant value of V,,,, they essentially
fill the large tube rising from the upper chamber and al-
low the helium to continuously drain through the super-
leak and flow tube into the reservoir. Their upper
chamber is also held at the reservoir temperature T, so
that the level difference Az between the large tube and the
reservoir is equal to the chemical potential drop Au
across the flow tube. Data for Az and AT’ as a function
of time are shown in Fig. 9 for a short tube (/ =14.5 cm)
and a very long one (/ =10.64 m). The superfluid mass

flow velocity ¥V, at any time is obtained from the time
derivative of Az. The transition from superfluid tur-
bulence to laminar flow is defined to occur when the
chemical potential Au (proportional to Az) first goes to
zero. In the case of the short tube [Fig. 9(a)], the excess
temperature difference AT’ also goes to zero at the same
time and velocity. The thermal resistance of the long
tube is so large, however, that this is not the case as is
shown in Fig. 9(b).

We compare our data for the boundary between
superfluid turbulence and laminar flow with those!> of
Marees and van Beelen in Figs. 10-12. We have ren-
dered all velocities dimensionless using the definitions

V*=V,d /4mk , (7)
V¥=V.d/4nk , (8)

where « is the quantum of circulation. In these figures
the present data are shown as circles and the Leiden data
as squares (open squares for the short tube, and solid
squares for the long tube). The vertical dotted-dashed
line in these figures represents the right-hand side of the
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FIG. 9. In the experiments of Marees et al. (Refs. 8 and 9),
the chemical potential difference Au (or the level difference AZ)
and the excess temperature difference AT’, decay in time as
shown in these representative data for (a) a short tube and (b) a
very long tube.
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boundary between superfluid turbulence and laminar flow
found in the Leiden experiments.

The best overall agreement between the two sets of
data occurs at 1.6 K (Fig. 11). Here one can picture a
smooth critical line in the V;-V* plane separating lami-
nar flow from superfluid turbulence. As noted earlier, the
data are duplicated in the second and third quadrants so
the critical line forms a closed boundary about the origin.
Clearly, the concept of a single critical velocity for the
transition to superfluid turbulence is oversimplified. Crit-
ical velocities observed in pure superflow or in thermal
counterflow actually represent the intersection of the ex-
perimental trajectory with the critical line in the V-V,
plane. Theories of the critical velocity will have to con-
sider the stability of the superfluid turbulent state as a
function of ¥, and V| together.

The agreement between the present data and the
Leiden results is worse at 1.4 K (Fig. 10) and really terri-
ble at 1.8 K (Fig. 12). The discrepancies could be due to
the fact that the Leiden experiments are never truly in a
steady state. Dynamic effects near the critical line could
mask the actual transition. Marees and van Beelen con-
sider such an effect to be plausible explanation for the
discrepancies in their large tube data.'> On the other
hand, their thermal counterflow data point is obtained in
a true steady-state measurement and differs from our re-
sult by a factor of 2 at 1.8 K. Flow tube length and sur-
face roughness also do not seem to play a role. The data
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FIG. 10. The boundary of superfluid turbulence in the
V.r-V} plane at 1.4 K. The circles are our data (also shown in
Fig. 6). The squares are the data of Marees et al. for the short
tube (open symbols, Ref. 9) and the long tube (solid symbols,
Ref. 8). The vertical dotted-dashed line is the estimate in Ref. 9
for the right-hand limit of the boundary.
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Fig. 7). The squares are the data of Marees et al. (Ref. 9) for
the short tube. The vertical dotted-dashed line is the estimate in
Ref. 9 for the right-hand limit of the boundary.
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are at slightly different temperatures,'® but the correction
for this difference should be minor. Yamaguchi et al.!
have recently shown that the shape of the tube entrance
can have a major influence on the critical velocity. Ap-
parently, the stability of very low levels of superfluid tur-
bulence is influenced by effects that are currently beyond
experimental control. On the positive side, there is clear
evidence for a critical line in the V, -V, plane, however
poorly defined, separating superfluid turbulence from
laminar flow.

A vast number of theories have been proposed for criti-
cal velocities in superfluid helium. Most of these give a
critical value of a single velocity (V,, V, or the relative
velocity ¥, — V) and are therefore inconsistent with the
present data. One promising result has been recently ob-
tained by Schwarz.'® He considers the problem of
remanent vortex lines pinned across the flow tube and
subject to an imposed combined normal and superfluid
flow. The pinning sites (imperfections on the flow tube
surface) are taken to be on the order of 1/100 the tube
size. The calculations lead to values of V; ,and V, ;, at
which these remanent vortex lines depin and are swept
away. The collection of these depinning points forms a
closed boundary about the origin in the V-V, plane. Al-

though this calculation bears a superficial resemblance to
our data, and is important in that it includes ¥, and V,,
independently, it cannot be taken as the explanation for
our observations. In the first place, we find no effect on
the critical velocities when imperfections of the size used
by Schwarz are introduced into the flow tube. Secondly,
the calculated depinning velocities are an order of magni-
tude smaller than the observed critical velocities. Final-
ly, and most important, the critical line in the V, -V
plane that we have described marks the boundary be-
tween superfluid turbulence and vortex-free laminar flow.
There is no clear physical connection between this
boundary and the condition for vortex depinning.
Indeed, if the calculations are correct, then the remanent
lines in the flow tube would all be depinned and swept
away at velocities well below those defining the boundary
for superfluid turbulence.
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