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We demonstrate that an unusually small pipe flow apparatus using both liquid helium
and room temperature gases can span an enormous range of Reynolds numbers. This
paper describes the construction and operation of the apparatus in some detail. A wide
range of Reynolds numbers is an advantage in any experiment seeking to establish
scaling laws. This experiment also adds to evidence already in hand that the normal
phase of liquid helium is a Navier–Stokes fluid. Finally, we explore recent questions
concerning the influence of molecular motions on the transition to turbulence (Muriel
1998) and are unable to observe any influence.

1. Introduction
Very high Reynolds and Rayleigh number flows using cryogenic helium are achiev-

able in relatively small (1 m high and smaller) facilities (Niemela et al. 2000; Chanal
et al. 2000; Chavanne et al. 1997; Moisy, Tabeling & Willaime 1999; Fuzier &
Van Sciver 2001). Building even larger (∼ 10 m high) cryogenic facilities increases
the range of Reynolds and Rayleigh numbers beyond those achievable using other
working fluids (Donnelly 1991; Donnelly & Sreenivasan 1998). Furthermore, there
are many types of measurement which offer distinct advantages at low temperatures,
such as thermometry (Lipa 1998), direct measurement of mean vorticity (Stalp, Skrbek
& Donnelly 1999), hot-wire anemometry (Chanal et al. 1997, Emsellem et al. 1997,
Swanson, Hall & Donnelly 2001), surface stress probing, and differential pressure
determination (Swanson, Johnson & Donnelly 1998). In this paper we report the
development of low-temperature measurement tools and the use of the normal phase
of liquid helium (helium I) to reproduce standard friction factor measurements in
fully developed flow in a pipe. Gaseous helium, nitrogen, oxygen, carbon dioxide, and
sulphur hexafluoride are also used to obtain the widest range of Reynolds numbers
ever achieved in a single pipe flow apparatus.

2. Experimental overview
We sought to make accurate measurements spanning a broad range of Reynolds

numbers in a very small apparatus. The emphasis is on attaining the highest Reynolds
numbers using cryogenic helium. Using a flow pipe only 28 cm long and 0.4672 cm
in diameter we were able to span a Reynolds number range from 10 to 106 by taking
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ρ µ ν Re ∆P
(kg m−3) (Pa s) (m2 s−1) (Pa)

Helium gas 0.16 1.97× 10−5 123× 10−6 190 7.3
O2 1.29 2.05× 10−5 15.9× 10−6 1470 7.4
N2 1.13 1.76× 10−5 15.6× 10−6 1500 6.5
CO2 1.77 1.49× 10−5 8.42× 10−6 2780 5.5
SF6 5.90 1.51× 10−5 2.56× 10−6 9120 24.6
Helium I 125 0.324× 10−5 0.026× 10−6 900 000 202

Table 1. Fluids used, with density, viscosity, kinematic viscosity, Reynolds number and pressure
drop across taps 5 cm apart. Both Re and ∆P were calculated at a mean flow velocity of 5 m s−1.
All gases were held at room temperature and helium I was held at 4.2 K.

advantage of the variation in the kinematic viscosity of the fluids used. Fluids that
were used together with some associated parameters are listed in table 1.

The flow through the pipe is generated by a controlled compression of a metal
bellows attached to the mouth of the pipe. The pressure gradient generated by the
flow is measured near the exit of the pipe with two static pressure taps a distance
L apart. From the mean velocity and the pressure gradient across the taps, we can
determine the friction factor λ given by

λ =
D

L

∆P
1
2
ρV 2

(2.1)

where D is the diameter of the pipe, ∆P is the pressure drop over the distance L,
the fluid density is ρ, and the mean fluid velocity is V . A schematic drawing of the
apparatus is shown in figure 1. While figure 1 is not to scale, it does give an idea
of the scale of apparatus, which is located at the bottom of a standard open-bath
pumped cryostat, available from any of a number of vendors. After a measurement,
the bellows is refilled by retracting the push rod, pulling fluid back up the pipe. The
bellows and motor are capable of sustaining a maximum flow of 10 m s−1 for 9 s, and
for much longer at lower speeds.

Our experimental arrangement is flexible enough to allow us to use both helium
I at 4.2 K and a variety of gases at room temperature. Because of the cryogenic
thermal insulation of the dewar, the temperatures of the gases at room temperature
are extremely stable after settling overnight. We estimate that at room temperature
the apparatus has a thermal time constant on the order of 12 hours.

In order to operate with room temperature gas, the following protocol was adopted.
The dewar was pumped and flushed twice with the working fluid to ensure that there
were no contaminants. The system was then allowed to rest overnight so that the
temperature of the gas could come to equilibrium. The pressure of the dewar is
maintained at the pressure of the room by placing a large airtight bag over one of
the dewar ports. This was found to be necessary since the movement of the drive
shaft into the dewar steadily raised the pressure during the run if the dewar volume
was kept constant. Operation in liquid helium was essentially identical except a larger
bag was used to collect the boil-off of the liquid helium. By keeping the liquid at
atmospheric pressure, we were able to maintain a constant temperature at saturated
vapour pressure.

Substantial effort was made to ensure the pipe was hydraulically smooth. We started
with an electropolished stainless steel tube. However, the electropolishing process only
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Figure 1. Schematic diagram of the pipe flow apparatus (not to scale)

smooths the pipe walls on a very small scale, leaving larger scale variations untouched.
To further smooth the walls a hone with 0.05 µm polishing grit was passed through
the pipe for a period of two days. Inspection by means of a microscope of the inside
of the tube subsequent to the polishing showed scratches of approximately 0.05 µm
with occasional scratches of order 0.5 µm. These rare scratches were probably due to
fine dust particles which became mixed into the polishing grit. We adopt a smoothness
criterion that the r.m.s. roughness, k, be less than a few viscous wall units, namely

k

d
6

2

Re
√
λ/8

. (2.2)

For a Reynolds number of 2 × 106 this corresponds to k 6 0.1 µm. Assuming the
r.m.s. average depth of scratches to be slightly less than the width we may consider
our pipe to be smooth at this Reynolds number.

The mean diameter was also carefully measured. Although we could not easily
measure the inner diameter throughout the length of the tube, the outer diameter was
constant to within 10 microns. We could, however, measure the inside diameter in
short sections cut from the original tubing. Measurements prior to and subsequent to
the polishing process showed no perceptible changes in the diameter. Thus we believe
the diameter to be 0.4672± 0.0010 cm.

Because the pipe is so small, the pressure taps were also small, requiring care to
be taken to make taps free of burrs. First a small hole was drilled part way into the
wall, leaving 0.29 mm of wall thickness. Through this thinner wall, a smaller hole of
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0.25 mm diameter was made using EDM. This technique electro-chemically etches a
hole leaving no burr. To determine the shape of the hole we examined a similarly
made hole under 80X magnification. We found this hole to be symmetric with no
evidence of a burr or rounding at the edge. Since the pressure taps were identical, we
expect errors in the measurement of differential pressure to be insignificant.

The entrance to the pipe is covered by a small screen to enhance the development
of the turbulent flow and reduce large-scale flow. The screen is 62% open and has
12.6 meshes per cm giving approximately 5 wires across the diameter of the inlet. The
pipe exit is located approximately 11 diameters from the lower pressure tap hole (see
figure 1).

3. Pressure measurements
Measured quantities were pressure, temperature, pressure drop and mean velocity.

The pressure and temperature of the gases were measured to an accuracy of 0.1%.
From these values we could calculate the density of the gas from the virial equation
of state and the viscosity from tables (Weast 2000 and Dymond & Smith 1980). For
liquid helium, density and viscosity were obtained from tables (HEPAK, software
from Cryodata, Inc.).

The mean velocity of the flow was determined as follows. A DC linear servo-
controlled motor outside the cryostat drives a custom-built actuator. The frequency
of the motor is measured with an encoder and counter during each push of the
bellows. The actuator propels a long shaft into the dewar through an O-ring seal. The
shaft velocity is proportional to the volumetric flow rate out of the bellows with the
constant of proportionality determined by a calibration using water. The final flow
velocity is then calculated from the measured diameter of the pipe. Thus we have

V =
αfp

πd2
(3.1)

where α is the calibrated volume change per unit length of stroke, f is the frequency
of the motor, p is the pitch of the actuator thread, and d is the diameter of the flow
tube.

The pressure drop was determined by measuring the differential pressure between
the static pressure taps located 5 cm apart. The differential pressure was measured with
a capacitance-type gauge connected to these taps (Swanson et al. 1998). The gauge has
a linear response over a pressure range from 0 to 1000 Pa, and performs equally well at
room temperature and at liquid helium temperatures. It also maintains its calibration
upon thermal cycling, and is insensitive to changes in temperature, absolute pressure
or mounting strains. The capacitance is measured with an AC capacitance bridge and
lock-in amplifier allowing us to span seven orders of magnitude in capacitance. The
minimum resolution was about 2× 10−6 pF Hz−1/2 corresponding to 0.02 Pa Hz−1/2.

Typical measurements of pressure as a function of time for helium I are shown in
figure 2. The top line corresponds to the capacitance measured without flow. Each
drop in the capacitance corresponds to a differential pressure applied to the gauge by
the flow. The flow velocities in the pipe for each push of the bellows are indicated.

The uncertainty in the measurement of friction factor and Reynolds number can
be evaluated as follows. For the Reynolds number the uncertainty is a combination
of uncertainty in velocity of 0.8%, in diameter of 0.3% and properties of the fluid.
For the room temperature gases we estimate our uncertainty in ν to be about 0.4%
and for helium about 1%. Thus we estimate the total uncertainty in Re to be 1%



Pipe flow measurements over a wide range of Reynolds numbers 55

28.555

28.550

28.545

28.540

28.535
0 500 1000

Time (arb. units)

C
ap

ac
it

an
ce

 (
pF

)

3.93

1.66
1.96

1.33
0.98

0.80

Figure 2. Capacitance response to flow rates (m s−1) indicated below the traces

for room temperature gases and 1.5% for helium. The uncertainty in the friction
factor is slightly higher. Uncertainty in velocity is one source of uncertainty, especially
since λ depends on the velocity squared. Another uncertainty comes from the static
calibration of our pressure transducer based on three separate calibrations against an
MKS Baratron pressure standard, which we estimate to be 0.5%. The most difficult
uncertainty to account for is due to dynamic effects. Of particular concern is variation
of the capacitance from changes in temperature and pressure of the fluid inside the
capacitor. Changes in T and P affect the dielectric constant and consequently the
capacitance. The best measure of these effects is perhaps the scatter in the data.
For the room temperature gases the scatter is around 2% and for the helium data
around 4%.

4. Results
Friction factor as a function of Reynolds number is plotted in figure 3. Figure 3(a)

shows our measurements and figure 3(b) shows the measurements from numerous
water experiments, including those of Nikuradse. To emphasize the reduction in the
size of the apparatus we have achieved, the two devices are shown to scale in figure 4.

In figure 3(a) the solid lines represent the accepted value of λ. In the laminar region,
λ = 64/Re and in the turbulent region the line is a combination of the equation of

Blasius, λ = 0.3164/Re1/4 and the recent results of Zagarola & Smits (1998). The
agreement is good over the entire range of Re including the highest range where
liquid helium is used. The only discrepancy occurs over a Reynolds number range
from 800 to 2700, where we see a marked deviation from the solid line. This deviation
is due to the fact that in this range the flow is not fully developed.

The entry lengths for a fully developed pressure gradient differ considerably between
laminar and turbulent flow. In laminar flow the centreline velocity is within 1% of
maximum at a position equal to Re/15 diameters from the entrance (Schlichting
1979). For our pipe with an entrance length of 38 diameters, we expect the centreline
velocity to be within 1% of maximum for Re<570 and 5% of maximum for Re<880.

We found that the undeveloped flow did have an effect on our pressure drop
measurements in laminar flow for Re of 800 and above. Figure 5 shows per cent
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Figure 3. Friction factor as a function of Re: (a) present measurements for various gases and liquid
helium in the present apparatus. (b) Friction factor as reproduced from Schlichting (1979). This
celebrated figure shows the friction factor as deduced from the data of eight authors. Note that
the lowest Reynolds number is above 1000. The circled numbers refer to different approximations
discussed by Schlichting. The apparatus of Nikuradse weighed some tens of tons, to be compared
to the apparatus of figure 1.

differences between friction factor measurements and the exact solution λ = 64/Re.
To confirm that the short entry length was responsible we compared forward flow
with an entry length of 38 diameters to backward flow with an entry length of 11
diameters. The squares in figure 5 represent flow moving forward down the pipe
and the crossed circles represent flow moving backwards. In forward flow there is a
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Figure 5. Deviations in friction factor, 100(λmeas − λcalc)/λcalc for flow down the pipe (solid
squares) compared to flow up the pipe (crossed circles). The two cases have different entry lengths.

departure from the expected laminar flow line near a Reynolds number of around 800
as expected. To create backward flow we simply made measurements on the return
stroke of the bellows. Because the entry length is only 11 diameters for backward
flow we see a pronounced departure from the expected laminar flow curve at lower
Reynolds number.

For turbulent flow the pressure gradient becomes fully developed much more
quickly. It has been shown, for instance, that for Re = 388 000 the pressure gradient
is fully developed after only 15 diameters (Barbin 1961). It has been suggested that
the entry length for fully developed turbulent flow in a pipe is given by L/D ≈
0.5/λ+ 5/λ1/2 (Zagarola & Smits 1998). For Re = 388 000 this criterion would lead to
an entry length of 78 diameters. However, the mean pressure gradient develops after
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Figure 6. λ vs. Re near the transition to turbulence: (a) both entrance conditions as described in
the text and (b) an expanded view of the larger Reynolds number transition. The lines are simply
guides for the eye.

only 15 diameters at this Re. Even if the entry length for the mean pressure gradient
grew as λ−1, we would find, based on the results of Barbin, that at Re = 2 000 000 the
entry length is only 20 diameters. Thus we believe that the mean pressure gradient is
fully developed for all Reynolds numbers above the transition.

5. Transition to turbulence
Recently there have been theoretical suggestions that the transition to turbulence

in a pipe depends not only on entry geometry and Reynolds number but also on the
microscopic motions of the molecules (Muriel 1998). There has been experimental
evidence that has both supported (Nerushev & Novopashin 1997; Novopashin &
Muriel 1998, 2000) and refuted these claims (White & Sreenivasan 1998). Because
of the adaptability of our apparatus to different gases we were able to explore these
issues with some precision.

To study the transition we modified the entry geometry in case the predicted
molecular effects could be more easily seen with a smoother entrance. Initially we
used the screen at the entrance to the pipe as previously discussed. Later we removed
the screen, allowing the flow to enter the pipe undisturbed. Upon removal of the
screen the critical Reynolds number increased by 60%. This dependence of the
critical Reynolds number on the initial conditions is not a surprising effect, and has
been well studied (e.g. by Wygnanski & Champagne 1973). As a consequence, gases
with lower kinematic viscosity remained laminar even at the highest flow speeds so
that only CO2 and SF6 could be compared.

Data for both entry geometries are shown in figure 6(a), with an expanded view of
one of the transitions in figure 6(b). In figure 6(b) we have drawn lines between some
of the points as a visual aid. It is clear that the entrance condition has an enormous
impact on the critical Reynolds number for transition as expected. It also appears
that the type of gas does not.

We have defined the critical Reynolds number, Recrit, as the Reynolds number at
which the friction factor first changes slope. The results are shown in table 2. The
third column indicates our measured percentage differences between Recrit for CO2

and that of other gases. The fourth column shows the percentage differences proposed
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∆Re/Re ∆Re/Re
measured proposed B

Gas Recrit (%) (%) (cm3 mol−1)

Screen entrance
N2 2870± 20 −0.7 +13.4 −0.6
O2 2940± 10 +1.7 +12.3 −1.7
CO2 2890± 20 – – −14
SF6 2820± 50 −2.4 −18 −31.9

Open entrance
CO2 4660± 40 – – −14
SF6 4650± 30 −0.2 −18 −31.9

Table 2. Results of measurements of the turbulent transition with various gases

in the article by Novopashin & Muriel (2000, equation 3), namely

∆Re/Re = αnB (5.1)

where α ≈ 25 is a dimensionless constant, n is the number of moles per unit volume,
and B is the second virial coefficient. While there are some measured differences
between the different gases they are much smaller than the proposed differences and
do not seem to correspond with them. It is interesting to note that the Reynolds
number at which the friction factor rises to halfway between the laminar value and
the turbulent value is the same, to within 1% for all of the gases, provided the initial
conditions are the same.

6. Future directions
We have shown that flow in liquid helium I can be considered on the same basis

as any simple fluid. The conditions that lead to turbulence are similar, and the
friction developed in flowing helium is, within statistical error, exactly the same as
measured in water or compressed air. Because of the nature of low-temperature
apparatus, measurements such as pressure and temperature may be made routinely
with sufficient precision and stability for probing hydrodynamic questions. Other kinds
of apparatus can also be envisioned using liquid and gaseous helium to achieve very
high Reynolds and Rayleigh numbers. Some details of such apparatus are contained
in Donnelly (1991) and Donnelly & Sreenivasan (1998).

We are grateful to Katepalli Sreenivasan, Alexander Smits, Mark Zagarola, and
Amador Muriel for useful discussions. This research was supported by the United
States National Science Foundation under grant DMR95-29609.
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