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The drag coefficient CD of a solid smooth sphere moving in a fluid is known to be only a function of the
Reynolds number Re and diminishes rapidly at the drag crisis around Re ∼ 3 × 105. A Leidenfrost vapor
layer on a hot sphere surface can trigger the onset of the drag crisis at a lower Re. By using a range of high
viscosity perfluorocarbon liquids, we show that the drag reduction effect can occur over a wide range of Re,
from as low as ∼600 to 105. The Navier slip model with a viscosity dependent slip length can fit the
observed drag reduction and wake shape.
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The universal drag curve CDðReÞ for a no-slip solid
sphere is one of the pillars of experimental hydrodynamics.
An important characteristic feature on it is the sudden
fourfold reduction in the drag coefficient, CD ¼ 2FD=
ðπR2ρU2Þ when the Reynolds number Re ¼ 2ρRU=μ
reaches ∼3 × 105 [1]. This is the so-called drag crisis.
Here, FD is the hydrodynamic drag force on the sphere of
radius R traveling with velocityU in a fluid of density ρ and
dynamic viscosity μ. Controlling the onset of the drag
crisis, with dimples on a golf ball or threads on a soccer ball
and baseballs, increases their range and stabilizes their
trajectories, but can also save propulsive energy in maritime
vessel related applications [2–4].
At speeds below the drag crisis, the boundary layer

separates from the sphere at the equator and forms a large
wake with low pressure at the rear of the sphere so that the
higher pressure on the front side accounts for the resistive
force, often referred to as the form drag. Viscous skin friction
effects account for less then 5% of the drag force at high Re
[1]. At speeds above the drag crisis, the point of separation
moves towards the rear of the sphere and partially compen-
sates the high front pressure, thus reducing the form drag.
The Re at which the drag crisis occurs can be lowered by

roughening the surface or by engineering surface features,
such as dimples on golf balls, thereby enhancing the
early transition to boundary layer turbulence [2]. Other
reduction methods that lower the critical Re for the onset of
the drag crisis include the use of a flexible polymer
dissolved in a liquid [5] and active control of the flow
over the sphere [6]. Recently, it has been shown that drag
reduction can arise from mass transfer resulting from the
melting of an ice surface in contact with water [7].
However, all such phenomena occur within a relatively
narrow range of Re, ∼5 × 104 to 3 × 105.

In this Letter we demonstrate that a stable Leidenfrost
vapor layer sustained on the surface of a free-falling sphere
can dramatically reduce drag over a much wider range of
Re, starting from as low as 600 to 105. To realize this we
use a range of perfluorinated liquids for which the viscosity
varies by a factor of over 20. The observed drag coefficients
CD no longer follow a universal function of the Reynolds
number. We also show that this behavior can be fitted using
the Navier slip model in which the no-slip boundary
condition is replaced by a phenomenological slip length
that varies with the fluid viscosity.
Background.—The traditional Leidenfrost effect refers to

small liquid droplets being levitated by their vapor when
they are placed over a surface heated above the Leidenfrost
temperature TL, which usually is considerably higher than
the liquid boiling point TB [8–10]. In the inverted con-
figuration, when a solid body heated above TL is immersed
in the liquid, it will be completely enveloped in a vapor
layer (see, for example, Fig. S1 in the Supplemental
Material [11]). Such vapor layers on free-falling spheres
can efficiently reduce the drag and thus shift the drag crisis
to a lower Re [22,23]. Such results with Leidenfrost vapor
layers give an upper bound for the drag reduction possible
by gas layers or plastrons, either sustained naturally on
superhydrophobic surfaces or induced by microbubble
injection [24–33]. Early experiments conducted using
heated spheres in the perfluorocarbon liquid FC-72 com-
prising mainly perfuorohexane C6F14 [22], as well as in
water heated to 95 °C [23], appeared to suggest that the
drag reduction effect of the vapor layer follows a universal
dependence on Re, with deviations from the no-vapor-layer
case beginning from Re > 2 × 104 to a fully developed
effect at Re≃ 105. Based on these earlier results one might
expect that the drag reduction by vapor layers in high
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viscosity liquids would also follow the same master curve.
Below we show that this is not the case.
Experimental.—In the present work we study the

Leidenfrost vapor-layer drag reduction mechanism in four
Flutec perfluorocarbon liquids (F2 Chemicals Ltd) with
dynamic viscosities μ that vary nearly 25-fold: PP1
(ρ ¼ 1.71 g=cm3, μ ¼ 0.81 mPa s), PP3 (1.83 g=cm3,
1.90 mPa s), PP10 (1.98 g=cm3, 9.60 mPa s), and PP11
(2.03 g=cm3, 19.2 mPa s). This range of viscosities allows
the experimental Reynolds number to be varied over 2 orders
of magnitude in contrast to previous experiments conducted
with FC-72 (0.64 mPa.s) and 95 °C water (0.33 mPa.s). As
we observe identical trends using all of the Flutec liquids, we
will discuss in detail data for PP3 (1.90 mPa.s) and PP11
(19.2 mPa.s), and relegate results for PP1 and PP10 to the
Supplemental Material [11]. Perfluorocarbon liquids are
chosen for their purity, chemical inertness, thermal stability,
and their moderate Leidenfrost temperatures. The experi-
ments were conducted in a 1.6 m tall liquid tank with a
10 × 10 cm cross section, using solid spheres of various
materials heated to temperatures exceeding TL. See Table S1
in the Supplemental Material [11] for the physical properties
including TB and TL of all liquids. The sphere trajectories
were recorded using a high speed camera (Photron SA-5).
The experimental protocol is similar to that in earlier work
[22,23] and further details can be found in the Supplemental
Material [11].
Results.—Variations of the terminal velocity UT with the

sphere temperature TS for PP3 and PP11 are presented in
Fig. 1, together with reference data for FC-72. For each
liquid the transition to the Leidenfrost regime is marked by
a sharp increase in UT above TL, reflecting the drag
reduction by the development of a continuous vapor layer
that envelopes the sphere. Experiments to determine CD vs
Re were conducted using initial sphere temperatures
TS ¼ 300 °C in PP3 and TS ¼ 450 °C in PP11, different
sphere sizes (2R ¼ 10, 15, 20 mm), and sphere materials of
different densities ρ: sintered corundum (3.8 g=cm3), steel
(7.8 g=cm3), and tungsten carbide (14.9 g=cm3).

Results for the variation of the drag coefficient CD with
Reynolds number Re for both PP11 and PP3 are presented
in Fig. 2 together with data for 95 °C water, which is the
lowest viscosity liquid studied. For each liquid we compare
the corresponding case of spheres at room temperature
without a vapor layer (open symbols) and the Leidenfrost
regime case (solid symbols). To minimize clutter, we give
results for the intermediate viscosity fluids PP1 and PP10
that follow the same trend in Fig. S3 in the Supplemental
Material [11].
The common trend evident in Figs. 2 and S3 is that for

all the liquids tested, the Leidenfrost vapor layer induces
strong drag reduction reflected by the decrease of CD
with increasing Re, with a major departure from the
standard drag curve. Note that the CD data for each
separate liquid fall on their own master curve, when
experiments for different sphere sizes and densities are
plotted together. These curves have similar shapes, but
are shifted to lower values of Re with increasing liquid
viscosity.
The extent of the drag reduction is demonstrated most

dramatically by comparing the free-fall trajectories of
spheres in PP3 (video 1) and in PP11 (video 2) for
(i) spheres at room temperature TS ¼ 22 °C, (ii) spheres
at a temperature above the liquid’s boiling temperature but
below the Leidenfrost temperature, TB < TS < TL, and
(iii) spheres in the Leidenfrost regime TS > TL [11]. In
cases (ii) and (iii), the bubbles released from the sphere
surface provide a visualization of the flow field in the wake.
These videos also clearly demonstrate that the separation

FIG. 1. Variation of the terminal velocitywith the sphere temper-
ature, measured for a 20 mm steel sphere falling through PP11
(□, red; μ ¼ 19.2 mPa s) and PP3 (△, blue; μ ¼ 1.90 mPa s) with
results for FC-72 (⋄, black; μ ¼ 0.64 mPa s) from Ref. [22].

FIG. 2. Variation of the drag coefficient CD with Reynolds
number for spheres free falling in PP11 (3 × 102 < Re <
3 × 103, red) and PP3 (5 × 103 < Re < 8 × 104, blue). The open
symbols are for different solid spheres at room temperature: steel
(□, 2R ¼ 10, 15, 20 mm), sintered corundum (○, 2R ¼ 10, 15,
20 mm), and tungsten carbide (△, 2R ¼ 10, 15 mm). The solid
symbols correspond to spheres heated to 450 °C in PP11 or to
300 °C in PP3 before release to free fall in the Leidenfrost regime.
The data for 95 °C water (Re > 4 × 104, black) for steel spheres
(2R ¼ 10, 15, 20, or 25 mm) without a vapor layer (□) and in the
Leidenfrost regime (solid □) are taken from Ref. [23]. See
Fig. S3 in the Supplemental Material for an extended data
collection including the PP1 and PP10 cases [11].
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point of the wake on Leidenfrost spheres has moved
towards the rear, thereby reducing the form drag.
Although the delayed separation observed for the
Leidenfrost spheres appears to be the same as the character-
istic signature of the drag crisis transition on solid spheres,
the present experiments indicate a very different drag-
reduction mechanism due to the presence of the vapor layer.
For a smooth solid sphere, the delayed separation is due to
the transition to turbulence in the viscous boundary layer
at the critical Re≃ 3 × 105. On the other hand, the
Leidenfrost vapor layer can reduce the drag over a wide
range of Re, even down to Re ∼ 600, 3 orders of magnitude
smaller than for the conventional drag crisis. Therefore, it
appears that the boundary-layer transition to turbulence
plays no role in the mechanisms of the drag reduction by
Leidenfrost vapor layers.
Modeling.—The vapor layer introduces new physical

quantities that might affect the drag coefficient CD. It is
reasonable to assume the most important of these are the
vapor layer properties, namely, its thickness λV , viscosity μV,
and density ρV, i.e., CD ¼ fðRe; λV; μV; ρVÞ. The drag force
in the range ofRe relevant here is dominated by the formdrag
in comparison to the viscous skin drag. The form drag
depends primarily on the location of the separation point on
the back side of the sphere. The location of the separation
point is determined by the adverse pressure gradient that the
flow encounters after crossing the equator and it occurs when
the fluid elements next to the vapor layer decelerate suffi-
ciently for the velocity gradient and shear stress to vanish.
Relaxing the no-slip boundary condition at the sphere surface
due to the vapor layer is expected to alter this boundary layer
structure. Allowing for a partial-slip boundary condition is
expected to move the separation point towards the rear
stagnation point, as is the case for a rising bubble [34]. We
propose to fit the effect of the vapor layer using the Navier
slip model parametrized by a slip length [35].
We can estimate the thickness of the Leidenfrost vapor

layer from the measured rate of cooling dTS=dt of a hot
sphere in the Leidenfrost regime using the relation λV ¼
ð3kv=ρScpRÞðTS − TsatÞ=ðdTS=dtÞ [23,36], where ρS is the
sphere density, cp is the sphere specific heat, kv is the vapor
thermal conductivity, and Tsat is the saturation temperature
of the liquid. We find λV ∼ 150� 50 μm for all of the
perfluorocarbon fluids studied here (see the details on p. 4
of the Supplemental Material and Fig. S2 [11]). In reality,
the thickness of the Leidenfrost vapor layer, λV on the
sphere is not uniform, so rather than attempting to model
the detailed flow structures associated with a dynamic
vapor layer of nonuniform thickness, we parametrize our
experimental observations using the Navier slip model.
Here, the familiar no-slip boundary condition at the surface
of the sphere is replaced by the condition that the tangential
velocity is proportional to the tangential stress at the
surface, with the constant of proportionality being the slip
length λS [24,25,29,35].

For Re ∼ 0, the effect of a uniform vapor layer of
thickness λV can be mapped to a Navier slip length λS by

λS ∼ ðμL=μVÞλV ð1Þ
with a constant of proportionality that is a function of the
problem geometry [25,29,30]. Thus, for the fluorocarbon
liquids studied here, where μL=μV varies from ∼70 for PP1
to ∼1900 for PP11 [11], the slip length is expected to
increase with the liquid viscosity μL and to be orders of
magnitude larger than the vapor layer thickness.
At the high Re regime, investigated here, there is no

quantitative theory that can relate λS to λV . However, we
assume that the trend for the slip length to increase with
liquid viscosity captured in relation (1) will be preserved.
We further note that the master curves in Figs. 2 and 3S
collapse using the simplest scaling CD ∼ fðRe; λSÞ ∼ Re×
ðμL=μVÞ, as λV is approximately constant for our liquids.
This is shown in Fig. 3. We do not, however, expect this
empirical collapse to be universal, as λV can change with
different liquid-vapor thermodynamic properties.
To test this further, a series of direct numerical simu-

lations (DNS) and large eddy simulations (LES) were
undertaken using the commercial finite-volume package
FLUENT 15.0, with a Navier slip boundary condition imple-
mented at the sphere surface. The DNS was performed for
Re < 104 in which case the flow field around the sphere
remains laminar, and the LES was performed for Re > 104

using a dynamic Smagorinsky turbulence model, consistent
with previous studies [37–39]. For zero slip length, we
verified that our calculations based on this model can
reproduce all known literature computational and exper-
imental variations of the drag coefficient and wake
separation angle (see Fig. S5 [11]). Details of the model,

FIG. 3. Dependence of the drag coefficient CD on the Reynolds
number multiplied by the liquid to vapor viscosity ratio,
Re × ðμL=μVÞ, for various spheres free falling in the Leidenfrost
regime in the various liquids studied: PP11 (solid squares, red),
PP10 (solid diamonds, brown), PP3 (solid triangles, green), PP1
(solid circles, blue), FC-72 (open circles, black) [22], and 95 °C
water (crosses, black) [23].
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mesh information, and validation are available in the
Supplemental Material [11].
In Fig. 4, we compare the measured values of CD to

those obtained from the simulations, for a selection of PP3
and PP11 data points. For no slip, the λS ¼ 0 simulation
results and the no vapor layer experimental data are in good
agreement with the classical CDðReÞ curve. In the presence
of the Leidenfrost vapor layer, the CD vs Re dependence in
both liquids is well captured by the Navier slip model, with
a slip length scaled by the sphere radius, λS=R ¼ 0.045 for
PP11 and λS=R ¼ 0.012 for PP3. Thus, λS=R in the
simulations increases by a factor 4 when μL increases
tenfold, following the trend anticipated from the exper-
imental results. Also, we see in Fig. 5 and in video 3 [11]
that the Navier slip model is capable of reproducing the
shape of the wakes and the point of separation of the
laminar boundary layer associated with the drag reduction
due to the presence of the vapor layer.
The use of the Navier slip length that is assumed to be

constant over the surface of the falling sphere is a simplified
model of a dynamic Leidenfrost vapor layer of nonuniform
thickness. Indeed, the same comment can be applied to the
use of uniform concentric vapor layer models to represent
entrained surface air layers or plastrons [29–31]. However,
given the technical challenges of modeling high Re flows,
the simple Navier slip model perhaps performed unexpect-
edly well in being able to also predict the change in the flow
pattern associated with the onset of drag reduction. At the
same time we recognize that the slip length only serves as a
convenient parametrization of an idealized model and
caution against the over interpretation or assignment of
an actual physical attribute associated with the slip length.

Conclusions.—By a systematic experimental study using
a series of pure and inert fluorocarbon liquids, we have
uncovered a drag reduction phenomenon arising from a
Leidenfrost vapor layer that envelopes a bluff body. The
observed drag reduction spans 3 orders of magnitude of Re
as the liquid viscosity μL is varied almost 25-fold, thus
experimentally establishing a hypothesized vapor layer
drag reduction mechanism that far exceeds the range of
other drag reduction methods. The variation of CD vs Re
for a Leidenfrost sphere in free fall can be fitted quanti-
tatively by DNS and LES with the Navier slip boundary
condition to account for the presence of a vapor layer. As
anticipated with the low Re result, larger liquid viscosities
correlate with a higher effective slip length. The model also
predicted correctly the abrupt change in the wake pattern
associated with the onset of drag reduction owing to the
vapor layer. This is a preliminary attempt to provide a
semiquantitative fit to the observed experimental variation
of CD vs Re. More sophisticated considerations in model-
ing transitional flows, such as the subgrid stresses in the
Smagorinsky model that might modify the laminar flow
and perhaps influence the boundary layer separation and
modify the drag-reduction mechanism, remain open ques-
tions to be explored.
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