Received: 18 July 2016

Revised: 12 December 2017

Accepted: 22 December 2017

DOI: 10.1002/ppp.1973

RESEARCH ARTICLE

Satellite image analysis and frozen cylinder experiments on
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Frozen islands in the Lena River, Siberia, experience rates of fluvial thermal erosion exceeding
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10m/year. The islands erode differentially, with rates of frontal retreat exceeding those on island
sides. We define the erosion ratio (ER) between the front and sides to estimate this differential
erosion. A GIS‐based study of 19 islands from 1967 to 2010 indicated average erosion rates of
19.7 and 3.7 m/year for the island heads and sides, respectively. The average ER over the period
was 4.7. An analytical model of local thermal erosion for a frozen cylinder of sand in a turbulent
water flow is proposed, assuming an ablation process. Thermal erosion of 19 frozen cylinders was
measured for water flows of different temperature and velocity in a cold chamber. As observed in
the field, frontal erosion always exceeded lateral erosion, with an average ER of 1.6. The ER
decreased with increasing temperature from 5 to 15°C. The higher value of ER in the field may
be due to interactions with neighboring islands and banks. An empirical law including phase
change and the process of erosion is proposed, and validates our model compared with previous
laws that do not account for erosion. The erosion process enhances heat transfer.
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I N T RO D U CT I O N

of water discharge, temperature and sample composition have been
quantified, and water stream temperature has been identified as

Since 1970, numerous studies have investigated the stability of

the main control on thermal erosion.8 Water flow in these experi-

periglacial rivers in response to increased development of Arctic oil

ments was tangential to the frozen sample, in the same way as for

and gas resources. Although several factors affect river channel pat-

water flows along a river bank or island side. However, island heads

1

Periglacial channels

are subject to water flow intersecting the bank at a high angle.

undergo differential erosion controlled by bank material, ice content,

Despite a relatively good understanding of the main parameters

vegetation, flow dynamics, bank height,2 or channel morphology.3

involved in the process of fluvial thermal erosion,5,6,8 only a few

The morphology of the Lena River in Siberia is characterized by islands

studies report on the variability of the erosion rate during the flood

whose erosion modifies the river's pattern of flow. Periglacial rivers are

season.2,5

terns, bank erosion is the most significant.

affected by ice break‐up, which induces a sudden increase in water

The purpose of this study was to quantify the difference in erosion

level, discharge and stream temperature.4 This results in thermal ero-

rates at island heads and sides, and to investigate the effects of water

sion on the frozen river banks that can generate annual bank retreats

temperature and velocity. First, we analyzed satellite images of islands

of up to 40 m.

5

in the Lena River to compare frontal and lateral erosion. Next, we used

Thermal erosion has been studied in the field5,6 and experimen-

a two‐dimensional (2D) cylindrical model of local thermal erosion of a

tally in the laboratory using water flow over a horizontal ice sheet,7

frozen cylinder in a turbulent water flow developed from a previous

5,8

frozen samples of sand and ice

9

or sloping frozen banks. Using
5,7

1D Cartesian model.8 This model was compared here to typical models

10,11

of cylinders in a cross flow without erosion. Finally, we performed six

and numerical models12 have been proposed. The relative influences

series of repetitive measurements of local thermal erosion of frozen

these laboratory configurations, empirical laws
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cylinders in contact with flowing water. The differences in the local

The protocol to quantify frontal, left and right side erosion

erosion of frozen islands were interpreted in the light of our model

between two years (years i (1967) and f (1980)) is described below

and experiments.

using island 12 as an example. GIS software was used to define
the outline of island 12 (Pj1967) and center (C1967) in 1967, and in
1980 (outline Pj1980; center C1980) (Figure 2a). Next, the back

2 | ANALYSIS OF SATELLITE IMAGES OF
T H E L E NA R I V E R

(B1967), front (F1967), right (R1967) and left (L1967) points were determined for 1967. The back point (B1967) of the island was defined
as the point Pj1967 farthest from the center C1967 in the direction

The Lena River is one of the three largest Siberian rivers, flowing for

of streamflow. The intersection of the line (B1967C1967) with the

4260 km and exhibiting dynamics and morphology typical of periglacial

upstream outline of the island defined the 1967 front point F1967.

rivers. Long‐term discharge measurements (1935‐1999) indicate a

The right (R1967) and left (L1967) points were determined by the inter-

low‐flow period in winter followed by a maximum flow in May‐June

section of the perpendicular to the segment B1967F1967 passing

of up to 100 000 m3/s.13 Peak discharges are associated with maxi-

through C1967 and the outline of the island (Figure 2a). The 1980

mum surface water velocities on the order of 2.5 m/s, measured from

front (F1980), right (R1980) and left (L1980) points were then deter-

satellite stereo images of river‐ice debris.14 Long‐term (1950‐1992)

mined. The intersection of line B1967C1967 with the upstream 1980

records indicate that water temperature following break up increases

outline defined the 1980 front point F1980. The intersection of line

rapidly from 0°C to 18°C during spring.13,15 The significant increase

C1967R1967 with the 1980 outline defined the right point R1980. The

in both water temperature and discharge initiates thermal erosion in

same procedure described for R1980 was applied to determine L1980

May‐June, causing river bank and fluvial island bank retreat.

(Figure 2a). Average erosion rates for the island fronts between

Costard and Gautier16 studied the evolution of fluvial forms in the

1967 and 1980 were calculated from: (C1967F1967 − C1967F1980)/Δt.

middle section of the Lena River. Aerial photographs (1967 Corona:

The same procedure described for the front point was used to deter-

20 m/px; 1980 Corona: 15m/px) and satellite images (1992 Landsat

mine the average erosion rates for the right and left sides of the

4: 30 m/px; 2002 Landsat 7: 30 m/px; 2008 and 2010 Spot5: 2.5 m/

islands (Figure 2a).

px) revealed the evolution of 33 islands in the Lena River. This imagery

Between 1967 and 1980, the estimated erosion at island 12 was

was compiled in a GIS and a delineation of the fluvial channels and

170, −20 and 70 m (± 20 m) for the front, right and left sides, respec-

islands was proposed to quantify their mobility.16 We selected 19 of

tively (Figure 2a). These values correspond to a frontal erosion rate of

these islands upstream of Yakutsk (study area: 61°4′N, 129°3′E) from

12.9 m/year, far greater than on the sides (−1.5 and 5.7 m/year ±

the middle of the main channel to limit boundary effects (Figure 1). We

1.5 m/year) (Figure 2b). Because the resolution of our images was

estimated the thermal erosion of the front and sides of these 19

20 m/px, the negative erosion observed at the right side of the island

islands during 1967‐2010.

was not statistically significant. Rates of frontal erosion of island 12

FIGURE 1

(a) Location map of the Lena River (Siberia) and study area (rectangle) near Yakustk. Satellite images of the location of the 19 islands in
the upstream (b) and downstream (c) parts of the study area. Source: Landsat.org, Center for Global Change and Earth Observations, Michigan State
University (http://landsat.org) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 (a) Map showing outlines of island 12 at intervals between 1967 and 1980, allowing estimation of erosion rates at the front, left
and right of the island. B1967 is defined as the farthest point of the outline in 1967 from the center C1967 in the flow direction. (B1967 C1967)
cuts the island outlines in 1967 and 1980 in F1967 and F1980. The front erosion between 1967 and 1980 is defined as (F1967F1980)/
(1980=1967) = 166/13 = 12.9 m/year. The line passing through C1967 and perpendicular to the line (B1967 C1967) cuts the outlines to
determine the right and left erosion rates equal to −1.5 and 5.7 m/year. (b) Histogram showing evolution of the erosion rate on the front
(blue), right (red) and left (green) side of island 12 from 1967 to 2010. (c) Erosion rate averaged over 1967‐2010 for each of the 19 islands. (d)
Erosion rate averaged from 1967 to 2010 and for the 19 islands at the front, right and left. This provides an average erosion ratio for the 19
islands (<ER(19 islands)>1967‐2010) of 5.5 [Colour figure can be viewed at wileyonlinelibrary.com]

(7.2‐14.5 m/year) were consistently higher than on island sides

configuration in the channel (Figure 2c). For example, island 7 lay close

(−3.0‐5.7 m/year) for different time periods from 1967 to 2010

to the right bank and was located behind a large sandy bar (Figure 1)

(Figure 2b). The average erosion rates for island 12 from 1967 to

that protects the right side from the current, causing greater erosion

2010 were 12.8, 2.6 and 2.6 m/year for the front, left and right side,

on the left side (Figure 2c). Island 5 had the lowest frontal erosion rate

respectively (Figure 2b, c). The corresponding mean erosion ratio (ER)

(2.9 m/year) of all the islands studied. The other islands had frontal

over the observation period for island 12 (ER island 12)1967‐2010) was

erosion rates between 5.9 m/year (island 8) and 44.1 m/year (island 10)

4.9 (= 12.8/2.6).

(Figure 2c). The low frontal erosion at island 5 is probably because island

Frontal erosion of the 19 islands was always higher than erosion of

4 is immediately upstream and protects it from the current (Figure 1).

the right and left sides, except for island 5 (Figure 2c). Frontal erosion

The relatively low frontal erosion rate at island 5 implies high relative

was greater than 20 m/year at islands 1, 3, 6, 10, 11, 14, 16, 17 and 18.

errors in the measurements and explains these anomalous results.

Such high rates may be explained by the position of these islands in the

The average erosion ratio for all 19 islands from 1967 to 2010

middle of the channel, or by the absence of protective sandy bars

(ER(19 islands)1967‐2010) can be estimated in two different ways: (1)

upstream (Figure 1). The average frontal erosion rate for all islands

the ER calculated as the average of the ER(islands i)1967‐2010 of each

during 1967‐2010 was estimated at 19.7 ± 2.6 m/year (Figure 2d).

of the 19 islands in the period is 6.7 (Figure 2c); (2) the ER(19

Lateral erosion rates were always less than 11 m/year and differences

islands)1967‐2010 calculated as the ratio of the average frontal erosion

in erosion on the right and left sides could be explained by their

(19.7 ± 2.6 m/year) and average lateral erosion (right side: 3.7 ±
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0.8 m/year; left side: 3.5 ± 0.8 m/year) is 5.5 (ie, 19.7/(3.7 + 3.5)/2;

temperature at the surface of the cylinder.17 The flow dynamics

Figure 2d).

and thermal conditions are described by the Reynolds (Re, Equation 1; see below) and Prandtl numbers (Pr, Equation 2). The aver-

3

|

PROBLEM STATEMENT AND EQUATIONS

age thickness of the velocity boundary layer (Equation 3) around a
cylinder in a cross flow is lower for higher water velocity. The local

We have developed a model of local thermal erosion for a frozen

heat transfer coefficient h(θ) (W/m2/°C] (Equation 4) at the water/

cylinder crossing turbulent water flow. The flow pattern around the

cylinder interface may be determined with a heat balance in the

cylinder depends on the Reynolds number (ReD). The cylinder was

thermal boundary layer around the cylinder.18 The local Nusselt

composed of ice and sand, with a diameter D of 114 mm and gravimetric

number Nu(θ) (Equation 5) accounts for convective heat transfer

ice content ω of 25%. Thawed material was immediately swept away by

occurring at the water/cylinder interface. The ablation phase begins

the current as the ice melted. With this model, thermal erosion could be

after a rapid warming phase that brings the surface of the frozen

simplified as an ablation process quantified by the ablation velocity

cylinder, initially at temperature Ts = T i= −15°C, to the melting tem-

Va.8,10,11 Positions around the cylinder were parametrized by the angle

perature (Ts = 0°C). During the ablation phase, the surface of the

θ (Figure 3a). We propose a formulation for the local ablation velocity

cylinder remains at 0°C. The energy balance at the cylinder's sur-

Va(θ), which quantifies the local thermal erosion rate around the cylinder.

face between the heat transfer by convection (h(Tw − Ts)), conduc-

We first describe the flow pattern and thermal conditions around the

tion in the solid (−kw(dT/dx)) and the latent heat of melting

cylinder and formulate the local heat transfer h(θ) or dimensionless

(ρperLperVa), provides an estimate of the ablation velocity.8,10,11 By

Nu(θ), and finally Va(θ) (Section 3.1). We then estimate the Nusselt

analogy with the ablation velocity in 1D problems,8 the local ther-

number (Nu) averaged on the front part of the cylinder to propose an

mal erosion (Equation 6) is estimated from the local heat transfer

empirical law between Nu and ReD, which can be compared with

coefficient (Equation 4).

analytical and empirical laws (Section 3.2). We estimate the values of
each parameter for a turbulent water flow characterized by a water
temperature Tw (5, 10 and 15°C) and a velocity Uw (0.1 or 0.2 m/s).

3.1 | Flow pattern, local heat transfer and thermal
erosion around the cylinder

ReD ¼

Uw D
vw ðT film Þ

(1)

v w ðT film Þ
αw ðT film Þ

(2)

D
<δv > ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ReD

(3)

Pr ¼

We considered heat transfer between water flow with velocity Uw,
temperature Tw and cylinder diameter D (Figure 3a). Local values at
the cylinder's surface are represented by θ, starting from the front
stagnation point (F at θ = 0°). The water properties (kinematic viscosity νw (m2/s) and thermal conductivity kw (W/m/K)) are estimated at film temperature Tfilm = (Tw + Ts)/2, where Ts is the

hðθÞ ¼

−kw ∂T ðð0Þ=∂n
T s −T w

(4)

(a) Schematic diagram of a frozen cylinder of radius r(θ) at −15 °C in a water flow of velocity Uw and temperature Tw (= 10°C here). Each
surface point of the cylinder is represented by θ, with the front F (θ = 0), left L, right R (θ = ±π/2) and back point B (θ = π) and is at Ts (= 0°C) during
erosion. A thermal boundary layer forms at F, develops and detaches near L and R, forming a wake in the downstream region. The temperature
varies from Ts (= 0°C) to Tw (= 10°C) across the thermal boundary layer, whose thickness increases with θ and provides a decrease of the thermal
gradient, heat transfer and erosion with θ. (b) Photograph of hydraulic flume in a cold room. The frozen cylinder of initial radius equal to 57 mm (ice
and sand at − 15°C) was put in a turbulent water flow (current direction from the top of the picture) characterized by velocity Uw (= 0.1 or 0.2 m/s)
and temperature Tw (= 5, 10 or 15°C), whereupon its lower part (under water) was thermally eroded. The eroded sediments were deposited at the
back of the cylinder. After 2 min, the cylinder was removed from the flow and scanned with a 3D laser scanner [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 3

104

DUPEYRAT

NuðθÞ ¼

hðθÞD
kw

(5)

ET AL.

θ = 0°) and thickens toward the separation point (80° < θ < 130°)
(Figure 3a). This implies that from the front point to the separation
point, the normal temperature gradient dT(θ)/dn, the local heat trans-

V a ðθÞ ¼

fer coefficient h(θ) (Equation 4) and the erosion rate Va(θ) (Equation 6)

hðθÞðT w −T s Þ
h
i
ρper Lper −T i cp per

(6)

decrease.

where Uw (m/s) Tw (°C), kw (W/m/K), νw (m2/s) and αw (m2/s) are

3.2

the velocity, temperature, thermal conductivity, kinematic viscosity

The mean Nusselt number Nu (Equation 7) is equal to the average of

and the thermal diffusivity of water; where D (m), T i = −15°C, Ts,

the local Nusselt numbers on the front of the cylinder (Equation 5).

ω = 25%, ρper = 1914 kg/m3, cpper = 1038 J/kg/°C and Lper = 67

The empirical law between Nu and ReD for our experimental condi-

000 J/kg are the diameter, initial temperature, surface temperature,

tions must be compared with other laws to validate our study. We

gravimetric ice content, density, specific heat capacity and latent

have first estimated h and Nu around the circumference of the cylinder

heat of the frozen cylinder.

from the estimated average boundary layer thickness (Equation 3),

Considering our experimental values, we obtain νw =1.4‐
1.6.10‐6 m2/s,17 Pr = 10.3‐12.3, ReD = 0.7 × 104 to 1.6 × 104 and δv
~ 0.9‐1.4 mm (Table 1). A first estimation of the average normal ther-

|

The average Nusselt number

using Equations 4 and 5. Many empirical laws for heat transfer around
a cylinder have been proposed in the form Nu = CReDmPrn,19,21,22 with
significantly different values for ReD and Pr, depending on the experi-

mal gradient in the boundary layer is given by the ratio of Tw and δv

mental conditions. Sanitjai and Goldstein20 proposed an empirical rela-

(from 3.6 to 16.7°C/mm) (Table 1). An increase of Tw from 5 to 15°C

tion for the frontal part of the cylinder (0 < θ < 85°) (Equation 8).

decreases νw, which increases ReD from 6907 to 8091 for Uw =
0.1 m/s, and from 13 814 to 16 182 for Uw = 0.2 m/s, ie, a maximum

1 85
∫ NuðθÞdθ
85 0

(7)

Nu0−85−San−Go ¼ 0:945Re0:5 Pr0:35

(8)

Nu0−85−this study ¼

increase of 17%. The sensitivity of Pr to water temperature variation,
when using an exponent of 0.35 in the empirical law, is 7%. With such
Reynolds numbers, a boundary layer develops from the front stagnation point to the sides, where the flow separates and creates wake vortices (Figure 3a). The boundary layer is thinnest at the front point (F at

where Re is in the range 2 × 103 to 105 and Pr in the range 0.7‐176.

TABLE 1 Comparison of Nusselt numbers characterizing heat transfer at the interface between liquid water and the frozen cylinder estimated for
water velocities Uw and temperatures Tw

Experiment number (number of replicate cylinders)
Parameter

Unit

Equation

(Tw,Uw)

1 (4)

2 (5)

3 (4)

4 (2)

5 (2)

6 (2)

(5,0.1)

(5,0.2)

(10,0.1)

(10,0.2)

(15,0.1)

(15,0.2)

Tw

°C

5

5

10

10

15

15

Uw

m/s

0.1

0.2

0.1

0.2

0.1

0.2

°C

2.5

2.5

5

5

7.5

7.5

νw(Tfilm)

10−6 m2/s

1.6505

1.6505

1.514

1.514

1.4090

1.4090

kw(Tfilm)

W/m/K

0.565

0.565

0.57

0.57

0.575

0.575

Tfilm = (Tw + Ts)/2

Uw :D
ReD ¼
v w ðTfilmÞ

1

6907

13 814

7530

15 059

8091

16 182

Pr

2

12.28

12.28

11.13

11.13

10.29

10.29

3

1.37

0.97

1.31

0.93

1.27

0.90

3.6

5.2

7.8

10.8

11.8

16.7

4

412

583

434

614

454

642

5

83

118

87

123

90

127

125

184

127

187

129

189

8

189

268

191

270

192

272

305

479

350

451

288

463

D
hδv i ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ReD
 
δT
Tw
¼
δn
hδ v i
 
δT
kw ⋅
δn
hh i ¼
Tw
⟨Nuan ⟩ ¼

⟨h⟩:D
kw

mm
°C/mm
W/m2/K

⟨Nu⟩Ch‐Ber
⟨Nu⟩Sa‐Gol
⟨Nu⟩

this study

⟨Nu⟩an is estimated from the value of an analytical formulation of the average thickness of the boundary layer. ⟨Nu⟩Ch‐Ber is the empirical law averaged on
the circumference of the cylinder.19 ⟨Nu⟩Sa‐Gol is the empirical law averaged on the front (upflow) of a cylinder (θ = 0‐85°).20 ⟨Nu⟩this study is the empirical law
averaged on the front of a cylinder (θ = 0‐85°) with the ablation process from this study. Calculations are done with Ts = 0 °C, D = 114 m. Tw (°) and Uw (m/s)
are the temperature and velocity of the water flow, Ts (°C) is the temperature at the surface of the cylinder. The water properties (kinematic viscosity νw (m2/
s) and thermal conductivity kw (W/m/K)) are estimated at film temperature Tfilm. ReD, Pr and Nu are the Reynolds, Prandtl and Nusselt numbers, respectively.
⟨δv⟩ (m) is the average thickness of the velocity boundary layer and ⟨h⟩ (W/m2/K) is the heat transfer coefficient averaged around the cylinder.
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Applied to our experimental conditions, analytical Nusselt num-

infiltration under the cylinder late in the experiment. Six experiments,

bers are from 83 to 127, while empirical laws (Equation 8) give values

each using replicate frozen cylinders, were performed at different

from 125‐189 (see

19

) to 189‐272 (see

20

) (Table 1). Such values pro-

values of water temperature (Tw) and velocity (Uw) (Table 1).

vide an average heat transfer coefficient between 412 and 1360 W/
2

The eroded cylinder was imaged with a 3D laser scanner at the

m /K (Equation 5), and produce an average erosion rate between 1

end of each experiment (Nikon, ModelMaker, MMDx100). The scan-

and 3 mm/min (Equation 6).

ner had an estimated standard deviation on point position of
≈50 μm. Next, the most eroded point was determined and a horizontal
section was chosen at the corresponding height. We determined the

4

|

C O L D‐ R O O M E X P E R I M E N T A L S E T U P

local thermal erosion (ablation velocity) by measuring the local radius
r(θ) of the horizontal section with a resolution of 1° on the half circum-

Our experiments were performed in a hydraulic flume 2.5 m long and

ference (Equation 9):

0.5 m wide in a cold room at Paris‐Sud University (Figure 3b). Water
velocity and depth were controlled by the discharge produced by a

V a ðθÞ ¼

hydraulic pump. Water velocity Uw was intended to be uniform in

r init −r ðθÞ
dt

(9)

the channel as a result of a tranquilization chamber with a honeycomb
structure placed upstream of the cylinder (Figure 3b). The flow characteristics were held constant in each experiment. Water temperatures

where rinit = initial cylinder radius (= 57 mm) and dt is the duration of
the experiment (= 2 min).

(Tw) were 5, 10 or 15°C and water velocities (Uw) were 0.1 or
0.2 m/s, with these velocities corresponding to water depths (hw) of
25 and 35 mm, respectively.

5 | T H E R M A L ER O S I O N E X P E R I M E N T A L
RESULTS

We prepared 54 cylinders of fine dry sand from Fontainebleau,
saturated with distilled water and frozen at −15°C. The frozen samples
had a gravimetric ice content (ω = mice/msand) of 25% and a grain size
between 100 and 800 μm (median = 210 μm). We tested cylinder
23

diameters (D) from 50 to 130 mm. Figueiredo and Viegas (1988)

5.1
5.1.1

Effects of water velocity

|
|

(Tw (°C),Uw (m/s)) = (5, 0.1) and (5, 0.2)

indi-

For both experiments, the most eroded point was at the front F (θ = 0°)

cated under similar flow experiments that the influence of the lateral

of the cylinder (Figure 4). A secondary eroded point occurred at the

channel wall on heat exchange between the flow and the cylinder

back (θ = 180°). Erosion decreased from the front point (θ = 0°) to

was significant only for cylinder‐to‐wall distances (H) less than 40%

the separation point (θ around 90°) and increased again with fluctua-

of D. Therefore, with our channel configuration we should only expect

tions from θ = 90° to 180° (Figure 4). The point F of maximum erosion

boundary effects for cylinder diameters greater than 280 mm. Here we

defined the height (zsection) of the horizontal section at 15.6 mm (Uw =

present the results from experiments using 19 cylinders of 114 mm

0.1 m/s) and 21.3 mm (0.2 m/s) from the base of the cylinder, ie, 60%

diameter (to avoid channel side effects and provide more accurate ero-

of the water level (Figure 4). The erosion rate decreased close to the

sion data than tests with smaller diameter cylinders).

channel bed and water surface because of boundary effects. As antic-

Each cylinder was placed at a height of 70 mm, so the top was

ipated, the thicknesses (δUw) of boundary layers increased as flow

above the water level. The cylinder was secured in the middle of the

velocity decreased17 (Figure 4). The more homogeneous vertical pro-

flume (Figure 3b). The experiments lasted 2 min, which allowed signif-

file of erosion for Uw = 0.2 m/s is explained by limited boundary effects

icant erosion and avoided boundary effects resulting from water

due to the higher water velocity and water level (Figure 4). When

Diagram of frozen cylinders (initial radius = 57 mm, temperature = −15°C) after erosion. The eroded thickness is represented by colors
from red (−2 mm) to dark blue (−10.45 mm) and black (−12 mm). The upper part of the cylinder, which was above water (> 25 mm (a) and > 35 mm
(b)) was not eroded (gray). The water flowed from left to right and was characterized by (a) (Tw (°C),Uw (m/s)) = (5.9,0.1) and (b) (Tw (°C),Uw (m/s)) =
(5.6,0.2). The studied horizontal section (red line) was chosen at the location of greatest erosion, which is point F (θ = 0°) and located at 15.6 mm (a)
and 21.3 mm (b) from the bottom. The erosional retreat at F after 2 min was −9 and −11 mm, respectively. The amount of erosion decreased from F
to θ around 90° [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 4
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comparing erosion rates for the two flow velocities, these boundary

s there was no difference in asymmetry on either side (0.11% ≈

effects cause a slight underestimation of erosion for the 0.1 m/s flow

−0.10%). In contrast, asymmetry was accentuated on the right side

velocity experiments.

for Uw = 0.2 m/s (0.36% > 0.06%).

The selected horizontal sections were composed of 712 and 644

Minimum radii of 47.7 mm (and 46.0 mm) were observed at the

points around the circumference of the cylinder for Uw = 0.1 and

front point F (θ = 0°). The radius increased from F to the separation

0.2 m/s, respectively. This corresponds to an average of 2.0 ± 1 and

point close to θ = 90°, where the maximum radii equaled 54.6 mm

1.8 ± 0.9 points in each sector. Because the distribution of the points

(and 51.9 mm). Downflow of the separation point, the radii decreased

was irregular, the cylindrical radius was averaged in each of the 360

irregularly until the back point. A secondary minimum was observed at

angular sectors of 1°, considering the right rright(θ) and the left side

θ = 123°, but only for Uw = 0.2 m/s. The eroded thickness (rinit − r(θ))

rleft(θ) of the cylinder (Figures 3 and 5a, b). We calculated the average

decreased from the front to the separation point, from 9.3 to 2.4 mm

local radius r(θ) = (rleft(θ) + rright(θ))/2, the local relative error ε(θ)=

(and from 11.0 to 5.1 mm) for the respective velocities. This coincided

100(rleft(θ) − rright(θ))/r(θ) and the average radius (r) over the circumfer-

to erosion rates (Equation 9) equal to 4.6 (5.5 mm/min) at the front,

ence (Figure 5a, b). Sixty‐seven (Uw = 0.1 m/s) and 64% (0.2 m/s) of the

decreasing to 1.2 (2.5 mm/min), as θ increased to 90°. Local erosion

angular sectors had a minimum of two scanned points. For the angular

varied from the front to the side by a factor of 3.9 (2.2).

sectors without any points, the cylindrical radius was approximated
and right sides was similar (Figure 5a, b), with only slight differences

5.1.2 | Repeated experiments (Tw, Uw)=(5°C, 0.1 m/s) and
(5°C, 0.2 m/s)

beyond the separation point.

Similar results of final local radii r(θ) were obtained from experiments 4

with the value from the previous angular sector. Erosion on the left

We defined symmetry estimators Esleft (and Esright) as the average

and 5 for (Tw (°C),Uw (m/s))=(5, 0.1) and (5, 0.2) (Figure 5c, d). As less

of the positive (and negative) local relative error ε(θ) for 0 < θ < 90°.

than 10% of angular sectors had any scanned points, we estimated

Esleft (and Esright) represent the average asymmetry toward the left

the precision of r(θ) with the formula dr(θ) = (r(q+1)−r(q−1))/2 and

(and right) and are equal to 0.11% (−0.10%) and 0.06% (−0.36%) for

found an average on all sectors and experiments equal to 0.08 mm (=

Uw = 0.1 and 0.2 m/s, respectively. These values indicate that asymme-

0.1%). For experiments (5,0.1) and (5,0.2), the average local radius

try was very low at the front of the cylinder (< 0.36%). For Uw = 0.1 m/

increased from 47.83 ± 0.30 to 53.67 ± 0.56 mm (43.57 ± 0.72 to

FIGURE 5

(a,b) Erosion shape of a permafrost cylinder, represented by the left (rleft(θ)) and right radius (rright(θ)), the average radius (<r(θ)>) and <r>
averaged on 0 < θ < 180° for an experiment with (Tw (°C),Uw (m/s)) = (5,0.1) (a) and another one with (Tw (°C),Uw (m/s)) = (5,0.2) (b). The eroded
thickness decreases from 9.3 (11 mm) at the front to 2.4 (5.1 mm) at the side for Uw = 0.1 (0.2 m/s). (c,d) Local radius (<r(θ)>) averaged for four
experiments with (Tw (°C),Uw (m/s)) = (5,0.1) (c) and five experiments with (Tw (°C),Uw (m/s)) = (5,0.2) (d). The averaged eroded thickness is 9.2
(13.4 mm) at the front and 3.4 (7.0 mm) at the side, which provides an erosion ratio equal to 2.8 (1.9) for Uw = 0.1 (0.2 m/s) [Colour figure can be
viewed at wileyonlinelibrary.com]

DUPEYRAT

107

ET AL.

TABLE 2

Averaged measured radius r(θ) at the front point F (θ = 0°), lateral points L and R (θ = 90°) and averaged on the cylinder's circumference
for the six experiments for different water velocities Uw and temperatures Tw
Experiment number (number of replicate cylinders)
Parameter

Unit

(Tw,Uw)

1 (4)

2 (5)

3 (4)

4 (2)

5 (2)

6 (2)

(5,0.1)

(5,0.2)

(10,0.1)

(10,0.2)

(15,0.1)

5

5

10

10

15

15

m/s

0.1

0.2

0.1

0.2

0.1

0.2

mm

47.83 ± 0.30

43.57 ± 0.72

40.24 ± 0.56

35.32 ± 0.21

34.08 ± 0.09

23.09 ± 0.72

⟨r(θ = 90°)⟩

mm

53.67 ± 0.56

49.05 ± 0.53

47.05 ± 0.93

43.26 ± 0.22

40.34 ± 0.12

33.85 ± 0.98

⟨r⟩0‐180

mm

50,70 ±0.60

47.17 ± 0.44

43.95 ± 0.64

39.60 ± 0.50

38.67 ± 0.25

31.65 ± 0.59

Tw

°C

Uw
⟨r(θ = 0°)⟩

(15,0.2)

⟨Va⟩0‐180

mm/min

3.1

4.9

6.5

8.7

9.2

12.7

⟨Va (θ = 0°)⟩

mm/min

4.6

6.7

8.4

10.8

11.15

17.0

⟨Va (θ = 90°)⟩
 
V a 0°

ER ¼ 
V a 90°

mm/min

1.7

3.5

5.0

6.9

8.3

11.6

2.8

1.9

1.7

1.6

1.4

1.5

ReD−i ¼

Uw :Di
vw

6907

13 814

7530

15 059

8091

16 182

ReD− f ¼

Uw :Df
vw

6144

11 432

5806

10 462

5489

8985

rinit −rðθÞ
, with rinit = 57 mm and dt = 2 min. The averaged erosion ratio (ER) is calculated as
The averaged ablation velocities Va(θ) are calculated from V a ðθÞ ¼
dt
the ratio of the ablation velocity at the front and sides of the cylinder. The statistical errors on the average radius are estimated from the standard deviation.
The average and final Reynolds numbers are calculated from the values of the initial and final average cylinders radius, respectively.

49.05 ± 0.53 mm) (Table 2, Figure 5c, d). The local erosion rate

erosion.8 An increase in water temperature from 5 to 15°C or in water

decreased from 4.6 (6.7 mm/min) at the front point to 1.7 (3.5 mm/

velocity from 0.1 to 0.2 m/s decreased the average ER from 2.8 to 1.5

min) at the lateral point for the two experiments. These values pro-

(Table 2).

vided ER values of 2.8 (1.9). The experiments exhibited very good
repeatability, particularly for Uw = 0.1 m/s (Figure 5c, d).

5.2.2 | Local heat transfer (Nusselt number) between water
flow and the frozen cylinder

5.2 | Synthesis: effects of water temperature and
velocity

We have calculated an averaged local Nusselt number (Nu(θ)) from our

5.2.1

Nu(θ) = 2AperVa(θ)(rinit/kw Tw), with Aper = ρper(Lper − Ti cpper) with the

|

Local thermal erosion of the frozen cylinder

measurements of Va(θ) and our ablation model (Equations 5 and 9). The
average precision of the Nusselt number calculated from the formula

For all our experiments, thermal erosion was greatest at the front stag-

error propagation formulas is 10, 5 and 4% for Tw = 5, 10 and 15°C,

nation point (θ = 0°) and decreased with θ (Figure 6a). The average rel-

respectively. In all our experiments, the greatest heat transfer was

ative error of the erosion velocity Va(θ) was 2% ± 0.05% (Equation 9).

always located at the front stagnation point (θ = 0°) and decreased

Increases in both water velocity and temperature increased the rate of

with distance along the surface (Figure 6b). Such a decrease in Nu

thermal erosion (Figure 6a), and the effect of water temperature was

has been observed in experiments of flow of different fluids around

dominant, as observed in previous experimental studies of thermal

cylindrical heat exchangers for ReD = 20 to 220 and air24 or ReD =

FIGURE 6

Measurements of local thermal erosion of frozen cylinders in a water flow for various water temperatures and velocities. Average local
thermal erosion (<Va(θ)>) (a) and average local Nusselt number (<Nu(θ)>) (b) calculated from (<Va(θ)>) (a) and our ablation model (Equation 9)
[Colour figure can be viewed at wileyonlinelibrary.com]
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103 to 2 × 105 and air.25 We compared the orders of magnitude of our

Pr (6.5‐7.5 vs. 10‐12 in our study). In addition, inclusion of the ablation

Nu(θ) values with those from Sanitjai and Goldstein20 because their

process probably enhanced the estimated value of heat transfer in our

Reynolds (Re = 42 300) and Prandtl (Pr = 7.3) numbers were closest

study.7

to ours (Re = 16 200 and Pr = 10.3) and because they also used water
in their experiments. With the empirical relation20 (Equation 8), Nu(0) =
480 and decreases to Nu(90) = 250, which is on the same order of

6

DISCUSSION

|

magnitude as our values (Nu(0) = 550 and Nu(90) = 300) (Table 1).
Increasing water velocity from 0.1 to 0.2 m/s clearly increased heat
transfer because of the thinning of the boundary layer (Figure 6b;
reported previously.

Boundary effects

|

).

This increase in heat transfer with the Reynolds number has been
20,24-26

6.1

25

In our experiments, the Nusselt number at

The calculated lower boundary layer thickness (δ ¼ 0:37x
17

x = 1 m,



−15

Uw x
vw

, with

was equal to 37 (32 mm) for Uw = 0.1 (0.2 m/s). Therefore,

the front point was near 400 for Uw = 0.1 m/s and 500 for Uw= 0.2 m/

the horizontal section examined close to 20 mm was in the lower

s. Buyruk25 found values of Nu at the front point close to 140 and

boundary layer and did not represent a typical section of an ideal ver-

180 for ReD = 1.5 × 104 and 3 × 104. This difference may be explained

tical infinite cylinder. Because the distance between the cylinder and

as the cylinder diameter was half that used in our study, and thus the

channel boundary was great compared to the cylinder diameter, the

boundary layer thickness should be 70% of ours (from Equations 1

lateral boundary effects were negligible.23 However, our experimental

and 3:

δ22/δ12

= D2/D1). This ratio implies that the thermal gradient

setup had a relatively low water level and a small aspect ratio for our

(Equation 4) and Nusselt number (Equation 5) in Costard and Gautier16

cylinders (L/D = 70/114 = 0.6). Quarmby and Al‐Fakhri27 have indi-

represent 70% of ours. The slight differences in Reynolds and Prandtl

cated that boundary effects, such as an increase in Nu, exist for cylin-

numbers and the difference in the nature of the fluid (air instead of

ders with aspect ratios lower than 4. Chang and Mills28 investigated

water) may also explain these differences.

cylinders with aspect ratios from 6 to 12 and ReD from 6300 to 50

The effects of water stream temperature were less clear than

960 and suggested that with aspect ratios below 12, heat transfer

those of water velocity because variations in Nu(θ) with temperature

increases at the back of the cylinder but changes little on the front.

are on the same order of magnitude as the error in Nu(θ). In our exper-

This may explain the consistent values for Nu and erosion rate at the

iments, it seemed that increasing water temperature from 5 to 15°C

front of the cylinder during our repeated testing when measurements

usually caused a small increase in heat transfer (Figure 6b). Increases

were performed in the lower boundary layer of the water flow.

in water temperature should enhance the thermal gradient in the
boundary layer and thus increase heat transfer (Equations 4 and 5).
The increase of the Nusselt number with an increasing Prandtl number
was also observed by Sanitjai and Goldstein.20

6.2 | Choice of experimental flow characteristics
(ReD and Pr)
Ideally, the ReD and Pr values should be representative of water flow in

5.3 | Empirical relations for the frozen cylinder
experiment

periglacial rivers. The experimental water temperatures were 5, 10 or
15°C, similar to field conditions, and thus provide a similar Pr value.
However, the water velocity in our experimental setup could not

From our six experiments, we deduced an empirical relation between

exceed 0.2 m/s and the cylinder size was about 10 cm, much lower

Nu averaged on 0 < θ < 85°, Pr and ReD (Figure 7a, Table 1). The main

values than the river velocities measured in the field (eg, 2.5 m/s)14

difference between our study and other similar experiments is that our

and the size of natural islands (100 m). Therefore, our ReD values

cylinder was eroded, which decreased the average diameter and con-

(7000‐17 000) were much lower than values in periglacial rivers (up

sequently decreased the Reynolds number. This decrease was greater

to 107). ReD in experiments could be increased by using a fluid with a

when erosion rates were elevated in high Tw and Uw scenarios

kinematic viscosity around 10−9 m2/s. However, only gases could pro-

(Table 2). The Reynolds number decreased by 11% and 44% for Tw,

vide such viscosity values, and this would change the experimental and

Uw = (5,0.1) and (15,0.2), respectively. As the decrease in ReD varied

natural Pr. Therefore, it remains difficult to obtain realistic values for

between experiments, we decided to include the initial Reynolds num-

both ReD and Pr in such experiments. This justifies our choice of using

ber in our empirical law. We are aware that the decrease in Reynolds

materials similar to those in the field, ie, water for the fluid and ice/

number due to erosion would increase the coefficient for our empirical

sand for the cylinder, which provide a similar Prvalue. In future, it

law, ie, enhance the estimated value of heat transfer.

would be interesting to develop a numerical model with higher values

Average heat transfer Nu increases with the turbulence (ReD) and
temperature (Pr) of the flow, with an empirical relation of the form

of ReD now that our ablation model has been validated by our experiments using this new geometry.

Nu = C.ReDm.Pr0.35, as reported previously.19,20 Heat transfer is greater

The increase in water velocity in our experiments decreased the

for Nusselt averaged on the front20 (this study) compared to the cir-

value of ER when water temperature was 5°C (Figure 7b). At higher

cumference19 because the greatest heat transfer occurred at the front

temperatures, ER was not influenced by the water velocity increase

of the cylinder. The greater heat transfer observed in our study com-

simulated in our experiment. The effects of water temperature were

20

may be partly explained by differ-

predominant and ER decreased from 3.6 to 1.5 when temperature

ences in the cylinder dimensions (25.4 × 200 mm2 vs. 114 × 70 mm2

increased from 5 to 15°C for our experimental Reynolds numbers from

in our study), ReD (45 000‐90 000 vs. 7000‐15 000 in our study), and

7000 to 16 000 (Figure 7b). In the context of global warming, increases

pared to Sanitjai and Goldstein
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FIGURE 7

(a) Comparison of different Nusselt numbers characterizing heat transfer at the water/permafrost cylinder interface estimated for our
different experimental flow conditions (water velocities Uw and temperatures Tw). The Prandtl number (Pr) and the physical properties of water (νw
(m2/s) and kw (W/m/K) needed for calculating Nu and ReD are evaluated at the film temperature Tfilm.17 <Nu>an is calculated from the analytical
formulation of the average thickness of the boundary layer (Equation 3). <Nu>Ch‐Ber is the classical empirical relation averaged on the whole
circumference of a cylinder in a water cross flow.19 <Nu>Sa‐Gol (Equation 8) is the empirical relation averaged on the front part of a cylinder (θ =
0‐85°) in a water cross flow.20 <Nu>this study is the empirical relation averaged on the front of a cylinder (θ = 0‐85°) in a water cross flow with the
ablation process from this study. Calculations are done with Ts = 0°C, D = 114 mm. (b) Erosion ratio (ER) versus water temperature for different
water velocities in this study [Colour figure can be viewed at wileyonlinelibrary.com]
in water temperature may reduce the differences in erosion rates

laboratory experiments. The cylinder properties and conditions were

between the front and the sides of the islands.

highly controlled in the laboratory, enabling the derivation of an empirical law (Figure 8b). Nonetheless, frontal erosion was always greater

6.3

|

Comparison between experiments and field

than lateral erosion in the field and in the laboratory.
The higher ER value in the field (4.7) than in the laboratory (1.6)

We used the erosion ratio (ER(19 islands)1967‐2010) to quantify frontal

may be caused by several factors. First, the shape of the Lena River

vs. lateral erosion for the 19 islands averaged from 1967 to 2010. This

islands is approximately lemniscate,29 whereas the experiments used

ratio was either 5.5 or 6.7 depending on the calculation method. The

a cylindrical representation. We only examined the erosion on the

erosion rate differed between islands because some were more

front part of the fluvial islands, which is similar in shape to a half‐cylin-

exposed than others to the flow of water. Therefore, it should be more

der. The simple cylindrical shape also allowed validation of our results

pertinent to estimate ER(19 islands)1967‐2010 from a linear regression

with other similar studies, and thus an easier interpretation of the

between the front and lateral erosion rate averaged over the

experimental data. Second, it was not possible to faithfully reproduce

1967‐2010 period for the 19 islands (Figure 8a). The ER value was sim-

the thermal erosion process in the laboratory using the same Pr and

ilarly determined for the frozen cylinder experiments (Figure 8b). Dis-

ReD values representative of periglacial rivers (Section 6.2). Third, we

persion of the data was higher for Lena River islands than the

suggest that ER is controlled mainly by the island and channel config-

cylinders, probably because the island shapes, composition and flow

uration. In the field, the proximity of river banks and other islands

characteristics are much more complex in the field than in the

may prevent lateral erosion, which increases the ER, but lateral

FIGURE 8

Comparison of the erosion ratio (=frontal erosion/lateral erosion) of the Lena islands and the permafrost cylinders. (a) Frontal thermal
erosion rate averaged from 1967 to 2010 versus lateral thermal erosion rate averaged from 1967 to 2010 for the 19 islands. The averaged erosion
ratio from the linear regression between the front erosion rate and lateral erosion rate averaged for the period 1967‐2010 for the 19 islands is 4.7.
(b) Frontal thermal erosion rate versus lateral thermal erosion rate averaged for the six experiments using 19 permafrost cylinders. The averaged
erosion ratio from the linear regression between the front erosion rate and lateral erosion rate for the 19 permafrost cylinders is 1.6 [Colour figure
can be viewed at wileyonlinelibrary.com]
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boundary effects were negligible in our experiments. These interactions could be examined in field studies of additional islands to classify
ER by island position in the stream and proximity to other islands. This
could also be examined in experiments using several frozen cylinders in
the water flow to quantify the ER as a function of the cylinder
distribution.

7

|

C O N CL U S I O N S

We draw the following conclusions from our study:
1. Analysis of satellite images of 19 islands on the Lena River from
1967 to 2010 provided average erosion rates of 19.7 ± 2.6, 3.7
± 0.8 and 3.5 ± 0.8 m/year for the front, right and left sides of
the islands, respectively.
2. Experiments monitoring the erosion rates of 19 frozen cylinders in
turbulent water flow revealed that as water temperature
increased from 5 to 15°C the ER decreased from 3.6 to 1.5.
3. The higher value of ER obtained from the satellite image analysis
(4.7) compared to the laboratory experiments (1.6) is attributed to
differences in flow dynamics and island form. The complexities in
channel morphology and island configuration cannot be captured
in laboratory experiments with a simple cylinder in a straight
channel.
4. From our ablation model of permafrost cylinders, we have
established an empirical relation between Nusselt, Prandtl and
Reynolds numbers, similar to Sanitjai and Goldstein20 but with
greatest Nusselt, which shows that the process of ablation
enhances heat transfer.
5. Our well‐calibrated model may be used to investigate further the
impact of global warming on erosion and mobility of fluvial islands
in periglacial environments.
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