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OSCILLATION RIPPIE MARKS OF HIGHLY VISCOUS FLUIDS 

By Masafumi Kamachi* and Hiroyuki Honji** 

Ripple marks of highly viscous fluids similar to those of sands have 
been observed to form under oscillating water in a closed-type flume, when 
a parameter R(=Iv江／v)is less than a certain critical value, g being 
the acceleration due to gravity, v the kinematic viscosity of highly viscous 
fluids, and L the wavelength of ripple marks. On the basis of the damp・ 
ing theory of gravity waves, the region of R for the formation of ripple 
marks is determined. 
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1. Introduction 

Formation of oscillation ripple marks (ripples under oscillatory flow) 
is common to the nearshore sea-floors, where the influence of waves is 
pronounced, and well documented (Kommar 1)). Quite naturally, most 
investigations have been concerned only with sand ripples; the granulation of 
bed materials has been considered important for the ripple mark formation. 
Based on the idea, however, that the ripple marks may be nonpropagating 
'frozen'waves on the surface of a single fluid layer, we have considered a 
possibility that they may also form on the surface of nongranular highly 
viscous continuum materials under oscillating water. We report the results 
of experiments for testing out this possibility in § 2. In § 3, we examine 
a critical condition of nonpropagating surface waves using a dispersion rela-
tionship. In § 4, we compare the results of experiments with those of a simple 
theory of damping of gravity waves, and consider a limitation of the results. 

2. Experimental methods and results 

Experiments were performed using a closed-type flume with a 15 x 15cm 
rectangular cross section; its middle horizontal portion 60cm long was used 
as a test section illustrated in Fig. 1. A uniform layer of a highly viscous 
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Fig. 1 Schematic diagram of experimental set-up. 
(a) test section, (b) end plates, (c) piston. 

(a) 

(b) 

Fig. 2 (a) Ripple marks of glycerin (unit in cm). A glycerin layer 
is seen on the white bottom wall of the flume seen on 
the same level as the scale. v=9. 7crrやs-1.d=O. 60cm. 
(b) Ripple marks of silicon-oil (unit in cm). 
v =2. 9cm's―1. d=O. 50cm. 

nongranular material (heavy silicon-oil or pure glycerin) was made over the 
bottom wall of the test section, which was filled fully with water. This 

overlying water was oscillated harmonically in the direction of the horizontal 

interface between two fluids by using a motor-driven piston. The kinematic 

viscosity of lower layer fluids v ranged from 0. 47 to 13 cm's―1. The angular 

frequency of water oscillation w ranged from 3. 8 to 16 rads―1, and the 

maximum velocity of water oscillation U from 1. 8 to 21 cms―1. The depth 

of the lower layer d was varied between 0. 30 and 2. 2 cm. A 35 mm  camera 
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OSCILLATION RIPPLE MARKS OF HIGHLY VISCOUS FLUIDS 3 

was used to take photographs of the distortion of fluid layers, from which 
ripple wavelengths were measured. 
It has been observed clearly that the oscillating ripple marks of highly 
viscous fluids form in a similar way as those of sands form. Two examples 
of those are shown in Fig. 2, where the direction of water oscillation is left 
and right. In Fig. 2(a), induced secondary streaming is seen in the lower 
layer of glycerin. Figure 2(b) shows similar ripple marks of silicon-oil. 

3. Calculation of critical conditions of a single fluid layer 

The aforementioned idea of regarding the ripple marks as nonpropagat-
ing waves leads to the consideration that such waves may form only when 
the waves would damp monotonically unless the underlying fluid layer 
were excited continuously. Therefore we consider the monotonically damp-
ing waves on the surface of a single fluid layer at rest as a whole, and 
assume that no surface tention works effectively at the surface. The condi-
tion of wave damping may be provided by using the dispersion relationship 
for surface gravity waves. However, previous calculations of the wave 
damping coefficients are valid only for small values of v (Krauss 3l). Based 
on the Navier-Stokes equations, we derive the dispersion relationship for 
two-dimensional small amplitude surface gravity waves on the surface of 
highly viscous fluids. 

Y
 

nL 

-d 

Fig. 3 Definition sketch. 

Figure 3 shows a definition sketch of a horizontal layer of the fluid 
which is bounded by an infinite plane at the depth of d. The symbols））， 
p, L, and刀L are the kinematic viscosity of the fluid, the. fluid density, 
wavelength and an initial displacement of the free surface, respectively. 
The flow is considered two-dimensional. We consider the gravity waves, 
of which the amplitude is so small that we may linearize the Navier-Stokes 
equations. 
We introduce the following dimensionless quantities 
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where t is the time, u the horizontal velocity, v the vertical velocity, P the 
pressure in the fluid. Using these quantities and the stream function匹
the basic equations are 

町砂 1（が 82)°” 
綺 y=―加「＋で函：＋而言’

a2ダ ＾ 
aてax- =-1-迎＿只翌十~)~ay R aが ay2)ax 

(2) 

(3) 

where R=✓gf;L/)J． 

The boundary conditions for巧 atthe bottom y=-H(=-d/L) are 

8可
8x 
=0, 

a1Jl' 
ay =0. 

The boundary conditions at the free surface Y=11 are 

がり がダ
8y2 8が =0, 

P+ 
2 fj2ダ
R 紅約 =0, 

(4) 

(5) 

(6) 

(7) 

which mean that the tangential and normal stresses must vanish there. 
The kinematic condition is 

勧 8び
＝ー・81: - fJx (8) 

We assume thatぴ isa plane wave solution as 

穿＝f（y)et(K，，ー•て）， (9) 

in which f(y) is a function of y, k=2ir, a=ad,✓羞＝む＋ia、 (6T, 6、;
numbers), ar is the angular frequency, and a, is the decay or growth rate 
of a surface gravity wave and suffix d denotes a dimensional quantity. The 
possibilities of a wave propagating in the negative x-direction and a standing 
wave are not necessary for this calculation, because these types are the 

real 
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same as eq. (9) when a wave is the non-propagating one（広＝0).
We have the dispersion relationship 

A+ B sinh kH sinh mH + C sinh kH cosh mH 
+D cosh kH sinh mH+E cosh kH cosh mH=O, (10) 

in which 

4mk2 
A=- （m互卜が），
R 

k B=---{(m2+Kデ十4がmザ，
R 

C=mkR, 

D =-k2R, 

E=悶｛（m2土）2+4kザ，

m2＝が一i1JR• (11) 

When R→十=, (11) becomes the well-known dispersion relationship of an 
inviscid fluid. 

4. Results and discussions 

Considering the monotonic damping of the waves, we put 1J,.=O and 
obtain the region of wave damping corresponding to釘<0(6戸 0)from eq. 
(10), as shown (shaded) in Fig. 4. 
Before we discuss the meaning of this figure, we turn our attention to 
the two special cases of eq. (10). (i) When H→0, eq. (10) has the real 
solution 15..(<O) for all the values of R, and hence the asymptote of the 
boundary line of the regions having the solution is H=O when R→十oo. The 
long wave (ripples) are formed in spite of the large value of R (i. e. the 
small value of立）， becausethe'bottom friction'(LighthilJ'l) is intence when 
the depth of ths lower layer is small. (ii) When H→十oo, we put cJ,.=0 
and the condition for having the real solution巧(<O)is obtained approxim-
ately as RS::12. 0. This region shows the'internal dissipation'(Lighthil14l). 
When R~l and H'j:>1, all waves are non-propagating ('frozen'), because 
R~l means that a relaxation time of viscous dissipation (Lり,.,)is smaller 
than that of the restoring force(✓rfg). This result coincides with that of 
Landau and Lifshitz 3l. 
In Fig. 4, the marks for the ripple marks are included in the region 
obtained using the theory of wave damping, and the marks for three-dimen-
sional ripple marks are approximately in the vicinity of the boundary of the 
reg10n. 
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Fig. 4 Comparison between experiments and theory; the region 

for釘<0and a,=0 is shaded. 
O, glycerin ripples;口， silicon-oilripples; 
△,three-dimensional silicon-oil ripples. 

In a two-layer fluid system, because the effect of gravity (g) reduces 
4p 
p g(=g*) where Ap is the difference of densities between upper and lower 

layers, the situation of Lツペ✓LIg函 is likely to occur. The shaded region in 

Fig. 4 may be extended. 
In the experiments, wave field varies with time periodically (under oscil-
latory flows). When this time scale is larger than the damping time scale 
of waves, the theory may be useful. 
In conclusion, the oscillation ripple marks form even on the surface of 
nongranular materials, and the theory of viscous wave damping seems valid 
for estimating approximately the region of R for the formation of highly 
viscous ripple marks. 
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