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Experiments on Richtmyer—Meshkov instability of quasi-single-mode interfaces
are performed. Four quasi-single-mode air/SFg¢ interfaces with different deviations
from the single-mode one are generated by the soap film technique to evaluate the
effects of high-order modes on amplitude growth in the linear and weakly nonlinear
stages. For each case, two different initial amplitudes are considered to highlight the
high-amplitude effect. For the single-mode and saw-tooth interfaces with high initial
amplitude, a cavity is observed at the spike head, providing experimental evidence for
the previous numerical results for the first time. For the quasi-single-mode interfaces,
the fundamental mode is the dominant one such that it determines the amplitude
linear growth, and subsequently the impulsive theory gives a reasonable prediction of
the experiments by introducing a reduction factor. The discrepancy in linear growth
rates between the experiment and the prediction is amplified as the quasi-single-mode
interface deviates more severely from the single-mode one. In the weakly nonlinear
stage, the nonlinear model valid for a single-mode interface with small amplitude loses
efficacy, which indicates that the effects of high-order modes on amplitude growth
must be considered. For the saw-tooth interface with small amplitude, the amplitudes
of the first three harmonics are extracted from the experiment and compared with the
previous theory. The comparison proves that each initial mode develops independently
in the linear and weakly nonlinear stages. A nonlinear model proposed by Zhang &
Guo (J. Fluid Mech., vol. 786, 2016, pp. 47-61) is then modified by considering the
effects of high-order modes. The modified model is proved to be valid in the weakly
nonlinear stage even for the cases with high initial amplitude. More high-order modes
are needed to match the experiment for the interfaces with a more severe deviation
from the single-mode one.

Key words: shock waves

1. Introduction

Richtmyer—Meshkov (RM) instability occurs when an initially perturbed interface
separating two different fluids is impulsively accelerated by a shock wave (Richtmyer
1960; Meshkov 1969). It has become increasingly significant in many applications
such as inertial confinement fusion (Lindl et al. 2014) and astrophysical problems
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(Shimoda et al. 2015). To understand this instability, extensive studies on the
interaction of a shock wave with a perturbed interface have been performed, and
several comprehensive reviews have been presented (Brouillette 2002; Ranjan, Oakley
& Bonazza 2011; Zhou 2017a,b; Zhai et al. 2018).

Previous work mainly focused on the evolution of a single-mode interface because it
is the basis for constituting complex interfaces and can be easily treated theoretically.
A multi-mode interface can be regarded as a combination of numerous modes
with different amplitudes and, therefore, it is expected that studies of the single-mode
interface can facilitate understanding of the multi-mode counterpart. Numerous models
including linear and nonlinear ones have been proposed to predict the growth rate of
a single-mode interface (Richtmyer 1960; Zhang & Sohn 1997; Vandenboomgaerde,
Gauthier & Miigler 2002; Mariani et al. 2008; Velikovich, Herrmann & Abarzhi
2014). After the shock passes through the single-mode interface, high-order harmonics
grow from zero gradually and then interact with each other in the nonlinear stage.
To predict the evolution of each mode and construct a transition from a linear
growth at early times to a nonlinear one at late times, Zhang & Sohn (1996)
proposed a fourth-order nonlinear solution based on the perturbation expansion,
and the model validity range was then extended by a Padé approximation (Zhang
& Sohn 1997). Vandenboomgaerde et al. (2002) proposed a similar approach with
accurate approximations by retaining only the terms with the highest power in time.
For the multi-mode case, Mikaelian (2005) pointed out that superposing each mode
growth independently in the linear phase is allowable if the amplitude of each mode
satisfies the small-amplitude prerequisite. Niederhaus & Jacobs (2003) also proved
that the linear stability theory can provide excellent agreement for the individual
mode amplitudes of multi-mode initial perturbations until the interface becomes
multi-valued. In the weakly nonlinear phase, provided mode coupling is absent,
Vandenboomgaerde et al. (2002) proposed a nonlinear model to predict the amplitude
evolution of each mode of a multi-mode interface. At the late nonlinear phase, the
coupling and competition effects between modes become more important such that
the flow develops into a disordered state and no theory is available in this highly
nonlinear regime. However, direct validations of perturbation or potential theory for
a simple multi-mode interface going from the linear to nonlinear regimes are scarce
but very desirable.

Previous models were proposed mainly for the interface satisfying the small-
perturbation hypothesis. As the ratio of initial amplitude to wavelength (a;/A)
increases, new flow features and growth law of the amplitude will occur. For the
single-mode interface, experiments with high initial amplitude and high shock Mach
number were conducted by Dimonte et al. (1996) and Aleshin et al. (1997). The
amplitude growth rate was found to deviate from the prediction by the impulsive
model, and this was ascribed to compressible effects. However, Rikanati et al. (2003)
and Sadot et al. (2003) believed the effect of the high initial amplitude on the
instability evolution was overlooked in the analysis above. Rikanati et al. (2003)
proposed a reduction factor to modify the impulsive theory for initial sinusoidal and
chevron shaped interfaces with high amplitude. The model matches experiments with
low Mach numbers (Rikanati et al. 2003) and also high Mach numbers (Dimonte
et al. 1996; Aleshin et al. 1997). As a result, Rikanati er al. (2003) and Sadot
et al. (2003) concluded that the high-amplitude effect is the dominant reason for the
deviation of the experimental growth rate from the impulsive theory, even at high
Mach numbers. For the multi-mode interface, Bakhrakh et al. (1995) experimentally
investigated the differences between conjugated circle arcs, ‘step-like’ and ‘saw-tooth’
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interfaces. The authors found that the growth rate of amplitude strongly depends
on the interface shape, but this dependence flattens as a;/A increases. In addition,
inclined and ‘chevron’ gas interfaces were also investigated (McFarland, Greenough
& Ranjan 2013; McFarland ef al. 2014; Luo et al. 2016; Mohaghar et al. 2017,
Guo et al. 2018), and high-amplitude effects of the initial interface on the shocked
flow were discussed. It was concluded that the secondary compressible effect on the
evolution of an interface with high initial amplitude is significant.

In this work, we design and generate four quasi-single-mode interfaces (the
fundamental mode is the most significant one among all modes of the interface),
including a circular-arc, a trapezoid, a square-waveform and a saw-tooth interface,
aiming to assess the deviation degree of single-mode models for predicting the
quasi-single-mode interface growth. For each interface, two initial amplitudes, one
satisfying the small-perturbation hypothesis and the other not, are considered. The
effects of high-order modes on the amplitude growth in linear and weakly nonlinear
phases are evaluated, and the high-amplitude effects on the flow are also highlighted.

2. Experimental method

As indicated in figure 1, five different kinds of interfaces, including a single-mode
(SM), a circular-arc (CA), a trapezoid (TR), a square-waveform (SW) and a saw-tooth
(ST) interface, are involved. For each case, the wavelength (1) is 60 mm and two
initial amplitudes, one satisfying the small-perturbation hypothesis and the other
not, are considered, respectively. The Fourier expansions of the quasi-single-mode
interfaces with small initial amplitude are presented as follows:

Yea = aip[—1.042 cos(kx) + 0.051 cos(3kx) — 0.011 cos(5kx) + - - -],
yrr = ajo[—1.163 cos(kx) + 0.159 cos(3kx) + 0.034 cos(Skx) — - - -],
Ysw = aio[—1.273 cos(kx) + 0.424 cos(3kx) — 0.255 cos(5kx) + - - -],
ysr = ajp[—0.811 cos(kx) — 0.090 cos(3kx) — 0.032 cos(5kx) — - - -],

(2.1)

where yca, Yrr, Ysw and ysr represent the Fourier expansions of the circular-arc,
trapezoid, square-waveform and saw-tooth interfaces, respectively. The Fourier
expansions of the quasi-single-mode interfaces with high initial amplitude are the
same as those of interfaces with small initial amplitudes except the circular-arc one.
In this work, the Fourier expansion of the circular-arc interface with high initial
amplitude is ycy = ap[—1.134 cos(kx) + 0.188 cos(3kx) — 0.084 cos(5kx) + - - -]. One
can observe that the fundamental mode for all the four quasi-single-mode interfaces
is the most significant one among all the modes, which means the fundamental mode
will dominate the interface evolution. For the square-waveform interface, although
the third mode has an amplitude which is nearly 33 % of its fundamental mode,
the amplitude ratio of the superposition of the fundamental mode with the third
mode over the fundamental mode is 94 %. As a result, the fundamental mode still
dominates. It can be found that some of the high-order modes in circular-arc, trapezoid
and square-waveform interfaces are opposite to the fundamental mode in sign, and
the deviation degree of these three interfaces from the single-mode one increases
successively. For the saw-tooth interface, differently, the signs of the high-order
modes are the same as the fundamental one.

To create the initial interface, taking the saw-tooth interface as an example as
shown in figure 2(a), two transparent devices with a width of 140 mm are first
manufactured using acrylic plates with a thickness of 3 mm. For the single-mode
and circular-arc interfaces, the adjacent boundaries are carefully engraved to be of a
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FIGURE 1. (Colour online) Schematics of initial interface configurations. The top
and bottom rows correspond to the interfaces with small and high initial amplitudes,
respectively. The interface shapes from the left to the right are single-mode, circular-arc,
trapezoid, square-waveform and saw-tooth, respectively. Enlargement figures show the
details of the interface. The dot represents a thin pin with a diameter of 0.148 mm to
avoid the pressure singularity at the vertex. The incident shock moves from the left to
the right.

single-mode or circular-arc shape with a depth of 0.2 mm. To restrict the soap film
to the designed shape, two thin filaments with a thickness of 0.5 mm are normally
attached to the inner surfaces of the upper and lower plates, respectively. Thus the
filament protrusion is only 0.3 mm, having a negligible influence on the flow. The
shape of the circular-arc interface is created by pieces of symmetrical arcs, and the
curvature radius of each point on the interface is the same (30.125 mm and 15 mm
for small and high initial amplitudes, respectively). For the other three interfaces,
to avoid the pressure singularity caused by surface tension at the vertex (Wang, Si
& Luo 2013), thin pins with a diameter of 0.148 mm are arranged at the vertex
to restrict the soap films. For each vertex, the number of pins is dependent on the
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FIGURE 2. (Colour online) Schematics of the creation of a saw-tooth interface (a) and
the schlieren photography adopted in the experiment (b).
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vertex angle. For the saw-tooth and trapezoid interfaces with small initial amplitude,
only one pin is used. For the trapezoid interface with high initial amplitude and the
two square-waveform interfaces, two pins are used at each vertex. For the saw-tooth
interface with high initial amplitude, three pins are used. The effects of pins at
the vertex on the shock wave movement, interface morphology and the vorticity
deposition have been investigated in previous work (Wang et al. 2013; Zhai et al.
2014) by experiments and numerical simulations. The results have proved that the
pins have little influence on the interface morphology and vorticity deposition. Note
that in previous work (Sadot et al. 1998; Jourdan & Houas 2005; Vandenboomgaerde
et al. 2018) a wire mesh was generally used to hold an interface. The pins have
similar drawbacks to the wire mesh. For example, the pins will enhance the mixing
near the vertex, supporting a modest increase in amplitude growth rate (Prasad et al.
2000), and also will introduce short-wavelength perturbations to the initial interface
(Vandenboomgaerde et al. 2018). However, compared with the wire mesh which
will block the flow significantly, the pins have limited effects on the flow because
they are only placed at each vertex. Although the pins may influence the high-order
modes, they have negligible effect on the fundamental mode (Vandenboomgaerde
et al. 2018). As a result, the effects of the pins in the present work are ignored since
the fundamental mode is dominant.

Prior to the interface formation, the filaments or the edges of the acrylic plates are
properly wetted by soap solutions (made of 78 % distilled water, 2% sodium oleate
and 20 % glycerine in mass). Then, a rectangular frame, the edges of which have been
dipped into an appropriate amount of soap solutions, is pulled along the filaments or
the edge of the acrylic plates. A soap film interface with the designed shape is then
generated on the surface. Subsequently, the auxiliary framework is gently inserted until
it is completely connected to the corresponding device. After that, the framework with
soap film on its surface is slowly inserted into the test section. To form an air/SFg
interface, air at the right-hand side of the interface must be replaced by SF¢ prior
to the experiment. For this purpose, SF¢ is injected into the test section through an
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‘Inflow’ hole, and air is gradually exhausted through an ‘Outflow’ hole, as shown in
figure 2(b). A gas concentration detector is placed at the ‘Outflow’ hole to monitor
the purity of SF¢ at the right-hand side of the interface. In the experiment, when
the volume fraction of the oxygen measured by the detector is lower than 0.5 %, the
gas inflation is stopped. Then the experiment is conducted as soon as possible to
reduce the gas diffusion. In fact, during the gas inflation process, the gas exchange
through the interface has already begun, and the gas inflation time influences the purity
of gases. Moreover, after the gas inflation ends and before the experiments starts,
the time interval also allows gas diffusion. These time intervals are difficult to keep
exactly the same for different experimental runs. As a result, the gas components at
both sides of the interface will vary a little from run to run, and the shock velocity
will change when it enters the test section although the shock tube facility has a good
repeatability. The gas components at both sides are determined by the shock velocities
and one-dimensional (1-D) gas dynamics theory as given in table 1, in which A =
(p2 — p1)/(p2 + p1) is Atwood number with p, and p; being the densities of gases at
the right- and left-hand sides of the interface, respectively. In our work, more than one
successful experimental run was performed for each case. In table 1, the subscript s
and & correspond to the interfaces with small and high initial amplitudes, respectively.
The numbers 1 and 2 represent the typical experimental runs, respectively.

Experiments are conducted in the same shock tube as previous work (Liu et al.
2018). The cross-sectional area of the test section is 140 mm x 13 mm. As a result,
the interface height is 7.0 mm because there is an acrylic plate with a thickness of
3 mm at each side in the test section. Note that the actual height of the single-mode
and circular-arc interfaces is 6.4 mm because these two interfaces are restricted by
the filaments with a 0.3 mm protrusion inside the flow field. The incident shock
Mach number measured by piezoelectric transducers mounted in the driven section is
1.20 £ 0.03 from all the measurements, which indicates that the shock tube facility
has a very good repeatability. [lluminated by a continuous light source (CEL-HXF300,
maximum power output 249 W), the shocked flow is captured by high-speed schlieren
photography as shown in figure 2(b). The frame rate of the camera (FASTCAM SAS,
Photron Limited) is 50000 f.p.s., and the exposure time is 0.37 ws. The spatial
resolution of the schlieren image is 0.28 mm pixel'. The ambient pressure and
temperature are 101.3 kPa and 293 K, respectively.

The three-dimensional (3-D) effect of a single-mode interface formed by the
soap film technique has been discussed in our previous work (Luo, Wang & Si 2013).
Because the gases on both sides of the interface are at ambient pressure, the soap film
interface formed has a zero mean curvature and the geometry can be characterized
as minimum surface (Isenberg 1992). In this work, for the two cases with small and
high initial amplitudes, the wavelength A is fixed at 60 mm, the amplitudes of the
boundary slice are 4 and 15 mm, respectively. When the interface height is 20 mm,
the amplitudes of the symmetry slices for the two cases are 2.48 and 8.42 mm,
respectively. The amplitude ratios of the symmetry slice over the boundary slice are
62 % and 56 %, respectively, indicating a significant 3-D effect. When the interface
height reduces to 7.0 mm, the amplitudes of the symmetry slices for the two cases
are 3.75 and 14.00 mm, respectively. The amplitude ratios of the symmetry slice over
the boundary slice are 93.75 % and 93.33 %, respectively. As a result, it is believed
that the reduction of the interface height can reduce the 3-D effect, and the 3-D
effect in this work is insignificant.

After the incident shock with Mach number of 1.2 impacts the interface, the flow
behind the transmitted shock can be regarded as laminar and incompressible. As a
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Case ajo a,*o//l MF1 MF2 A AT v; Uy Av
(mm) (%) (%) (ms™) (ms™") (ms)
SM; no. 1 4.0 0.067 715 944 054 0.57 355.1 189.9 70.5
SM; no. 2 40 0.067 75.0 945 055 0.58 362.3 190.5 72.4
SM;, no. 1 150 0.250 947 950 0.60 0.63 408.1 195.8 73.0
SM;, no. 2 15.0 0250 79.1 91.0 0.53 0.55 378.0 205.5 79.6
CA; no. 1 40 0.067 91.1 90.1 055 0.57 396.2 207.2 75.7
CA; no. 2 4.0 0.067 72.6 913 0.51 0.54 360.9 200.5 76.0
CA; no. 1 150 0250 68.0 952 0.53 0.56 355.0 192.0 73.4
CA, no. 2 150 0250 99.1 903 056 059 416.7 211.9 80.3
TR, no. 1 40 0.067 879 945 0.58 0.61 385.7 190.5 69.2
TR, no. 2 40 0.067 847 974 0.61 0.63 376.8 180.3 66.9
TR, no. 1 150 0.250 87.6 927 0.56 0.59 388.5 198.0 72.2
TR, no. 2 150 0250 922 914 056 0.59 397.8 203.2 73.1
SW; no. 1 4.3 0.072 84.0 940 0.57 0.60 380.3 193.0 71.7
SW; no. 2 43 0.072 845 960 0.59 0.62 381.4 187.1 70.3
SW, no. 1 150 0250 91.1 946 059 0.62 3932 191.7 69.7
SW, no. 2 150 0.250 90.8 954 0.60 0.63 392.8 189.2 67.6
ST, no. 1 40 0.067 84.0 968 0.60 0.62 376.8 182.7 67.6
ST, no. 2 4.0 0.067 927 974 0.63 0.65 393.7 181.4 64.8
STy, no. 1 145 0242 93.0 932 0.58 0.61 397.2 196.4 70.5
ST, no. 2 145 0242 959 941 060 0.62 4019 1934 69.2

TABLE 1. Experimental initial parameters for all cases: a, is the initial amplitude of
the interface; MF, (MF,) is the mass fraction of air (SFg) at the left (right) side of the
interface; A = (o, — p1)/(p2 + p1) is pre-shock Atwood number with p, and p; being
the densities of gases at the right and left sides of the interface, respectively; A™ is
post-shock Atwood number; v; is the velocity of the incident shock; v, is the velocity
of the transmitted shock; Awv is the velocity of post-shock flow. The subscripts s and
h correspond to the interfaces with small and high initial amplitudes, respectively. The
numbers no. 1 and no. 2 represent the typical experimental runs, respectively.

result, the displacement thickness of the boundary layer (§*) can be approximately
calculated by the following expression:

s =172 %, 2.2)
pAv

where x (= 100 mm measured from experiment) is the maximum distance that the
interface moves when image recording ends. For simplification, the parameters of pure
air as ambient gas and pure SFq as test gas at a temperature of 293 K are adopted
for estimation. Thus, u = 1.83 x 107> Pa's (=1.60 x 1075 Pa s) is the viscosity
coefficient of pure air (SFs) and p =1.204 kg m—3 (=6.143 kg m™) is the density of
pure air (SFg); Av (~70.0 m s7!) is the post-shock flow velocity calculated from 1-D
gas dynamics. According to (2.2), the displacement thickness of the boundary layer
is calculated to be about 0.24 mm for ambient gas and 0.1 mm for test gas, which
is much smaller than the inner height of the acrylic plates (7.0 mm). Therefore, the
effect of the boundary layer on the interface evolution is negligible.
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FIGURE 3. Schlieren pictures of a planar shock accelerating a planar air/SFg interface. TS,
transmitted shock; SI, shocked interface. Incident shock with Mach number of 1.17 passes
from left to right. The unit of the numbers is ms.

On the other hand, the motion and morphology of a planar interface after a planar
shock impact can be used to evaluate the boundary layer effect. Figure 3 shows
the typical evolution of a planar interface impacted by a planar shock performed
in this shock tube. After shock impact, the transmitted shock TS and the shocked
interface SI move uniformly. Table 2 shows the comparison of experimental results
with their theoretical counterparts in the 1-D shock—interface interaction for four
different runs. Both the velocities of the TS and the SI agree well between the
experiments and the predictions, which means that the interface motion is not
influenced significantly by the boundary layer effect, because the boundary layer
will accelerate the interface motion (Morgan et al. 2012). Moreover, the growth
of the planar interface thickness is mainly ascribed to the boundary layer effect
(Brouillette & Sturevant 1993; Vetter & Sturtevant 1995). Therefore, the growth rate
of the planar interface thickness can reflect the boundary layer effect. The larger the
growth rate, the more significant the boundary layer effect (Brouillette & Sturevant
1993; Vetter & Sturtevant 1995). The growth rate of the planar interface thickness in
case I* in Vetter & Sturtevant (1995) was 0.94 m s~', and the authors concluded that
the effects of shock-wave/boundary-layer interaction have been reduced significantly.
In our shock tube, the initial conditions in Case 1 are similar to previous work, and
the growth rate of the planar interface thickness is calculated as 0.84 m s~!', which
is even smaller than that in previous work. Therefore, it is believed that the boundary
layer effect in this work is not significant.

3. Interfacial morphology and wave pattern

The experimental schlieren images for the five air/SF¢ interfaces with small and
high initial amplitudes interacting with a planar shock are presented in figures 4
and 5, respectively. To improve the spatial and temporal resolutions, the images
are presented with only one wavelength because the interface is periodic and one
wavelength can represent the ensemble. For all cases, the moment when the shock
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Case Ma v., (ms™') v, ms™') vl (ms') v (ms)

exp

1 1.17 171.4 170.5 61.5 59.9
2 1.21 175.0 176.5 71.8 72.0
3 1.21 175.3 176.5 71.5 72.0
4 1.21 173.6 176.5 71.9 72.0

TABLE 2. Comparison of experimental and theoretical parameters in the 1-D shock—
interface interaction. Ma, incident shock Mach number, v; , and vy, respectively represent
the experimental and theoretical transmitted shock velocities, vj;, and v}, respectively
represent the experimental and theoretical shocked interface velocities.

(a) Single-mode  (b) Circular-arc  (c¢) Trapezoid (d) Square-waveform (e) Saw-tooth

FIGURE 4. Schlieren pictures of interfaces with small initial amplitude accelerated by a
planar shock wave: single-mode (a), circular-arc (b), trapezoid (c), square-waveform (d)
and saw-tooth (e). Here, a;, interface amplitude; IS, incident shock; II, initial interface.
Numbers denote the time in fs.

contacts the interface centre is defined as the initial time (z = 0). From the interface
morphologies, no obvious 3-D features are observed in the flow, which also indicates
that 3-D effects can be ignored.
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For the single-mode interface with small initial amplitude as shown in figure 4(a),
the incident shock bifurcates into a downstream-moving transmitted shock and an
upstream-moving reflected shock after it passes through the initial interface. The
interface deforms gradually because of the pressure perturbations and the baroclinic
vorticity induction. At the early stage, the spike (the heavier fluid penetrating into
the lighter fluid) and the bubble (the lighter fluid penetrating into the heavier fluid)
grow symmetrically (342 s), indicating a linear growth of the amplitude. As the
interface evolves, the high-order harmonics are generated and become significant,
destroying the symmetry of the interface evolution (582 ws). Later, the spike starts to
roll up and a pair of small vortices appears on its shoulder (1062 ps). Note that the
interface morphology captured in the present study is more accurate than previous
membrane results (Mariani er al. 2008). The spike head in this work is flat, which
is consistent with the observation in membrane experiments (Mariani et al. 2008;
Vandenboomgaerde et al. 2014), but is different from the previous membraneless
experiments (Jones & Jacobs 1997; Collins & Jacobs 2002; Jacobs & Krivets 2005)
in which the spike head is ‘mushroom-like’. As Vandenboomgaerde et al. (2014)
stated, the RM typical ‘mushroom-like’ structures on the interface are only made
possible due to a diffusion layer at the initial interface. As illustrated in figure 4(b),
both interface deformation and wave patterns in the circular-arc interface are similar
to those in the single-mode case. Differently, the vortices are generated earlier in the
circular-arc interface (~570 ws) relative to the single-mode counterpart (~882 ws)
because the incident angle 6 (the angle of the shock front with the interface) on the
circular-arc interface surface (29.86°) is greater than that on the single-mode interface
surface (22.73°), and the amplitude of vorticity deposited is proportional to sin 6.
Also, the spike head in the circular-arc case is approximately ‘mushroom-like’ due to
its larger initial interface curvature.

Figure 4(c) shows the evolution of the shocked trapezoid interface. Two pairs of
Mach reflections occur on the transmitted shock, resulting in the formation of two
Mach stems and four triple points (69 ps). The disturbed transmitted shock consists
of two Mach stems and a flat part, and quickly recovers to a planar one (349 ws). The
vortices are quickly produced from the vertex (69 ps), and are more obvious due to
the larger incident angle (30°). A crater is observed on the spike head between a pair
of vortices due to the velocity difference between the vortices and the flat part. The
depth of the crater first increases (before 589 ws), and then reduces until it disappears.
An opposite direction crater with a smaller curvature is observed on the bubble head
(149-589 ws), and this crater also disappears gradually. Similarly to the trapezoid
interface, Mach reflection occurs and a pair of Mach stems is formed (70 ws) in the
square-waveform case as presented in figure 4(d). The bubble structure is quite flat
relative to other interfaces. Because the incident angle is 90° for the square-waveform
interface, the vortices produced the vertexes are more obvious.

The evolution of a shocked saw-tooth interface is shown in figure 4(e). Different
from the work of Luo et al. (2016), the saw-tooth interface is periodic in this work,
and the effect of flat parts on both sides of the perturbed interface on the evolution
is eliminated (Luo er al. 2019). As the incident shock moves along two straight
interfaces, Mach reflection occurs quickly on the transmitted shock, and the triple
point and Mach stem are clearly observed at r = 62 ws. As the interface develops,
the bubble becomes ‘arc-like’ while the spike becomes sharper (582-1202 s). The
vortices appear at very late time, which is partially ascribed to the very small
incident angle (15°) in this case. Also, the pins used to form the vertex of the
saw-tooth interface enhance the mixing near the spike head, covering the appearance
of vortices (Prasad et al. 2000).
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(a) Single-mode  (b) Circular-arc (¢) Trapezoid (d) Square-waveform (e) Saw-tooth

FIGURE 5. (Colour online) Schlieren pictures of interfaces with high initial amplitude
accelerated by a planar shock wave: single-mode (a), circular-arc (b), trapezoid (c),
square-waveform (d), and saw-tooth (e).

Figure 5 presents the evolutions of the five kinds of interfaces with high initial
amplitude. For the single-mode case as presented in figure 5(a), after the incident
shock collides with the perturbed interface, Mach stems and triple points are formed
on the transmitted shock (62 ps). The wave patterns are more complicated compared
with the case with small initial amplitude, and the secondary compressible effect
becomes more significant for the high initial amplitude (McFarland ef al. 2013). As
the initial amplitude increases while the wavelength remains the same, the curvature
radius of the spike head decreases. The shape of the spike head gradually converts
from circular-arc to flat (587 ws) and a cavity even occurs at the spike centre
(887 ws). The scale of the cavity increases as the interface evolves. In the previous
membraneless experiments (Jones & Jacobs 1997; Collins & Jacobs 2002; Jacobs &
Krivets 2005) and high-amplitude single-mode interface experiments with membranes
(Bakhrakh et al. 1995; Jourdan & Houas 2005; Vandenboomgaerde er al. 2014), the
cavity has never been observed. To the best of the authors’ knowledge, this is the first
time that the cavity has been observed in an experiment. Note that the cavity was
observed in numerical simulations by Holmes et al. (1999), and they stated that the
formation of the cavity is due to the vorticity on the slip lines connected to the spike
centre, which causes the different flow velocities. That is to say, the cavity is closely
related to the very strong Mach reflection. Therefore, the cavity is not observed on
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FIGURE 6. (Colour online) The thickness variation of the interface for small initial
amplitude (a) and for high initial amplitude (b).

the circular-arc interface with high initial amplitude, as shown in figure 5(b), since
the Mach reflection is weak in this case, and the little vorticity deposited on the slip
lines does not obviously change the movement of the spike head. Relative to the
single-mode case, the vortices in the circular-arc interface occur earlier and are more
prominent.

The development of the trapezoid and square-waveform interfaces with high initial
amplitude is given in figures 5(c) and 5(d). Compared with the cases with small initial
amplitude, the wave patterns are more complicated and vortices are more prominent.
A crater is also observed on the spike head for both cases. However, there is no
obvious crater on the bubble head for the square-waveform interface. Both the spike
and the bubble heads have a ‘mushroom-like’ shape, while they are quite flat for the
cases with small amplitude. In the evolution of the saw-tooth interface, as shown in
figure 5(e), except for the primary vortex pair at the spike head, many small vortices
are also generated on both inclined boundaries which are ascribed to the RM and
Kelvin—Helmholtz instabilities. A cavity is formed on the spike centre (1079 ws), and
for the same reason as that in the single-mode case. Similarly, the cavity has been
also observed in many numerical simulations (Hawley & Zabusky 1989; McFarland,
Greenough & Ranjan 2011; Wang et al. 2012), but has never been found in previous
experiments, probably due to the boundary layer effect on the initial interface (Wang
et al. 2012; McFarland et al. 2014, 2015) or the wire mesh used to form the interface
(Rikanati et al. 2003; Sadot et al. 2003). Our work provides the first experimental
evidence for the existence of the cavity in the shocked saw-tooth interface.

From the schlieren pictures, one can observe that the interface has a thickness.
After the shock impact, the soap films become atomized. Due to the lower energy
deposited by the shock wave on the soap film droplets in this work, the atomization
is less efficient. The mean radius of the droplets is about 59 wm with the shock
Mach number of 1.2 according to the work of Ranjan et al. (2009). In addition, after
the shock impact, the soap film is broken, and the gases at both sides diffuse quickly,
forming an interface with a thickness. The interface thickness evolution is shown
in figure 6 for each case. From the comparison, the interface appears significantly
thicker in trapezoid, square-waveform and saw-tooth interface images. Several reasons
may account for this change. Firstly, the thin pins used at each vertex to avoid
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the pressure singularity in these three interfaces will enhance the mixing near the
vertexes (Prasad et al. 2000), resulting in a thicker interface. Secondly, the thin pins
will somewhat impede the interface movement and increase its thickness. Thirdly,
for these three interfaces, the initial interface height is 7.0 mm. However, for the
single-mode and circular-arc interfaces, the actual initial interface height is 6.4 mm,
as described above. More soap film droplets may result in a thicker interface. As
the interface develops, the initially invisible small perturbations on the interface will
also develop. Although these small perturbations have limited effects on the interface
morphology, their development will increase the interface thickness. As a result, the
interface thickness grows gradually for all cases.

4. Amplitude growth in the linear stage

The experimental linear growth rates of different interfaces (v..,) are obtained by
linear fitting of the experimental data before the growth rate reduces. For single-mode
interfaces, the previous work (Niederhaus & Jacobs 2003; Liu et al. 2018) indicated
that the impulsive model (Richtmyer 1960) can provide an accurate prediction of
amplitude growth rate of the interface when a;/A4 is sufficiently small (<0.05).
However, when a; /A is larger than 0.05, its prediction gradually deviates from the
experiment as a,)/A increases (Rikanati et al. 2003; Dell et al. 2017). Therefore,
in order to give an accurate prediction for the single-mode interface in this study,
because the initial a,/A is larger than 0.05, the impulsive model is modified by
multiplying by a reduction factor R:

Ve = RkAvA™ a}, 4.1)

where vy, is the theoretical amplitude growth rate predicted by the modified impulsive
model and aj; =a;(1 — Av/v,) is the post-shock amplitude. In this work, for the case
with small initial amplitude, R is 0.9 which is approximately the theoretical value
discussed by Buttler et al. (2012). However, for the case with high initial amplitude,
R is 0.32 which is much smaller than the theoretical value (~0.7). The failure of
the theory to predict the reduction factor for high initial amplitude is believed to
be caused partially by ignorance of the secondary compressible effects. As a;/A
increases, secondary compressible effects (shocks reflected from the upper and lower
initial interfaces as well as the walls) become stronger and more vorticity is deposited
on the interface, resulting in the suppressed linear growth rate of the interface and the
earlier appearance of nonlinear growth of the interface perturbation (McFarland et al.
2013). Based on the reduction factor R, both v,,, and v, are listed in table 3 for all
cases. Note that because the modified impulsive model can predict the single-mode
interface evolution well, to highlight the deviation degree of the quasi-single-mode
interface from the single-mode one, ay is still adopted in the theoretical prediction of
the linear growth rate for all the quasi-single-mode interfaces. A ratio v, defined as
U = V,y»/Ume, 1S also given in table 3 for each case. In fact, ¥ represents the deviation
degree of the quasi-single-mode interface from the single-mode one. As the initial
interface gradually deviates from the single-mode one, the discrepancy between the
prediction and the experiment is amplified. Specifically, the model underestimates the
growth rate of the saw-tooth interface, while overestimating the growth rate of the
other three interfaces.

To illustrate the role of the fundamental mode in the linear stage, 1/c;, with ¢
being the coefficient of the fundamental mode in (2.1), is calculated and listed in
table 3 for each case. The comparison of 1/¢; with ¥ indicates that although the
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Case Vep (M 871 vy, (m s7h) D 1/c
SM; no. 1 12.05 + 1.19 12.08 1.00 £ 0.10 1.00
SM; no. 2 12.63 + 1.27 12.58 1.00 £ 0.10 1.00
CA; no. 1 1203 £+ 1.29 13.27 091 £+ 0.10 0.96
CA; no. 2 1132 £+ 1.34 12.17 0.93 £+ 0.10 0.96

For small amplitude TR; no. 1 11.80 £ 1.29 13.23 0.89 £+ 0.10 0.86
TR, no. 2 12.02 + 1.28 13.19 091 £+ 0.10 0.86
SW,; no. 1 10.88 £ 1.26 14.30 0.76 £+ 0.09 0.79
SW; no. 2 1141 £+ 1.29 14.60 0.78 £ 0.09 0.79
ST, no. 1 1540 + 1.28 13.09 1.18 £ 0.10 1.23
ST, no. 2 16.03 &+ 1.29 13.34 1.20 £ 0.10 1.23

Case Vp (m 871 vy, (m s7h) ] 1/c
SM,, no. 1 18.81 £ 1.31 19.12 0.98 £ 0.07 1.00
SM,, no. 2 17.78 £ 1.27 17.50 1.02 £ 0.07 1.00
CA, no. 1 14.55 £+ 1.17 16.47 0.88 £ 0.07 0.88
CA;, no. 2 17.96 £ 1.39 19.36 0.93 £+ 0.07 0.88

For high amplitude = TRj, no. 1 16.89 + 1.21 17.45 0.97 £ 0.07 0.86
TR, no. 2 16.80 £ 1.21 17.63 095 £+ 0.07 0.86
SW;, no. 1 1557 £+ 1.25 17.81 0.87 £+ 0.07 0.79
SW;, no. 2 14.60 £ 1.20 17.63 0.83 £+ 0.07 0.79
ST, no. 1 25.06 £ 1.26 17.13 1.46 £ 0.07 1.23
ST, no. 2 2395 £+ 1.26 17.36 1.38 £+ 0.07 1.23

TABLE 3. Comparison of linear growth rate of different cases: v, is the experimental
velocity obtained through linear fitting, v, is the theoretical velocity calculated by the
incompressible theory of Richtmyer (1960) and ¥ = v.,/vs.; ci is the coefficient of the
fundamental mode in the Fourier expansion.

initial interface deviates from the single-mode one, the fundamental mode of the initial
interface determines the linear growth rate in all cases because the fundamental mode
is dominant, and the effects of high-order modes can be ignored in the linear stage.

5. Amplitude growth in the nonlinear stage

The amplitude growth as well as the evolutions of the spike and bubble are
considered as shown in figures 7 and 8, respectively, for the small and high initial
amplitude cases. The time is normalized by kv,,,(t — t*) with #* being the characteristic
time for the startup phase. According to Lombardini & Pullin (2009), #* can be
calculated by the following expression:

p_L(1oar g 51
S 2%k \vy+Av vy —Av)’ ‘

where v, and v, are the velocities of the reflected shock and transmitted shock,
respectively. The amplitude is scaled as k(a; — af) where a is the corresponding
experimental amplitude at #*. For all cases, the values of t* and a; calculated from
(5.1) are provided in table 4. In experiments, the centre of the material layer, defined
as the average position of the two boundaries, is considered as the interface boundary,
and the error bars result from the thickness of the material layer. The dimensionless
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FIGURE 7. (Colour online) Comparisons of the dimensionless amplitude of the interface
(a) and of the bubble and spike (b) for all interfaces with small initial amplitude.

Case SM; SM, CA; CA; TR, TR, SW, SW, ST, ST,
no.1 no.2 no.l mno.2 no.l no.2 mno.l1 no.2 mno. 1 no. 2

* 693 709 653 657 689 7377 683 72.0 73.2 72.3
ar 341 377 354 347 454 457 389 395 4.25 3.99

1

Case SMh SM;, CAh CA;, TRh TR;, SW;, SWh STh STh
no.l1 no.2 no.l1 no.2 no.l mno.2 mno.l no. 2 no.l no. 2

r 68.0 668 694 614 681 621 70.6 66.5 71.5 67.2
a; 124 123 12.7 12.5 134 134 129 128 13.5 134

i

TABLE 4. Values of t* and 4} in all cases, and the units are s and mm, respectively.

amplitude for different interfaces at the initial time is scaled at one point and the
linear stage of perturbation growth is normalized. For the cases with small initial
amplitude, as shown in figure 7(a), it can be found that the saw-tooth interface has
the largest amplitude in the nonlinear stage (after dimensionless time about 0.5),
while the other three quasi-single-mode interfaces have a smaller amplitude than the
single-mode interface. This can be explained by their Fourier expansions. Compared
with the single-mode interface, all the initial high-order modes in the saw-tooth
interface have the same sign as the fundamental one and promote the perturbation
growth, while the main high-order modes in the other three cases have an opposite
sign to the fundamental one and inhibit the perturbation growth. However, for the
cases with high initial amplitude, as shown in figure 8(a), the amplitude of the
single-mode case seems relatively smaller than the quasi-single-mode interfaces. This
amplitude reduction in the single-mode case is caused by the cavity formed at the
spike head of the single-mode interface with high initial amplitude, as discussed
before.

Comparisons of the dimensionless spike width (a,) and the bubble width (a,) are
presented in figures 7(b) and 8(b). The dimensionless a; of the saw-tooth interface
is the largest among all cases because the curvature radius of the spike structure is
infinitesimal. The dimensionless a, for all cases are quite close to each other and
increase gradually. For the trapezoid and square-waveform interfaces with small initial
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FIGURE 8. (Colour online) Comparisons of the dimensionless amplitude of the interface
(a) and of the bubble and spike (b) for all interfaces with high initial amplitude.

amplitude, the dimensionless a,, is almost unvaried after the dimensionless time of 1.2.
At the late time evolution, as shown in figures 4(c) and 4(d), the curvature radius of
the bubble head is almost infinite. According to the relationship between the amplitude
a; and the curvature radius R; of the interface, 1/(kR;) = —9%a;/dx*, the amplitude
growth rate approaches zero when the the curvature radius is infinite.

The amplitude variations with time for the five cases are further compared with the
prediction from the nonlinear model developed by Zhang & Guo (2016) (ZG model).
For the single-mode interface evolution, the ZG model is expressed as

_ Uk
. 1 + akvget’ (5.2)
where
., 3 (14+ADHGB+AY) 4G +AN)+V20+AN(1+AD)7)
“=3 . (5.3)
43+ AT +V2(1+AN2I[B+AT)2+24/2(3 — AT (1 +AH)1/2]

with the positive Atwood number for bubbles and its negative counterpart for
spikes with the same density ratio and v(¢) the growth rate at time ¢. As shown
in figure 7(a) for the interfaces with small initial amplitude, the ZG model gives a
good prediction for the evolution of the single-mode interface. However, the model
slightly overestimates the growth of the circular-arc, trapezoid and square-waveform
interfaces. A worse prediction of growth is observed for the saw-tooth interface
because of the existence of a kink- singularity which will accelerate the spike
growth. The failure of the model in predicting the behaviour of the quasi-single-mode
interfaces indicates that it is necessary to evaluate the effect of initial high-order
modes on the perturbation growth in the weakly nonlinear stage. For the interfaces
with high initial amplitude, as shown in figure 8(a), the ZG model overestimates the
growth of the single-mode interface in the nonlinear stage due to the formation of the
cavity that reduces the amplitude. As a result, the failure of the model at late stages
is caused partially by the secondary compressible effect. Occasionally, the ZG model
works well for the trapezoid and square-waveform interfaces. One possible reason
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is that the effects of initial high-order modes increase when the initial amplitude is
large, and significantly change the growth rate.

For a single-mode interface, as the interface evolves, the fundamental mode will
generate high harmonics. Zhang & Sohn (1997) proposed a model (ZS model)
previously to predict the amplitudes of the first four harmonics. For a multi-mode
interface, except for the fundamental mode, the high-order modes also exist on the
initial interface. For an initially periodic interface, only odd-order modes exist on
the initial interface. The even harmonics are generated as the interface develops
from the initial odd-order modes and the coupling among them. Taking the first three
harmonics in the present work for example, the fundamental and third modes exist on
the initial interface. As the interface develops, the fundamental mode will generate the
second and third harmonics. If mode coupling is considered, the coupling between
the initial fundamental and third modes will also generate the second harmonic
(Vandenboomgaerde et al. 2002; Di Stefano et al. 2015). To highlight the effects
of high-order modes on amplitude growth, a Fourier analysis is performed here.
Benefiting from the current method of interface formation, the high-quality schlieren
pictures facilitate an accurate extraction of the interface contours with a simple
image-processing program according to previous work (Liu er al. 2018). For the
saw-tooth interface with small amplitude before the appearance of vortices, the
amplitude growths of the first three harmonics are obtained from the experiment, as
shown in figure 9. The amplitudes of the other higher harmonics from the experiment
are neglected because they are quite small, and the errors are significant. For the
first and second harmonics, the predictions from the ZS model are also given for
comparison. The amplitude of the second harmonic in the experiment can be well
predicted by the ZS model, which indicates that the second harmonic is generated
only from the fundamental mode, and the coupling among initial fundamental and
third modes is absent or weak enough that can be ignored during the time studied.
For the third harmonic, except for the one initially existing on the interface, the
one generated from the fundamental mode also contributes to the amplitude growth.
For the amplitude of the third harmonic generated from the fundamental mode, the
prediction from the ZS model shows that it maintains a very small value throughout
the experiment duration, confirming the previous viewpoint (Liu et al. 2018) for the
single-mode interface. The expression which was proposed to predict the amplitude of
the first mode in the ZS model is also adopted to predict the amplitude of the initial
third mode with the corresponding frequency, the initial amplitude aj c; and initial
velocity v,,, c3 With c¢3 being the coefficient of the initial third mode in (2.1). Figure 9
shows that the prediction of the initial third mode from the ZS model coincides well
with the experimental result. This fact also indicates that the initial odd-order modes
develop independently, which agrees with the statement by Mikaelian (2005) that
each mode will grow linearly and independently at early times before mode coupling
becomes significant.

In figure 9, the global amplitude evolution from the experiment for the saw-tooth
interface is also presented. Through comparison, one can find that the fundamental
mode plays a dominant role in the amplitude growth. As the interface evolves, the
discrepancy between the amplitude of the fundamental mode and the global amplitude
is amplified, which means that the effects of the high-order modes on the amplitude
growth must be considered. To predict the amplitude growth in the weakly nonlinear
stage of the quasi-single-mode interface, the ZG model initially proposed for the
single-mode interface is modified by considering the effects of high-order modes
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FIGURE 9. (Colour online) Perturbation amplitude variation of the first three harmonics
for the saw-tooth interface with small initial amplitude. The symbols represent the
experimental results. The dashed, dash-dot and dotted lines represent the predictions of
the first, second and third harmonics from the ZS model, respectively. The dash-dot-dot
line represents the prediction of the initial third mode from the ZS model.

according to the linear superposition principle proposed by Mikaelian (2005). The
modified model (mZG model) can be expressed as

Z Con—1Vihe/Ci
= N :1,2,3,.... 54
0 1+ (2n — Dakcy,—1vpe/cit . ©b

n
Based on this model, the growth rate of each initial high-order mode can be
obtained, and their linear superposition can result in the final growth rate of
the quasi-single-mode interface. The predictions by the mZG model for the four
quasi-single-mode interfaces with small and high initial amplitudes are presented
in figure 10. In the present study, we choose to superimpose the smallest number
modes to predict the experimental data until the prediction matches the experimental
result (generally the difference between the prediction and the experiment is less
than 3 %). For the cases with small initial amplitude, the superposition of the first
three modes can give a reasonable prediction of the amplitude in experiment for
the circular-arc interface, while a good prediction is only achieved for the saw-tooth
interface after summing the first 49 modes. For the saw-tooth interface where only
negative terms exist, adding more modes will not substantially alter the results
after the prediction matches the experiment, i.e. the superposition over the modes
converges asymptotically. For the interfaces where both positive and negative terms
exist, after the prediction matches the experiment, adding more modes will alter the
prediction, especially for the modes with relatively large coefficients. However, as the
order of the mode increases, its coefficient becomes smaller and the effect on the
prediction is gradually weakened. In other words, the superposition over the modes
also converges but in an oscillatory way. For the cases with high initial amplitude,
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FIGURE 10. (Colour online) Comparison of the dimensionless amplitude in experiments
with the prediction from the modified ZG model for the quasi-single-mode interfaces.
Circular-arc (a), trapezoid (b), square-waveform (c¢) and saw-tooth (d).

generally, superimposing more modes is needed to match the experiment, because the
effects of high-order modes are significant as a;y/A increases. More high-order modes
needed in the model to match the experiment illustrates more severe deviation of
the interface from the single-mode one. Although the ZG model fails to predict the
amplitude of the single-mode interface with high initial amplitude at nonlinear stages,
the superposition over the modes can still provide a satisfactory prediction of the
experiment amplitude for the quasi-single-mode interfaces. For the square-waveform
interface with high initial amplitude, note that the modelled growth rate does not
start from the origin. The startup time in the experiment is so long (~200 ws) that
equation (5.1) in invalid (the prediction is ~70 s), probably due to the complicated
wave patterns in the square-waveform interface. As a result, the amplitude is predicted
when the interface enters the linear phase in the experiment. The mZG model provides
a satisfactory prediction of the experiments, which verifies that the coupling among
different initial modes can be ignored when the fundamental mode is dominant as is
the case in this work, especially for the small initial amplitude.

6. Conclusions

Shock-tube experiments on the Richtmyer—Meshkov instability of quasi-single-mode
air/SFg interfaces are performed to evaluate the effects of high-order modes on the
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amplitude growth in the linear and weakly nonlinear phases. A single-mode interface
and four quasi-single-mode interfaces, including a circular-arc, a trapezoid, a square-
waveform and a saw-tooth, are created by the soap film technique. For each case, two
initial amplitudes, one satisfying the small-perturbation hypothesis and the other not,
are also considered to highlight the effects of high amplitude.

For the single-mode interface with small initial amplitude, the present experiment
provides clearer images than previous work. The spike head is flat, but not the
‘mushroom-like’ shape which is ascribed to the diffusion layer at the initial interface.
For the trapezoid and square-waveform interfaces with small amplitude, vortices
are quickly produced from the interface vertexes after the shock passage. Due to
the velocity difference between the vortices and the post-shock flow, a crater is
formed on the spike head as well as on the bubble head. The scale of the crater
first increases and then reduces until it disappears. Finally, the heads of both the
bubble and spike become quite flat. For the single-mode interface with high initial
amplitude, a flat spike head is also observed and a cavity is even created. For the
trapezoid and square-waveform interfaces with high amplitude, the crater is not
obvious and the heads of both the bubble and spike are ‘mushroom-like’. For the
saw-tooth interface with high amplitude, a cavity is also observed at the spike head.
We point out that the cavity observed in the single-mode and saw-tooth interfaces
has been observed in previous numerical simulations, but has never previously been
observed in experiments. This work provides the first experimental evidence of the
cavity formation in the shocked interface.

The linear growth rates of the amplitude obtained from the experiments are
compared with the predictions from the impulsive model with a reduction factor.
As the interface shape gradually deviates from the single-mode one, the discrepancy
between the experiment and the prediction is amplified. For the quasi-single-mode
interfaces, the fundamental mode dominates the initial interface and, subsequently,
determines the amplitude linear growth and high-order modes have negligible effect.
In the nonlinear stages, for the interfaces with small amplitude, the nonlinear model
which was proved to be applicable for single-mode interfaces loses efficacy for the
quasi-single-mode interfaces, which indicates that the effects of high-order modes on
the amplitude growth must be considered. Based on the accurate interface contour
obtained, the amplitudes of the first three harmonics for the saw-tooth interface are
extracted from the experiment and compared with the predictions from the ZS model
(Zhang & Sohn 1997). The comparison proves that the coupling among different
initial modes is so weak that it can be ignored. Therefore, each initial mode develops
independently during the weakly nonlinear stage. As a result, the final growth rate of
the quasi-single-mode interface can be obtained by linear superposition of the growth
rate of each initial mode. Based on this principle, the nonlinear ZG model proposed
by Zhang & Guo (2016) is modified by considering the effects of high-order modes
to predict the growth rate of the quasi-single-mode interface. The modified nonlinear
model is proved to be valid in the weakly nonlinear stages. For the single-mode
interface with high amplitude, the ZG model fails at late stages due to the secondary
compressible effects. Fortunately, the modified nonlinear model can also provide a
satisfactory prediction of the amplitude of the quasi-single-mode interfaces with high
initial amplitude. In the modified model, more high-order modes are needed to match
the experiment as the deviation of the interface shape from the single-mode one is
more pronounced.
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