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ABSTRACT

Internal waves are abundant in stratified environments such as the atmosphere and the ocean. In this paper, the
internal waves and turbulent wake effect of a cylindrical body in a linear stratified environment is investigated.
In a glass tank with dimensions 3x1x0.5 (m), a linear stratification with buoyancy frequency (N) equal to 0.51
per second, was set up. Then a cylindrical body with 6 cm in diameter and 45 cm at length was towed in the
fluid, using a computer controlled system. While changing the Froude (from 0.16 to 1.5) and Reynolds numbers
of the flow, the effects of these changes were examined on the formation of the internal waves and wake of the
cylinder. The internal waves generated were studied using shadowgraph technique and signal fluctuations were
recorded. The results show that the presence of internal waves depend on changes of buoyancy frequency (N),
Froude numbers, and Reynolds numbers of the flow. It was also found that with an increase up to the critical
Froude number, the activity of internal waves and their wavelengths enhanced. Also, irregular long and short
waves as well as turbulence of the environment were observed in the range of supercritical Froude numbers. In
this study, the signals are recorded in domains of frequency and statistics. Using an ultra-fast salinity meter
(densitometer) for recording signal frequencies it was found that increasing Froude number results in more
combination of frequencies occurred in the environment. Based on the results of current experiments and
previous studies, an equation was extracted to calculate the wavelength by parameters like velocity of body,
maximum frequency value and propagation angle. The energy of wave spectrum increased up to a critical
Froude number, and then decreased due to turbulence. The statistical distribution of signals recorded in most
of the scenarios was normal.

Keywords: Density stratification; Internal waves; Shadowgraph imaging technique; Salinity signal
fluctuations; Froude number; Spectral analysis.

NOMENCLATURE
A amplitude of oscillation N buoyancy frequency
Anls analysis n the nth vertical mode
C a constant Re Reynolds number
D length of the body in horizontal direction U velocity of underwater body
F external forces VDP Vertical Density Profile
f coriolis parameter w vertical velocity
fm maximum frequency value WLT  Wave Length In Theory
Fr Froude number WLE Wave Length In Experiment
g gra_vnatlonal acceleration 0 angle of wave number with horizontal
H fluid depth N wavelength
h pody thickness v kinematic viscosity
IWs intenal waves 0 density
K wa\_/enumber vector x i
Kn horizontal wave number ® internal wave angular frequency
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1. INTRODUCTION

Nowadays, the study of internal waves (IWs) is one
of the most basic studies of oceanography and fluids
dynamics, due to its importance with various
applications such as estimation of energy transfer
and detection. IWs are the factors responsible for the
formation of layered structures in marine
environments. Schlosser et al. (2019) described
vertical transport of energy as one of the functions of
IWs and mentioned that wind is a major factor
responsible for the formation of these waves;
according to them IWs can propagate at least
hundreds of kilometers from their source. Regarding
the usage of IWs’ detection, it should be said that, in
the design of underwater bodies, they make them
invisible to sound waves and to some extent
electromagnetic ~ waves, but the changing
hydrophysical parameters of the environment
caused by moving underwater bodies cannot be
reined. In order to identify them, it can be very
helpful to use the changes of the hydrophysical
parameters, such as IWs and turbulent wake, created
by moving subsurface bodies.

For the first time, Ekman (1904) identified IWs
generated by the motion of a ship. Sutherland and
Linden (2002), Aguilar et al. (2006), and Bidokhti et
al. (2016), have used various methods for formation
of IWs by creating glass water channels with
different dimensions and they have measured and
studied the physical features of generated IWs. Some
of these studies have been conducted on the
feasibility of specific channels in experimental
research.

Numerous studies have been conducted to
investigate IWs and turbulent wake in the continuous
or stepped stratified fluids. Both in nature and
engineering, flow around bodies in the stratified fluid
is found in forms of IWs, turbulent wake and
dispersion (Thorpe, 2005). Bonneton et al.
conducted an experiment to generate IWs in a
stratified fluid using a spherical model and found that
in a density-stratified environment like the ocean
thermocline, the motion of submarine body can
generate IWs that can propagate for kilometers
(Bonneton et al. 1993). Dotsenko and Savoskin also
studied IWs generated by moving a two-dimensional
body in a stratified fluid and found out that the
interaction of IWs generated by the motion of a body
can generate large-scale IWs in the ocean (Dotsenko
and Savoskin, 1994). In another experimental study,
Stevenson et al. investigated the motion of a
cylindrical body in a stratified fluid and observed
IWs generated by this motion. They used ray theory
to figure out IWs can get trapped in the (stratified
part of) fluid (Stevenson et al. 1986). Also, Swain
conducted an experimental study and investigated
detection techniques of underwater bodies and
identified the turbulence wake and IWs generated by
the motion of subsurface bodies using optoelectronic
methods and he stated that the type of the wake and
IWs generated in these environments can depend on
the body moving in the environment (Swain and
Trinath, 2012). Abdilghanie and Diamessis studied
the nonlinear effects of IWs generated by the
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turbulent wake with  numerical

two-dimensional  state changed as

2018).

Regarding that the previous studies have not
experimented on the received signals from wake and
IWs, the objectives of this survey are to: (i)
investigate the wake behind a cylindrical body in
linearly stratified
images using the
shadowgraph technique and analyzing the recorded
signals of the fast-response salinity meter sensor in
frequency domain and statistical domain, (ii) study
different flow regimes based on the internal waves
generated, by taking the physical parameters of the
body and the flow into account, and (iii) provide an
empirical relation between the speed of the body and
internal wavelength by analyzing recorded signals.

different Fr numbers in a
environment via recording

2. SOME THEORY

The linear theory by Gill is used to show the decay
relation of the motion of internal waves in a stratified
fluid as follows (Gill 2016; Filonov and Trasvifia,

2000; Leder 2002):

K 2
@® = NZ[?") =N?cos?0

Where:
® = the angular frequency of a wave

N =buoyancy frequency of the atmosphere

Kp = (K, Ky) = the horizontal wave number
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modeling
(Abdilghanie and Diamessis, 2013). Ohya et al.
investigated the wake of a moving cylindrical body
in a stratified fluid and reported that the frequency of
separation of the vortices from the body and their
density
stratification increased (Ohya et al. 2013). Wong and
Griffiths also showed the presence of shear currents
along with the flow field of IWs in the laboratory due
to the motion of a plume, and one of their findings
was the dependence of the flow field on the
generated stratified structure (Wong et al. 2001).
Also, Mitkin and Chashechkin investigated the flow
around a circular cylinder moving in a fluid with
continuous density stratification and observed the
flows associated with IWs generated by the motion
of the cylindrical body (Mitkin and Chashechkin,
2000). They showed that the flow mentioned above
occurred at low Froude numbers, Fr, which had
higher viscosity effects and the perturbation was
considerable in front of the body. Glushko et al.
studied the turbulent wake of a moving body in a
stratified fluid using a mathematical model and they
concluded that some fluctuations appear in the wake
of a body greater than the average fluid (Glushko et
al., 1994). In their experimental study, Meunier et al.
examined the effects of IWs generated by the motion
of a body in a linearly stratified fluid, and showed
that two types of these waves are created: (i) internal
waves with long wavelength and (ii) coherent wake
waves with short wavelength. They also reported that
experimentally the amplitude of the wake waves
depended on the Reynolds number (Meunier et al.
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K = (K, Ky, K,) = the wave number vector
0 =the angle between the wavenumber vector and
the horizontal direction.

Vertical velocity equation can be obtained from the
continuity and the Navier-Stokes equations in the
presence of friction and a series of assumptions close
to reality (Gill, 2016):

B O]

S VWENY Wt 2 ——| =+
ot " g \owt 0z
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L f[va—F) o, IF Rt
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Where w represents the vertical velocity and F
denotes the external forces.
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If the vertical velocity is assumed to be constant with
respect to time and F =0, (2) can be presented as
follows:

2 2 2 2
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Where the coefficient @ — f 2 determines the type
N7 —w?
of partial differential equation (PDE). If @~ f° <0

NZ - @
, then (3) is called the elliptic PDE and it implies that
the wave motion is impossible due to the absence of

2 2
a free or common surface. If @ — f , then (3)
NE 5>0

is called the hyperbolic PDE and it implies that the
wave motion is possible; if N2(z)> f2is true for all

Z's, wave motion is possible when:

f<w<N @)

Therefore, at depth Z the upper limit for internal
wave frequency is determined by the buoyancy
frequency (N) and its lower limit by the inertia
frequency.

When a body with the average velocity (U) moves in
a stratified fluid with buoyancy frequency (N), the
wavelength of a wave can be obtained from the
following relation:

U
A=2r— 5
N (5)

Then in terms of Froude number of the flow with h
as body thickness along the vertical direction we can
write:

U A

r=—=— orA=2zhFr (6)
Nh 2zh
The wake flow depends on the Reynolds number.
R = £ (7
Y,

Where U is the velocity of the underwater body, D is
the length of a determined body by the diameter of
the cylinder or sphere, or the length of the body in

horizontal direction and U is the Kinematic

viscosity of the fluid.

This shows that the wavelength of generated waves
(normalized by h) depends directly on Fr, when there
are significant internal waves in flow.

The results obtained from an experimental study
performed by Hopfinger et al. on a spherical body
showed that the domain of Froude number for
internal waves ranged from 0.5 to 4, and afterwards
was dominated by a turbulent wake with irregular
waves and substantially smaller wavelengths
(Hopfinger et al. 1991).

For stationary internal waves of the body moving in
a stratified fluid with a low thickness h, considering
the boundary conditions in the floor and surface
(rigid surface condition), it is shown that the wave
has a mode structure (known as normal mode, Gill,
2016) and its structure can be presented as follows
(Ohya et al. 2013):

l:U_H —(n? k2 H72)1/2 (8)
Where:

H = the depth of fluid

2H

—— = the wavelength for the nth vertical mode in
n

the vertical direction.

They also showed that the horizontal wavenumber of
stationary wave generated by the body in its moving
direction with k, ——0 we have:

NH
N =
Thus, the wavelength of these waves behind the body
can be presented as follows:

212 (10)

[(Suj)z —n2j2

n ©)

A=

It is similar to Eq. (6), however, the wave structure
in vertical direction is quantized in terms of depth of
fluid (H), not body thickness (h) . For n=0:

A=2Y2HaFr 11)
Where Fr:(ﬁ)fl, hence the wavelength of IWs
U

generated can be expressed with respect to fluid
depth (if it is relatively less than body thickness) or
the thickness of the body.

3. EXPERIMENTAL METHOD

3.1 Linear Stratification in the Lab

All experiments were conducted in a glass tank with
dimensions equal to 3x1x0.5 (m). The glass tank was
stratified using two tanks of 750 liters equipped with
electrical conductivity of saline (50 mM) and fresh
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water (Martin, 1997). Both tanks were evenly filled
with water. First, the valve of saline tank was
opened, and salt water was poured into the
experimental tank using a hose which has a sponge
on its outlet within the canal, then the valve between
the two tanks was opened immediately. Salt water
should be filled and emptied very slowly, so that its
layers will not be dispersed and mixed. The
experimental tank was filled with water to a height
of 80 cm during about 4 hours, and the accuracy of
the depthometer used in the experiments was one
millimeter. As the method of filling the tanks and the
formation of fluid with continuous density
stratification suggests, when salt water in tank 2 was
discharged into the experimental tank, fresh water in
tank 1 replaced salt water of tank 2, since, as
mentioned above, both tanks were evenly filled with
water. So as freshwater entered tank 2, its salt
concentration was diluted and a fluid with
continuous linear density stratification was formed in
the channel. In these experiments the buoyancy
frequency N was 0.51 per second based on the mean
gradient of the vertical density profile (VDP). The
VDP was obtained by an electrical conductivity
meter (EC meter) with an accuracy of 0.01
millisiemens.

3.2. Characteristics of the Cylindrical Body
and Pull System

A cylindrical body of 6 cm diameter and 45 cm
length was used to study the internal waves and the
wake behind the body. The cylindrical body was
controlled by a computer program, and it moved by
a cart connected to the computer program in the
range of 0.5 mm/s to 4.5 cm/s, and the accuracy of
its movement was 0.1 millimeters per second. In
order to visualize the wake and the internal waves
generated by the motion of the body, an optical
method known as shadowgraph was employed.

The body was moved horizontally along the tunnel
center, using a set of cart, rail and electric motor
controlled by a computer program and its speed was
under control. A linear VDP was used in these
experiments. Figure 1 shows the schematic
representation of the layout of the equipment
employed.

Fig. 1. Schematic showing the flow channel with
density stratification and a cylindrical body
inside it.

The light source consists of a projector that shines a
light from a great distance nearly parallel across the
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width of the channel. This light forms a shadow of
the flow field, illustrating the waves generated by the
motion of the cylindrical body, on a thin and opaque
paper fastened to the transparent body of the channel.
The images of these shadows were recorded by a
camera and a camcorder.

After stratifying the channel, buoyancy frequency N
was calculated by measuring temperature and
salinity. Figure 2 shows density changes on a vertical
direction (quantized by fluid depth) before and after
experiments. Buoyancy frequency (N) was 0.51/s
based on the mean gradient of VDP before the
experiments. After performing the experiments, N
changed to 0.5. So, the slight variation in the VDP
indicates very little dispersion in the water column.

1.0 4
Berfor EXP

0.8 After EXP
z Linear (After EXP)
K-
£ 06
(]
[=]
>
< 04
.20
]
=

0.2

R? = 0.9488
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1000 1005 1010 1015 1020
Density (kg/m~3)

Fig. 2. Vertical density profiles before and after
the experiments.

Table 1 shows operating conditions of the
experiments along with the length and height of the
waves generated by the body at different speeds,
after image processing and the frame-to-frame image
analyses with respect to different Froude numbers
with an error of £1 mm. No internal waves were
detected in velocities of 4 and 4.5 cm / s due to a
highly turbulent environment.

In this study, the range of Reynolds number was
300~2700 and Froude number ranged from 0.16 to
1.5.

Table 1 Operating conditions along with the
length and height of internal waves generated
(in cm) using shadowgraph imaging technique

u WL.T WLE| A
(cm/s) Re Fr (cm) Mh (cm) | (cm)

0.5 300 | 0.16] 6.19 | 1 6.9 0.7
0.7 420 | 0.23| 8.67 | 1.4| 10 1.1

1 600 | 0.33| 12.39] 2.1 15 2
1.5 900 | 0.49| 1858 3.1 18 2.6

2 1200| 0.66| 24.77| 4.1| 235 3

2.5 | 1500| 0.82| 3097 5.2 35 1.4

3 1800( 0.99| 37.16| 6.2 39 9.4
35 | 2100| 1.15| 43.35| 7.2| 45 3.6
4 2400| 1.32| 49.55| 8.3| Turb | Turb

45 | 2700 1.48| 55.74| 9.3| Turb | Turb
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By the use of shadowgraph technique and image
processing and scaling the channel, the length and
height of the internal waves behind the body were
calculated. It should be noted that all experiments at
speeds presented in Table 1 were performed at least
twice, which produced approximately the same
results. And after closely examining the experiments
for each target speed, the length and height of the
internal waves were calculated, as shown in Table 1.

A fast-response salinity meter (densitometer)
developed by Bidokhti et al. was used to investigate
the salinity fluctuations behind the body (Bidokhti
and Britter, 2002).

A fast-response salinity meter is a thin tube with
outer insulation in which water can enter through the
tip of the tube via a tiny hole with plastic block
installed to its end and its salinity can be measured
up to 500 Hz. The spatial resolution of this device is
1 mm. Through the connections made, the
fluctuations of the signals caused by the salinity
meter were displayed online on the oscilloscope
screen. The distance between sensor and model was
5.2h (model diameter, h). Since the signals received
from the oscilloscope contained noise, the output file
was inserted into a software to remove noise. After
noise suppression, the extracted signals were
analyzed. Using these signals and their diagrams,
wave activity and height of the generated IWs were
observed and recorded in the table.

Table 2 shows the operating conditions at different
Froude numbers and the height of IWs generated by
the body at different speeds.

Table 2 Operating conditions including the
height of IWs generated (in cm) using a fast-
response salinity meter

Iilxg. (crﬁwJ/s) Re Fr A (Sl%grz:]l).Anls)
1 0.5 300 | 0.16 0.6
2 0.7 420 | 0.23 0.89
3 1 600 | 0.33 1.86
4 1.5 900 | 0.49 33
5 2 1200 | 0.66 2.73
6 2.5 1500 | 0.82 4.36
7 3 1800 | 0.99 4.7
8 3.5 | 2100 | 1.15 4.95
9 4 2400 | 1.32 Turb
10 4.5 | 2700 | 1.48 Turb

4. RESULTS AND DISCUSSION

In this section, the results obtained from experiments
on the cylindrical body moving in fluid with
continuous density stratification is presented. The
buoyancy frequency (N) of the fluid was 0.51/s, and
it had very slight changes during the experiments
which could be ignored. Figures 3 and 4 show the
flow field around the body in a stratified fluid with
increasing  Froude numbers, recorded by
shadowgraph technique. In the figures, it’s clear that

as Fr increases, the activity of internal waves
increases and the wavelengths of these waves
become longer. However, when Froude number was
greater than 1.32, it resulted in a turbulent
environment and thus internal waves could not be
seen clearly.

b) Fr=0.49
Fig. 3. Flow field behind the cylindrical body
moving in a stratified fluid with Fr=0.23 and
Fr=0.49.

a) Fr=0.99

b) Fr=1.32
Fig. 4. Flow field behind the cylindrical body
moving in a stratified fluid with Fr=0.99 and
Fr=1.32.
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Fig. 5. The signals from the fast-response salinity
meter for different Froude numbers.

Internal waves generated by Froude numbers greater
than 0.23 were significant and appeared clearly
visible near surface, floor and behind the body. As
the Froude number increased, wavelengths of
internal waves increased as well. The activity of IWs
in Froude numbers close to 1 was obvious. When the
body moved with the critical Froude number, the
wake of the body tended to become turbulent and
thus the activity of the internal waves generated by
the motion of the body decreased. The turbulent
wake could be perturbed by increasing distance from
the flow, as shown in Fig. 4 (b). These results were
consistent with the findings of Hopfinger et al.
Figure 5 shows an example of the signals from the
fast-response salinity meter for different Froude
numbers.

By approaching critical Froude number, the activity
of the internal waves increased and the length and
height of these waves rose.

Figure 6 compares the activity of the internal waves
for Froude numbers 0.16 and 1.15. As shown in Fig.
6, by approaching the critical Froude number, the
activity of the internal waves increased, and this was
also evident in the recorded images, as shown in
Figures 3 and 4.

The results obtained from both shadowgraph
imaging technique and the signals from a fast
response salinity meter were compared. Then the
height of the internal waves at the sensor location
was evaluated. Figure 7 shows the height of the
internal waves for different scenarios resulting from
these two techniques.

4
3 - === Fr=0.16
—— Fr=1.15
2
T 1
s
o 0
-}
3
z -1
Qo
Eo
-3
-4
0 50 100 150
Time (s)
Fig. 6. The activity of the internal waves for Fr

=0.16 and Fr=1.15.
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Fig. 7. Comparison of the results of the signals
from a fast-response salinity meter and the
observations recorded by the shadowgraph
imaging technique for the height of internal

waves.

As shown in the figure above, there was little error
between the recorded signals and the observations of
the shadowgraph technique.

4.1 Validation of Experiments

In order to validate the experiments performed, the
results from this study were compared with those
found by Bidokhti et al. (2016) suggesting the same
quantized properties. The comparison results
together with the linear theory (Eq. 1) are presented
in Fig. 8. The obtained results are in good agreement
with theory and the study of Bidokhti et al. (2016),
as shown in the Fig. 8.

10
8
&
s "

° >
<
3 |
4 -A Theory

A & A Exp
2 A" = = Bidokhti etal. (2016)

Linear (Theory)

0
0.0 0.5 1.0 15 2.0

Fr

Fig. 8. Horizontal wavelength variations of
internal waves quantized by body thickness in
terms of Froude number along with linear
theory graph and comparison with the
experimental results of Bidokhti et al. (2016).
4.2 The statistical distribution of the
recorded signals

In this section, the statistical distribution of the
signals at different Froude numbers are investigated.
Based on the received signals, the probability density
function (PDF) can be calculated for fitting. For this
purpose, a general approach is to approximate the
signal to a known PDF and this function must be
tested based on each of the parameters of the default
model and the best parameter value of the default
model is fitted to data. Another approach is the
kernel density estimation (KDE) which is a non-
parametric way to estimate the PDF of a random
variable. If the parametric approaches cannot
accurately fit the data or if there is no assumption of

1258



M. Akbarnejadbaie et al. / JAFM, Vol. 13, No. 4, pp. 1253-1262, 2020.

signal distribution type, then the kernel distribution
function will be approximated. This can be defined
by a smoothing function and bandwidth (h) that
controls the level of smoothing applied to estimate
the PDF according to Eq. (12):

; 1

fh(X):EZ

N K[ X=X
h

i=1

(12)

j; —00 < X <0,

normal Distribution, [mean std] = [0.406 0.196]
25 T T T T T T T T T

Probability
=
»

N

0.5

0

0 01 02 03 04 05

Variable
Fig. 9. Matching signal data in the time domain
for Fr=0.33 with normal distribution fitting.
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Fig. 10. The probability distribution of received
Signals for Fr=0.33.
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Where n is the sample size, K(.) is the kernel
function, and h is bandwidth (Li et al. 2011). Figure
9 shows the matching result for signal data in the
time domain for Fr=0.33 with normal distribution
fitting. If the probability density function is
estimated using the KDE, then by analyzing and
fitting the sensor signals for different Froude
numbers, as shown in Figures 9 and 10 respectively,
the statistical distribution function of the signals is
very close to the normal probability distribution
function. An example of the statistical distribution
for Fr= 0.33 is shown in Figure 10. No significant
similarity was detected in the rest of the probability
distribution functions.

4.3 Frequency Analysis of Recorded Signals

Spectral analysis of signals is usually performed on
each signal class. Using this technique waves and
dominant frequencies of the signals are extracted and
evaluated. Figure 11 shows some examples of the
extracted spectra for different Froude numbers.

Figure 11 shows examples of signals and spectral
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Fig. 11. Frequency spectral density of the
recorded signals of the EC meter for different
Froude numbers (the red dashed line indicates

the range of buoyancy frequency of the
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analysis for different scenarios. It can be seen that all
peak frequencies occurred below the buoyancy
frequency of the environment, corresponding to Eq.
(4), f<w<N.

Moreover, as the Froude number increased, the
number of peak points in the frequency spectrum
increased, indicating the presence of new harmonics
of the wave generated. It was also observed that the
frequency spectrum grew wider as the Froude
number increased. Some frequencies were recorded
at different Froude numbers. In the frequency
domain, at different Froude numbers, the number of
peak points increased as Froude number was close to
critical value, indicating an increase in the activity of
internal waves, which is consistent with previous
studies (Sutherland and Linden 2002; Glushko et al.
1994; Bidokhti et al. 2016; Abdilghanie and
Diamessis 2013; Hopfinger et al. 1991; Bidokhti and
Britter 2002). Figure 12 compares the frequency
spectral densities for different scenarios.

The spectral densities obtained with supercritical
Froude numbers were compared with the
Kolmogorov turbulent spectra ( E(k) = C&?/3k >/

). The slope of the line of the turbulent region was

_g , which is in a good agreement with the

frequency analysis of the signal for supercritical
Froude numbers (Fig. 13)

By the use of fm for different Froude numbers, Eq.s
1 and 5, and substituting wzzf—m , as shown in
T

Fig.12, the wavelength can be calculated as follows:

_ CosU (13)
) f,

Where U is the speed of body, f, is the maximum

frequency value and @ is the wave propagation
angle. Figure 14 compares the results of the signal
analysis in the empirical Eq. (13) and the linear
theory (Eq. 6).
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Fig. 12. A comparison of the frequency spectral
densities of the signals recorded by ECmeter for
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0

It could be clearly seen in Fig. 14 that the presented
relation was used for Froude numbers lower than
critical value (Fr = 1), and, further experiments
should be performed for Froude numbers higher than
one. It should be noted that in nature, most states
occur in Froude numbers lower than critical value.

Figure 15 shows how wave energy changes for
different Froude numbers. Assessment of the energy
values of internal waves obtained from the frequency
analysis of the received signals showed that the sum
of the maximum values of each signal increased as
Froude number increased and after the critical
Froude number was reached due to turbulence, the
energy of the waves was damped.

5. CONCLUSION

In this study, the motion of a cylindrical body in a
stratified fluid for different Froude numbers was
investigated. In the experiments preformed, the
motion of a cylindrical body in a continuously
stratified  fluid showed that the horizontal
wavelength of internal waves behind the body
increased with increasing Froude and Reynolds
number of the flow as the theory predicted. Of
course, this observation continued until Froude
numbers reached close to critical value, and then for
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the supercritical flow a turbulent wake appeared
behind the body, which collapsed in a short time.
Other internal waves would propagate out of
collapsing turbulent wake of the body. This study
showed that the internal waves generated, remained
in the channel for a long period of time.
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Fig. 15. The sum of the maximum energy values
of the internal waves for different Froude
numbers.

A fast-response salinity meter was used to analyze
the signals behind a cylindrical body which could
accurately extract the activity of internal waves, the
height of these waves and their wavelengths.

In this study, using fms extracted for different Froude
numbers and applying them to the equations in
previous studies, a logical relation was established
between the velocity of the body and the wavelength
generated, before reaching critical Froude number.

To some extent, the characteristics of the moving
body could also be estimated by using the signals
recorded by a fast-response salinity meter, the
buoyancy frequency of the environment, and the Eq
u_ 1

Nh  2zh

Therefore, the results of these experiments suggest
that such a facility (flow channel with density
stratification) with larger dimensions can be used to
perform large-scale experiments or to analyze distant
internal waves. It is also estimated that the motion of
bodies in the fluid with density stratification caused
the least mixing and its density profile can be used in
numerous experiments for a long period of time.
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