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ANNOTATION

Reflection and refraction of waves is a fundamental physical process observed in nature and widely used 
in studies of the interaction of waves with surfaces and technical devices for various purposes. The laws of 
reflection and refraction are well studied for stationary conditions. Of interest is the nature of changes in 
these laws under non-stationary conditions. By solving wave equations, the nature of the change in the law of 
refraction on the surface of moving media is considered. Analytical relations are obtained for calculating the 
angle of refraction, the angle of total internal reflection and the angle of total polarization depending on the 
speed and direction of motion of the media.
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Introduction
Waves are the most common physical process. Almost all natural 

processes take place with the participation of waves of various na-
tures, the basic properties of which are largely similar [1]. During the 
interaction of waves propagating in media at the interfaces, reflection 
and refraction of waves arise - a fundamental phenomenon of physics, 
which has found great application in various fields of technology and 
in natural processes. Wave reflection occurs when waves are reflect-
ed from the interface between media, propagate in the same medium 
and change their direction without changing the parameters of the 
medium [2]. In this case, the angle of reflection is equal to the an-
gle of incidence, the incident and reflected rays lie in the same plane 
with the normal to the surface. Wave refraction occurs when waves 
move from one medium to another with different parameters and at 
the same time change their speed and direction. According to the law 
of refraction, the wave vector of the refracted wave lies in the same 
plane with the wave vector of the incident wave and the normal to the 
interface drawn at the point of incidence. The ratio of the sine of the 
angle of incidence to the sine of the angle of refraction is equal to the 
ratio of the velocities of sound waves in the first and second media c1 

and c2 (Snell’s law). When a wave passes from a medium with a higher 
density (lower speed of wave propagation) to a medium with a lower 
density (accordingly, with a higher speed of wave propagation at a 
certain angle of incidence, it may not pass into the second medium 
and be completely reflected from the interface between the media. 
This effect is called total internal reflection and is widely used in opti-
cal technology for channeling optical radiation. The laws of reflection 
and refraction are well studied for stationary parameters of contact-
ing media [3,4]. In the nonstationary state of the parameters of the 
adjacent media, there are features of the laws of reflection and refrac-
tion that must be taken into account in measuring technology [5-7]. 
This paper examines the influence of the motion of adjacent media 
parallel to the interface between media on the laws of reflection and 
refraction.

Simulation
The passage of waves through the interface of two media moving 

along the interface 0z (for simplicity, we assume that 0
y
∂
=

∂
) (Figure 

1) in the general case with different velocities u1 and u2 is consid-
ered. The speed of propagation of waves in the first stationary me-
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dium is equal to 1
1

cc
n

= , in the second medium 2
2

cc
n

= , where c is the 
speed of light in vacuum. Then, taking into account the motion of the 
media, the speed of the first wave incident on the interface between 
the media at an angle 0ϑ  in the direction of propagation is equal to 

10 1 1 0sinc c u ϑ= + , 1 1 1 sinR Rc c u ϑ= +  the speed of the reflected 
wave, and 2 2 2 sinT Tc c u ϑ= +  the speed of the transmitted wave. 
Angle of incidence 0ϑ , Rϑ -angle of reflection, Tϑ  -angle of refraction. 
Let us consider the refraction of an H wave having field components 
(Hx, Ey, Hz). The wave equations for the components in regions 1-2 
have the form:   

2 2
2
02 2 0i i yk E

x z
ε µ

 ∂ ∂
+ + = ∂ ∂   (1)

with boundary conditions (in the x = 0 plane) [4,6]:

( ) ( ) ( ) ( )1 2 1 2,y y z zE x E x H x H x= =  (2)

The solution for the incident, reflected and transmitted waves in 
each of the regions is sought in the form of functions:

( )
( )

10 10 0 11

1 1 12

exp
0,

exp
y z

Ry R zR

E A i t k z k x
x

E A i t k z k x

ω

ω

 = − −    ≤
= − −     (3)

( )2 2 21exp 0,Ty T zTE A i t k z k x xω= − − ≥   (4)

where in the general case, the wave numbers of the forward 
and backward waves in the first medium and the forward wave in 
the second semi-infinite medium differ due to the difference in the 
velocities of these waves, which is created by the movement of the 
media: where in the general case, the wave numbers of the forward 
and backward waves in the first medium and the forward wave in the 
second semi-infinite medium differ due to the difference in the veloc-
ities of these waves, which is created by the movement of the media: 

10 1 2
10 1 2

, ,R T
R T

k k k
c c c
ω ω ω

= = =
.

Figure 1: Reflection (R) and transmission (T) of waves across the boundary section of two moving media.

Main Results and Discussion
Substitution of the field components into the boundary condi-

tions for Ey leads to the relation: 
( ) ( ) ( )0

11 12 21
z zR zTi t k z i t k z i t k zA e A e A eω ω ω− − −+ =  (5)

where z – components of wave numbers are determined by the 
relations:

0 0
1 1 0 1 1 2 2

sin , sin , sin
sin sin sinz zR R zT T

R T

k k k
c u c u c u

ω ω ωϑ ϑ ϑ
ϑ ϑ ϑ

= = =
+ + +

since the boundary conditions must be satisfied at any point z, 

then.

0z zR zTk k k= = (6)

Thus, the angle of incidence and the angle of reflection are related 
by the relation. 0sin sin Rϑ ϑ= which turns into the well-known rela-
tion: 0 Rϑ ϑ=  (the angle of reflection is equal to the angle of incidence). 
From the relationship 0z zTk k=  follows the relationship between the 
angle of refraction and the angle of incidence

0
1 1 0 2 2

sin sin
sin sin T

Tc u c u
ω ωϑ ϑ

ϑ ϑ
=

+ +
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The angle of refraction is determined through the angle of inci-
dence by the relation.

( )
2 0

1 2 0 1

sinsin
sinT

c
u u c

ϑϑ
ϑ

=
− +

 (7)

which in the absence of mutual displacement of the adjacent me-
dia ( 1 2u u= ) transforms into the known relation [1-3]: 

2

0 1

sin
sin

T c
c

ϑ
ϑ

=

Thus, the law of reflection does not change, but the law of refrac-
tion is transformed, which is associated with a change in the ratio of 
wave velocities in media during their relative motion. Figure 2 shows 
the dependence of the angle of refraction on the angle of incidence for 
various ratios of media parameters. 

Figure 2: Dependence of the angle of refraction on the angle of incidence for different relative speed differences of the media relative to the wave 

speed in the first medium (curve 1 - 1 2/ 1c c =   curves 2-5 ( ) ( ) ( )1 2 1/ 0.5 / 0.001(2),0.01 3 ,0.1 4 ,0.5 5c c u c= ∆ = .

When a wave passes an interface from a denser medium to a less 
dense one (for example, from moving water into air), the critical angle 
of total internal reflection at 

2T
πϑ →  is determined by the relation.

( )
1

0
2 2 1

sincr
carc

c u u
ϑ =

+ −  (8)

and depends on the relative difference in the velocities of the me-
dia to the wave speed c1.2 in a denser layer (in Figure 3). An increase 
in the angles of total internal reflection is observed when the direc-
tion of motion of the medium changes. The movement of the adjacent 

media also affects the polarization effect upon reflection. The angle 
of total polarization (Brewster angle from the condition 0 2T

πϑ ϑ + = 
 

) is 
determined from the equation. 

( )
2

1 2 1

sincos
sin

Br
Br

Br

c
u u c

ϑϑ
ϑ

=
− +

A change in the Brewster angle due to the movement of media is 
observed when the difference in media velocities changes. For exam-
ple, changing from -0.2 to 0.2 changes the Brewster angle from 1.05 
to 1.15 rad.
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Figure 3: Limiting angle of total internal reflection for a beam at the interface between a moving fluid and air (x=u/c2) (ratio c1/c2 for line 1-0.5, 
for 2-0.6, 3-0.7, 4-0.8).

Conclusion 
The movement of media adjacent to the interface does not lead to 

a change in the law of wave reflection, but significantly changes the 
law of refraction, the angle of total internal reflection and the Brew-
ster angle, which can be used to control these parameters or to mea-
sure the velocities of media.
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