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Abstract: The quality criteria for fairing used to protect antenna devices (AD) of radar stations (RS)
from environmental influences are the requirements for ensuring and maintaining strength and
protective properties with minimal insertion loss of the transmitted electromagnetic wave (EMW). It
is important to assess the influence of manufacturing technology on these parameters, identifying
narrow critical zones on the product with minimum strength characteristics and maximum EMW
insertion loss. Calculation models of the stress state in a three-layer sandwich are presented with the
identification of critical places from a given type of loading. A method for flaw detection of fairings
is presented, taking into account the influence of the dynamics of changes in the maximum allowable
threshold of EMW losses, which is extremely necessary for analyzing the technological process and
correcting strength calculations.

Keywords: anechoic polygon; electromagnetic wave; fairing; loss value; modulus of elasticity;
receptor model; sandwich; ultimate strength

1. Introduction

The fairings are designed to protect AD of RS from environmental influences and
must have sufficient mechanical strength and radio transparency (they should introduce
minimal energy losses during the passage of EMW) [1,2].

The choice of the optimal constructive variant of the radio-transparent shelter includes
the solution of the following tasks:

• selection of the optimal geometric shape of the shelter, based on the layout solution of
the entire structure of the object;

• choice of materials and technological solution when creating a shelter shell;
• analysis of the strength component of the manufacture of fairings.

When choosing a technological solution in the process of manufacturing fairings at
the stages of output inspection, the task of detecting and localizing defects (flaw detection)
with an analysis of their size, shape, and influence on the mechanical strength of the
product arises.

Honeycomb fairings are structures with a good combination of strength and radio
transparency. In addition to this, these structures have a low weight.

A feature of the manufacture of honeycomb structures is the need to control perfor-
mance indicators in the process of their manufacture. Known methods of non-destructive
testing of materials (acoustic, magnetic, vortex, thermal, etc.) [3] are able to detect a struc-
tural defect in a material, which is important for analyzing the design strength of a product,
but they do not evaluate the second factor—the effect of a detected defect on radio trans-
parency. In addition, there are cases when, within the framework of non-destructive testing,
defects are not detected, or the detected defect is insignificant from the point of view of
structural strength, while this area has a greater effect on the radio characteristics of the
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shelter compared to its other areas. Therefore, in order to decide on the suitability of the
product, it is necessary to carry out flaw detection based on the measurement of radio
engineering (electrical) parameters.

In addition to this, these methods—as applied to honeycomb composite materials—are
ineffective due to their design features: uneven spreading of the binder between the layers
during the formation of the wall material leads to their forced heterogeneity, which, in turn,
leads to the identification of many false defects.

Therefore, in order to make a decision on the suitability of a product, it is necessary
not only to search for structural defects in the fairing, but also to control the level of EMW
energy losses introduced by it, taking into account a comprehensive assessment of the
strength parameters from various types of impact and meeting the requirements for the
radio transparency of structures.

To test finished specimens of radio-transparent shelters (radomes), the substitution
method in the field of a flat EMW is often used. As a rule, such tests are carried out
“normally”, as part of the antenna and antenna-feeder path of the radar, i.e., the entire
radome antenna system (RAS) serves as the object of research. Detailed radio engineering
tests of the RAS are described in the specialized literature [4,5]. However, it is not always
convenient to manufacture, as a workplace, the antenna system of a product for which
the radome is intended, including from an economic point of view. In addition, the
manufacture of the antenna system and the radome are often spaced apart in time and
space (for example, a specialized enterprise is engaged).

In the practical implementation of this method, it is necessary to ensure stable values
of the radiated power level, the characteristics of the receiving devices and the path, and to
exclude reflections from third-party objects. It is also desirable that the dimensions of the
aperture and the regular radar antenna be close.

This method is especially important for fairings, since it allows not only to detect defec-
tive zones, but also to evaluate radio transparency, which is their most important property.

The purpose of this article is to develop a comprehensive methodology for assessing
the strength and electrical indicators of practical designs of honeycomb fairings with a
methodology for assessing defectiveness zones and their position on the product structure.

2. Methodology

The performance indicators of honeycomb fairings in terms of strength and radio-
transparent requirements are most often opposite. These indicators largely depend on
technological defects in the manufacture of radio-transparent shelters (RTS). The scheme
for assessing the performance of the object structure is shown in the Figure 1.

At the first stage, the electrical parameters of the fairing are studied. At this stage, RTS
is evaluated, which consists of measuring the amount of EMW energy losses introduced
according to a predetermined grid of points (Figure 2) and the subsequent calculation of
a complex electrical indicator. In the process of checking the fairing, its working area is
divided into a grid of control discrete “points”, in each of which the signal level of the
incident EMW is measured with further calculation of EMW energy loss L. Thus, as a result
of testing, an array of data is formed [x, y, z, L, f ], where there are values of energy losses Li
for each geometric point [xi, yi, zj] at each specific frequency fk.

At the second stage, the study of strength indicators is carried out. As a part of
this stage, defects are detected, and strength indicators are calculated in order to further
compare the results obtained. At the third stage, it is important to analyze the effect of
defectiveness on the requirements for the loss of EMW. At the last stage, a comprehensive
assessment of the manufacturability of RTS design is made.



Inventions 2023, 8, 42 3 of 16Inventions 2023, 8, x FOR PEER REVIEW 3 of 17 
 

 
Figure 1. Stages of performance study. 

 
Figure 2. Example of the considered shape of the fairing, with schematically plotted points for meas-
uring the magnitude of EMW energy losses. 

At the second stage, the study of strength indicators is carried out. As a part of this 
stage, defects are detected, and strength indicators are calculated in order to further com-
pare the results obtained. At the third stage, it is important to analyze the effect of defec-
tiveness on the requirements for the loss of EMW. At the last stage, a comprehensive as-
sessment of the manufacturability of RTS design is made. 

The amount of EMW energy loss introduced by the fairing directly depends on the 
design of the material (on the thickness and number of layers and on their dielectric char-
acteristics) [6,7] from which it is made. Since structural defects in a composite material 
represent a violation of the structure (thickening or thinning of layers, foreign inclusions, 
adhesive joint thickness, presence of voids, etc.), the value of insertion loss measured on 
the section of RTS wall corresponding to the defect will differ from areas without defects. 
Accordingly, zones with sharply distinguished values of EMW losses “coincide” with 
zones of change in design parameters and, as a result, changes in strength characteristics 

RTS design development 

Analysis of the strength 
characteristics of a struc-
ture of a given geometric 

shape 

Determination of defect 
zones by loss of EMW 

Analysis of electrical indi-
cators 

Evaluation of the influence 
of defect zones on the 

strength of the structure 

Influence of defect zones 
on the maximum permissi-
ble electrical parameters 

Evaluation of the complex 
technological indicator of 

RTS design 

Figure 1. Stages of performance study.

Inventions 2023, 8, x FOR PEER REVIEW 3 of 17 
 

 
Figure 1. Stages of performance study. 

 
Figure 2. Example of the considered shape of the fairing, with schematically plotted points for meas-
uring the magnitude of EMW energy losses. 

At the second stage, the study of strength indicators is carried out. As a part of this 
stage, defects are detected, and strength indicators are calculated in order to further com-
pare the results obtained. At the third stage, it is important to analyze the effect of defec-
tiveness on the requirements for the loss of EMW. At the last stage, a comprehensive as-
sessment of the manufacturability of RTS design is made. 

The amount of EMW energy loss introduced by the fairing directly depends on the 
design of the material (on the thickness and number of layers and on their dielectric char-
acteristics) [6,7] from which it is made. Since structural defects in a composite material 
represent a violation of the structure (thickening or thinning of layers, foreign inclusions, 
adhesive joint thickness, presence of voids, etc.), the value of insertion loss measured on 
the section of RTS wall corresponding to the defect will differ from areas without defects. 
Accordingly, zones with sharply distinguished values of EMW losses “coincide” with 
zones of change in design parameters and, as a result, changes in strength characteristics 

RTS design development 

Analysis of the strength 
characteristics of a struc-
ture of a given geometric 

shape 

Determination of defect 
zones by loss of EMW 

Analysis of electrical indi-
cators 

Evaluation of the influence 
of defect zones on the 

strength of the structure 

Influence of defect zones 
on the maximum permissi-
ble electrical parameters 

Evaluation of the complex 
technological indicator of 

RTS design 

Figure 2. Example of the considered shape of the fairing, with schematically plotted points for
measuring the magnitude of EMW energy losses.

The amount of EMW energy loss introduced by the fairing directly depends on the
design of the material (on the thickness and number of layers and on their dielectric
characteristics) [6,7] from which it is made. Since structural defects in a composite material
represent a violation of the structure (thickening or thinning of layers, foreign inclusions,
adhesive joint thickness, presence of voids, etc.), the value of insertion loss measured on
the section of RTS wall corresponding to the defect will differ from areas without defects.
Accordingly, zones with sharply distinguished values of EMW losses “coincide” with zones
of change in design parameters and, as a result, changes in strength characteristics will be
observed in these zones. Comparison of the results of flaw detection on the finished fairing
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and the results of calculating the strength parameters provides comprehensive data on its
performance.

2.1. Study of Electrical Indicators as Parameters for Assessing the Quality of Honeycomb Fillers

The following equipment is required for testing: a transmitting and receiving test
antenna, cable assemblies of known length, and a vector network analyzer with a time
domain function. The workplace is schematically shown in the Figure 3. The choice
of antenna size depends on two factors: the required frequency range (dictated by the
operating range of the radome) and the dimensions of the radome structure being measured.
The distance between the receiving and transmitting antennas is selected based on the
fulfillment of the far zone condition so that the EMW incident on the fairing has a flat
front. EMW from the generator is broadcasted by the transmitting measuring antenna. The
receiving antenna receives the emitted signal, which is transmitted via a microwave cable
to the receiver, on which its level is fixed. Processing of the obtained results and generation
of reports takes place on a personal computer.
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Measurement of EMW losses at a given “point” of the fairing at a given operating
frequency f 0 are carried out under anechoic conditions in two stages. At the first stage, the
signal level of the incident EMW is measured from the output of the measuring antenna
(antenna) without a fairing P0, then (at the second stage) the signal level is measured
Pij (where i, j are the serial numbers of the geometric point vertically and horizontally,
respectively) from the antenna output with the installed fairing. The frequency grid step is
selected based on the expected size of the detected defect. In practice, it was found that
the minimum size of a detected defect is 1/10 . . . 1/4 (depending on its structure and
nature) of the measuring antenna aperture area. If the controlled fairing wall has a spherical
or cylindrical shape, it is necessary to take into account the possible error caused by its
non-flatness [8,9]. Based on the ratio of the measured signals, EMW losses are calculated at
a given point:

Lij =
Pij

P0
. (1)
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Measurements Pij, P0 are carried out on products placed in anechoic conditions: for
small-sized products—in anechoic chambers [10], for large-sized products—at landfills that
create anechoic conditions [11,12].

Evaluation of operability by the criterion of radio transparency is based on the fulfill-
ment of the requirements of not exceeding the permissible value of EMW loss Lv with a
given confidence probability.

Based on the generated data array [x, y, z, L, f ] for a given specific exposure frequency
EMW f, it is necessary to determine the confidence interval for the following average value:

L =

n
∑

i=1

m
∑

j=1
Lij

n ·m . (2)

Here n, m are, respectively, the number of measurements Lij measurement data in
“rows” (levels) and “columns” of the corresponding array (Figure 2).

Confidence interval mL is determined by dependency [13]:

mL ∈
[

L± Zp
SL√
n ·m

]
, (3)

where

SL =

√√√√ 1
n ·m− 1

n

∑
i=1

m

∑
j=1

(
Lij − L

)2

. (4)

Zp is the value determined by the confidence probability p by the value of the Laplace
function Φ (Zp).

In this case, there is the following condition:

L + Zp
Sd√
n ·m

≤ Lv. (5)

Therefore, non-exceeding of the given level Lv is determined with confidence p.
The effect of the fairing on the operating wavelength of AD, for which this fairing is

intended, is characterized by a decrease in the directivity of the antenna under the influence
of random amplitude errors introduced by the fairing kD [14]. Coefficient kD is the ratio of
D (directivity of the antenna-fairing) to D0 directivity ideal antenna without the following
antenna error:

kD =
D
D0
≈ 1

1 +
( 3

4 π
)( d

λ

)2
SL2

, (6)

where d is the maximum size of AD aperture, λ is the maximum operating wavelength AD,
and SL is the standard deviation of the value L at a given frequency.

2.2. Methods for Determining the Strength Characteristics of Honeycomb Sandwiches

On the Figure 4 there are the examples of samples of a three-layer radio-transparent
material.

All of them are a sandwich of two skins and a middle filling layer glued together.
For design schemes, the relative density of these fillers is most often considered. Relative
density ρ of the cellular structure is the ratio of the density of the aggregate structure to the
density of its material.

Honeycomb sandwiches are characterized by the relative density of the cellular struc-
ture ρ: the ratio of the density of the aggregate structure to the density of its material.

There are two types of porous aggregates: with open cells (Figure 4b) and with closed
cells (Figure 4a,c). The modulus of elasticity and the relative density decrease as the
number of pores increases. The relative density for porous aggregates can be represented
as follows [15]:
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• for open cell fillers:

Ea

EaM
≈ ρ−2, (7)

where E3 is the value of the modulus of elasticity of the filler and Es is the value of the
modulus of elasticity of the filler material;

• for close cell fillers:

Ea

EaM
≈ φ2ρ−2 + (1− φ)ρ, (8)

where φ is the proportion of solids in the aggregate.
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filling; (b) Sample № 2—with a filling layer of honeycomb material; (c) Sample № 3—with a filling
layer of honeycomb structure material, the cells of which are filled with glass spheres.

The papers [16] show the main dependencies for evaluating the strength characteristics
of three-layer sandwiches depending on the type of loading. With external mechanical
influences, the main loads are assumed by the skins. At the same time, shear loads of a
rather high level act on the gluing surface of the skins with the honeycomb panel, and
compressive loads act on the honeycomb panel. The structure can lose stability from normal
and shear deformations, as well as interlayer shear between the skin and the filler.

In the papers [17,18], elements of analytical strength calculations of radio-transparent
fairing are presented. The stress–strain state is compared under different types of loading.
The dependences of external pressure loading of cylindrical and conical structures are
presented. It is shown that at the initial stages of design, analytical dependencies make
it possible to choose the fundamental design of radio-transparent fairing. A calculation
method involving the finite element method is considered.

The Figure 5 shows an example of a graphical display of the stress state in a honey-
comb sandwich during bending, related to the ultimate stresses obtained. Based on the
calculation model, we can see the “imprints” of honeycombs on the skin and the concentra-
tion of stresses in the walls of the honeycombs near the zone of their gluing to the skins,
demonstrating the transfer of forces in this design.
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In the place where the skins and the honeycomb panel are glued together, the stress is
summed up not only under bending loads, but also under other types of external influences.
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Based on the calculation model (Figure 5), the gluing site is the maximum stressed state.
At the same time, it is these places that have the greatest number of technological deviations.
It is important to have ways to detect them and analyze the impact on the performance of
the structure and to evaluate the impact of a change in the strength component at the site
of the detected defect.

2.3. Evaluation of the Quality of Products by the Parameter of EMW Loss. Determination of
Defect Zones

When analyzing the performance of a design, it is necessary to evaluate the stability
of the manufacturing technology of the product. This task consists of solving the following
questions (Table 1):

1. Assessment of the identity of the structure manufacture by the parameter L.
2. Evaluation of the homogeneity of the structure by assessing the stability L in its

individual sections.
3. Determination of defect zones, their geometric dimensions and position on the

structure.

Table 1. Questions to evaluate the stability of the manufacturing technology of the product.

Stages of Assessment of the
Technological Component Identity Fabrication Design Technological Identity of

Construction Sections
Determination of Defect

Zones

Assessment method

1. One-way analysis of
variance using F-test

2. Testing the hypothesis
about the average values

(t-test)

1. One-way analysis of
variance using F-test

2. Testing the hypothesis
about the average values

(t-test)

Application of the method of
receptor models

Tasks to be solved
The problem of checking for

the identity of products is
considered

The uniformity of the quality
of manufacturing of different

parts of the product is
analyzed.

The zones with the largest
spread in parameter P are

determined

The question of the position of
the defect on the product, its

area and the center of
“severity” is considered, the

number of defects and the
distance between them are

estimated

Thus, there are two independent samples of measurements n1 and n2. To assess the
identity of the manufacture of honeycomb structures in terms of the dispersion parameter
of the scatter of the parameter L, it is appropriate to apply the F-test (Fisher’s test) for two
samples:

F =
s2

1
s2

2
. (9)

Here, the scatter variances s2
1 and s2

2 for two measurement arrays are estimated by the
following expressions:

s2
1 =

1
n1−1

∑n1
i=1

(
Li1 − L1

)2
, (10)

s2
2 =

1
n2−1

∑n2
i=1

(
Li2 − L2

)2
. (11)

The values L1, L2 are the average values for samples 1 and 2 (site), n1, n2 are the
number of measurements Li in given samples.

According to the table of critical points for a given level of significance α and number
of degrees of freedom k1 = n1 − 1 and k2 = n2 − 1, we determine the critical point Fcr (α,
k1, k2).

If F < Fcr, then the difference between the calculated variances is insignificant.
In addition to analyzing the spread of the variances of two samples, it is important to

have data on the equality of the means. This is extremely relevant when comparing designs
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made using different manufacturing processes. We carry out testing the hypothesis about
the equality of means L using the t-test:

t =
L1 − L2√

s2
1

n1
+

s2
2

n2

. (12)

Critical value tcr is determined from the student distribution table with a confidence
level of 0.95 and the number of degrees of freedom n − 1.

If t > tcr, the null hypothesis and the hypothesis of mean values is rejected, i.e., there
are deviations from the technological process in the manufacture of these products (sections
of the object).

In the case of analyzing sections of the object in accordance with the specified criteria,
they can be qualified as identical, with the selection of sections on which the F-test and
t-test indicate the rejection of this hypothesis.

To determine the geometric coordinates of “defective” cells with an assessment of
the shape and area of heterogeneity, it is advisable to use the theory of receptor models.
Mathematically, the receptor model is described by the set A = {aij}:

aij =

{
1, i f Lij ≥ Lv

0, i f not
(13)

or

aij =

{
Lij, i f Li ≥ Lv

0, i f not
. (14)

In this case, two types of cells are displayed: 1—with excess Lv and 0—without excess
Lv. For Equation (14) in the zone (cells) of defectiveness, the values Lij are fixed with excess
of Lv.

Thus, using Equations (13) and (14), we can determine the defectiveness zone and its
position on the structure.

For a more detailed study of the structure of the defect, we choose m limit values Lv ϕ (ϕ
from 1 to m) and introduce additional coefficients k1 . . . kn to the following dependence (14):

aijϕ =


1 i f k1Lvϕ ≤ Lij < Lvϕ

2 i f Lvϕ ≤ Lij < k2Lvϕ

. . .
n− 1 i f k(n−1)−1Lvϕ ≤ Lij < k(n−1)Lvϕ

n i f knLvϕ ≤ Lij

.. (15)

Here the coefficients ki define zones in the vicinity of excess Lv (ki < 1) and with
equality and some given excess Lv (ki ≥ 1). Number m of limit values Lv ϕ (and therefore
the values aijϕ) depends on the solution of a given practical problem.

When solving defect zones, the following tasks are solved:

• finding the distribution of EMW losses over the area of defect zone and estimating the
coordinates of the cells with the minimum and maximum values;

• calculation of the distance between defect zones;
• calculation of the area of defect zone;
• determination of the “center of gravity” (CG) of the defect zone.

The geometric scheme for estimating defect zone for Equation (14) is shown in the
Figure 6a. A grid of control points is presented, each of which contains the measured value
of losses in the fairing enlightenment zone (EMW operating frequency). For this type of
fairing, the calculated value of the loss should not exceed 2.0 dB. Points where this value is
exceeded are recorded as defective. The figure shows the points with the minimum and
maximum loss values for this sample (Lmin, Lmax). On Figure 6b, as an example, color data
processing using MatLab is presented. On Figure 6c, the defect zone on a real structure is
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presented. The dimensions of the controlled area of the sample are 850 × 400 mm, the dot
grid spacing is 50 mm. The grid of control points 8 × 17 corresponding to the points of
the zone on the fairing are numbered 1–1 . . . 8–17 respectively. Since it is not technically
possible to control points located at the edges of the sample, the part under study is located
with some indents from the edges of the sample. The worst loss values are found in cells
3–5 and 3–6.
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The sample thickness is 6 mm. The sample is an element of the radio-transparent
fairing wall. The skins are made of fiberglass impregnated with epoxy resin, the inner layer
is a honeycomb core, and the honeycomb pitch is 6 mm (Figure 4b).

It is advisable to calculate the area of defect zone SΣ according to the dependence
(Figure 6a).

SΣ ≈∑n
1 Si = ∑n

1 a · b. (16)
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Here a, b are the width and height of the cell, respectively, and n is the number of
cells with excess of Lv (cells defined by parameter 1). Since there are much fewer boundary
cells along the contour of the defect zone than inside the zone, this calculation has an
acceptable accuracy. This option is advisable to use with a large number of cells in the area
of defectiveness.

The second option, when the number of cells included in the defect zone is insignificant,
it is divided into several sections (i = 1, 2, . . . , n) with its width ai and medium size bavri
(Figure 7). In this case bavri, we multiply by ai and obtain the area Si. Next, we sum up the
areas Si for all sites:
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Figure 7. Calculation of defect zone area of a complex shape.

To analyze the position of defect zones, it becomes necessary to know the CG of
the defect zone area. To determine the position of CG, the defect zone is divided into
several parts (Figure 7), and an arbitrary coordinate system is selected (Figure 8). Then, the
coordinates of the common CG are calculated by the following formulas:

XCG =
ΣFiyi
ΣFi

, YCG =
ΣFiYi
ΣFi

(17)
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Specific area of all zones exceeding Lv is found according to the following equation:

SΣ = ∑n
1 Si = ∑m

1 Sj. (18)
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Here Si, Sj, n, m are, respectively, the area of i—zone and the area of j cell, n is the
number of zones number with excess of Lv, and m is the total number of cells in the total
area SΣ.

For a cylindrical shell, the coordinates of CG of the defect zone are characterized by
the following coordinate system: 

xCG = ρcosϕCG
yCG = ρcosϕCG

z = z
. (19)

Here, ρ and ϕCG are, respectively, the outer radius of the cylindrical shell and the angle
of rotation from the origin of the coordinate system.

Inhomogeneities that arise in the layers of the fairing wall and are local in nature
most often have blurred boundaries. As a result of a gradual increase in heterogeneity (for
example, excessive accumulation of glue between layers), often—only in its central part—a
sharp increase in the amount of losses will be recorded; despite this, the actual spot (area)
of the defect can be much larger.

3. Results and Discussion

Evaluation of performance according to the criterion of radio transparency is based on
the fulfillment of the requirements not to exceed the permissible value of the loss of EMW
Lv with a given confidence level.

The Figure 9 shows a graph of the dependence of the number of detected defects
depending on the value of the maximum allowable value of EMW losses Lv calculated
according to dependencies (13) and (14).
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Figure 9. Dynamics of change in the number of detected defects depending on the value Lv.

To level Lv = Lv3, there is an avalanche-like decrease in cells exceeding Lv, then there
is a relation between Lv and the number of cells exceeding its value according to the
parabolic law.

Therefore, if the value Lv is chosen incorrectly, the interpretation of the flaw detection
results will be incorrect (if the value is too small Lv the digital image will “drown in noise”
too many false defects will be detected, and, conversely, with an overestimated value Lv,
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some defects may be missed in the digital image, and the area of the detected defects may
be smaller than it actually is).

This display is specific to a specific frequency only. Studies carried out in the field of
operating frequencies (Figure 10) show different curves of the relation between Lv and the
number of cells with their excess.

If Lv = Lv1, in each cell, there is an excess of the value Li. This means that the intrinsic
value of computer losses in the entire range is more than Lv1. If Lv = Lv2, two frequency
peaks begin to stand out, in which a sharp increase in the number of cells is recorded,
exceeding the value Lv. This suggests that in the range of these peaks, partially dependent
defects are found (these can be thickenings, joints of material layers, seams, etc.), as well
as zones of local enlightenment. If the operating frequency range of the fairing EMW
corresponds to these peaks, we should give them special attention.
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Figure 10. Number of cells with excess Lv at different EMW frequencies depending on the value Lv.

If Lv = Lv4 and more peaks disappear and the graph takes the form of a “plateau”,
while the number of cells exceeding Lv is not equal to 0, then there are defects on the plane
of the sample that affect the number of losses in a wide frequency range. If Lv = Lv8, cells
with an excess are not recorded. Based on these data, it can be concluded that there are
permanent structural defects on the sample plane; most often, these can be completely or
conditionally opaque zones (accumulation of water, resin, foreign inclusions, etc.).

The receptor model with the introduced coefficients k (15) makes it possible to obtain
digital images displaying, in addition to the main defect, zones with a critical value of
Li. From the point of view of operational control, the detection of such zones makes it
possible to predict the development of a defect, as well as to identify zones to which special
attention must be paid when deciding on the further operation of the product. Figure 11
shows graphs of the dependence of the number of detected defects on the value of Lv for
different values of the coefficient k1. The Lv value is presented on a logarithmic scale.



Inventions 2023, 8, 42 13 of 16Inventions 2023, 8, x FOR PEER REVIEW 14 of 17 
 

 
Figure 11. Dependence of the number of detected defects on the value of Lv for different values of 
the coefficient k1. 

In Figure 12, there is an example of the dynamics of changes in the defectiveness zone 
at values Lv1…Lv5, determined in accordance with dependence (15). Here, Lv1 has the small-
est value and Lv5 has the biggest value. The presented graphical representations of the 
measured values of EMW energy losses of a certain zone of the object at a frequency f were 
made using digital methods of information processing. The loss value is given on a loga-
rithmic scale. In the cells marked in blue, the value of the loss is minimal; in yellow, the 
value of the loss maximum. In the center of the zone, we can see a local increase in the 
magnitude of losses, indicating the probable presence of any inhomogeneity in a given 
area. 

In addition, when using this receptor model, already at Lv = Lv2, it is possible to dis-
tinguish the main defect zone located in the center of the fairing sample under study. At 
Lv = Lv4, the heterogeneity of the detected defect becomes visible on the digital image. 

With an increase in Lv, it is clearly seen in the images that there are zones on the left 
and right along the edges of the defect in which the loss is less than in its central part. 
Based on such images, information about the location of the epicenter of the defect and 
the direction of its propagation (the direction in which the defect is likely to develop (fur-
ther degradation of the material)) can be concluded. 

The use of such a modified receptor model, due to the ability to see the heterogeneity 
of the defect in the image, makes it possible to achieve the following: 
• evaluate the total area of the defect; 
• detect the defect epicenter; 
• detect the direction of defect propagation; 
• detect critical zones (zones with losses close to Lv). 
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the coefficient k1.

In Figure 12, there is an example of the dynamics of changes in the defectiveness zone
at values Lv1 . . . Lv5, determined in accordance with dependence (15). Here, Lv1 has the
smallest value and Lv5 has the biggest value. The presented graphical representations of
the measured values of EMW energy losses of a certain zone of the object at a frequency f
were made using digital methods of information processing. The loss value is given on a
logarithmic scale. In the cells marked in blue, the value of the loss is minimal; in yellow,
the value of the loss maximum. In the center of the zone, we can see a local increase in the
magnitude of losses, indicating the probable presence of any inhomogeneity in a given area.

In addition, when using this receptor model, already at Lv = Lv2, it is possible to
distinguish the main defect zone located in the center of the fairing sample under study. At
Lv = Lv4, the heterogeneity of the detected defect becomes visible on the digital image.

With an increase in Lv, it is clearly seen in the images that there are zones on the left
and right along the edges of the defect in which the loss is less than in its central part.
Based on such images, information about the location of the epicenter of the defect and the
direction of its propagation (the direction in which the defect is likely to develop (further
degradation of the material)) can be concluded.

The use of such a modified receptor model, due to the ability to see the heterogeneity
of the defect in the image, makes it possible to achieve the following:

• evaluate the total area of the defect;
• detect the defect epicenter;
• detect the direction of defect propagation;
• detect critical zones (zones with losses close to Lv).

Thus, for this sample, the best choice of Lv value is Lv = Lv4. With this value of Lv, both
the core of the defect and the halo around it are clearly visible, which makes it possible
to more accurately localize the defect on the surface of the fairing and its propagation
direction.
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In the course of the study, it was shown that the choice of the permissible value of
EMW loss affects the assessment of defectiveness Lv. There is the dependence of the number
of detected defectiveness zones on the choice of Lv. In addition, it was shown that the
number of detected defects depends on the frequency of the computer, so the tests must be
carried out in a wide frequency range, and the defect area is estimated by the total criterion.

It is advisable to extend this method to structures with a different geometric shape
and other methods for changing the EMW loss.

4. Conclusions

To analyze the stability of the quality of manufacturing RTS, a flaw detection method
based on measuring the magnitude of EMW energy losses is proposed.

The assessment of the quality of RTS is carried out according to the stability of EMW
energy loss (mathematical expectation and dispersion dispersion) as between objects;
sections of one object are based on the Fisher’s F-test and t-test.

The proposed method for determining the position and type of defects is based on
the use of receptor models. The application of this method makes it possible to reveal the
dynamics of changes in the shape, defect area, CG of the defect zone, and the distance
between them, taking into account the maximum allowable level of EMW loss. The
proposed technique has been repeatedly tested during the production of fairings. At
least 10 tests were carried out on various fairings made using different technologies,
and the results obtained showed good repeatability of defect detection, regardless of the
manufacturing technology and electrical properties of the fairings. It should be noted
that it is more correct to detect defects in the operating frequency range of the fairing (in
the antireflection zone). The results of inspection of the radio-transparent fairing wall
demonstrated above clearly show the possibility of the method for detecting defective
zones, namely, the defect zone was detected, its boundaries were outlined, and its area
was estimated. Subsequent examination of the tested fairing wall revealed the presence of
resin leakage into the structure’s honeycomb cells. In the course of the work, it was found
that different types of defects have a different effect on the distortion of the energy loss,
therefore, it is promising to develop a technique that allows not only to localize the defect,
but also to assess its nature (stratification, flow, thickening, etc.).

It has been experimentally shown that the shape of the defective zone depends on
EMW frequency. For a complete analysis of defectiveness zones, it is necessary to sum
up the defectiveness zones identified during their assessment for the required computer
frequency zones.

Modeling the stress state of a honeycomb sandwich for various types of loading makes
it possible to evaluate the stress state at any point of the object. In accordance with the
developed method for determining the parameters of defect zones, it allows adjusting the
stress state assessment depending on the type of defect and their location on the product.
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Abbreviations

AD antenna devices;
RS radar stations;
EMW electromagnetic wave;
RAS radome antenna system;
RTS radio-transparent shelters;
D directivity of the antenna-fairing;
F-test Fisher’s test;
CG center of gravity.
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