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FORMATION OF MICROCRACKS NEAR
SURGICAL DEFECT IN FEMUR: ASSESSMENT OF
ULTIMATE LOADING CONDITIONS

A bone defect of rectangular shape in a femur is considered as a result of a surgical
resection of tumor lesions. Based on finite-element calculation of J-integral near
the bone defect, ultimate combinations of loads corresponding to formation of mi-
crocracks were determined. The loads corresponds to simultaneous actions of own
human’s weight, flexion-extension, adduction-abduction and rotation of the femur.
Recommendations for the prevention of pathological fractures of the femur with
the surgical defect based on the obtained results were formulated.

Keywords: surgical resection, compact bone, J-integral, microcracks, combined
loading

1. Introduction

The main method of treatment of benign tumours and metastatic lesions of
long bones is a surgical removal of the affected area within an unmodified tissue
(surgical resection). After surgery, as shown in Figure 1, a sectoral defect of rec-
tangular shape is formed in the bone. As a result, bone strength and functionality
of the operated limb decrease and the risk of pathologic fracture of the surgical
resection increases.
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Clinical and radiological criteria of the possibility of loading long bones
and the magnitude of the ultimate load on the operated extremity are developed
in sufficient detail. However, practical recommendations on compensation of a
bone strength loss and the prevention of pathological fracture after a sectoral
resection (load limitation, bone reinforcement or external immobilization) are
exclusively descriptive.

a) b)

1

Fig. 1. Scheme of femoral resection: a - fragment of cortical bone before surgical
resection (1 - lesion, 2 -line of bone excision), b - fragment of cortical bone after re-
section (3 - post-resection defect)

A retrospective research of bone functioning and assessment of its fracture
risk after a surgical resection of a humerus was performed in [19]. The authors
concluded that pathological fractures of the distal humerus were rare and associ-
ated with repeated operations; for the prevention of fractures in a proximal re-
gion and diaphysis, the use of pros-thesis and fixation, respectively, were sug-
gested. At the same time, development of practical recommendations for the
prevention of pathologic fractures after a surgical resection is a fundamental is-
sue, since a restriction of a functional load on an operated limb reduces signifi-
cantly the patient’s ability for self-care and mobility (especially in a case of a
lower extremity). Reinforcement of a bone at the level of surgical resection (pre-
ventive fixation) can compensate for the loss of strength of the affected segment
more fully and minimize a decline in the quality of life; however, this method
needs re-intervention to remove the fixation. Development of recommendations
on a use of different methods to compensate the loss of bone strength and pre-
vent pathological fracture after a sector resection is required to avoid excessive
treatment. Similar recommendations for the prevention of pathological fractures
of bone with metastases and tumors took into account a size of the lesion, dam-
age to cortical bone, results of radiographic examination, as well as an increase
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in local pain [6, 8, 12]. A scoring system combining radiographic and clinical
factors into a single indicator to predict impending fracture was proposed. These
approaches were subjected to some criticism in [4] and [18]. Moreover, the au-
thors of these studies stated that indications for prophylactic fixation of impend-
ing fractures of long bones were not defined rigorously. So, it is necessary to
perform additional research and formulate more stringent criteria for prediction
of the risk of potential fractures of long bones with metastatic lesions.

Finite-element (FE) modelling is the most appropriate method for sugges-
tion of objective indicators for the prevention of fractures after surgical resection
of bones. This approach is currently widely used for prediction of fractures and
corresponding loads as well as localization of fracture in femur under different
loading conditions; important results in this area are described in [1, 2, 9, 10, 13,
14]. Assessments of fracture risk and definition of a failure load for bones with
metastatic lesions based on the finite-element method were carried out in [3, 5,
7, 15, 16]. In a study on prediction of fracture load and objective assessment of
the failure of femur with lytic defects [11], an engineering theory of beams was
used in conjunction with tomographic data on structural stiffness. Basically, FE
modelling and corresponding experimental verification were carried out for fe-
murs with metastatic lesions of round or oval shape [3, 7, 11, 16]. FE simula-
tions of femurs with rectangular-shaped defects were carried out in [5] and [15].
A maximum width of defects in these studies was assumed to be equal to 0.3 [5]
and 0.25 [15] of an external diameter of the bone. Rectangular concentrators due
to defect corners were examined in [5]. These concentrators were with the right
angles [5] or with rounded edges [15]. The mentioned geometric dimensions of
defects do not correspond fully to cuts formed after a sectoral resection; an angu-
lar size of post-resection defects can reach 3w/2. Another important feature of
post-resection defects is formation of notches in defect’s corners after a use of
cutting tools. Such notches have a significant effect on development of cracks in
a bone.

a) b)
1 A
. . M L

Fig. 2. (a) Three parts of femur di- 2
aphysis (posterior view): 1 — top
part, 2 — middle part, 3 — bottom p
part; (b) cross-section of femur in 3
middle part: A — anterior side, M —

medial side, P — posterior side, L —
lateral side
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The aim of this study is the FE-based prediction of ultimate loading combi-
nations that could be applied to a femur with a post-resection defect exposed to
combinations of the human’s own weight and flexion-tension, adduction-
abduction or rotation. The bone defect was considered to be in the medial sec-
tion of the femur on its medial side. Three main parts of the femur and its differ-
ent cortices are shown in Figure 2. Recommendations to prevent excessive
treatment of patients after surgical resection are formulated on the basis of FE
calculations of J-integral and experimental results [20]. These recommendations,
primarily, may refer to the description of the unloading regime conditions for
patients after surgical resections.

2. FE modelling of femur loading

Computed tomography of a femur was carried out with a spiral X-ray
Tomograph (Siemens Somatom Emotion 16) with a slice step of 2.0 mm, and its
three-dimensional solid model was obtained by using a computer system of med-
ical image processing ScanlP (Simpleware Ltd., UK). A STL-model was con-
verted into a solid model with CATIA V5 (Dassault Systemes, France). A bone
tissue was modelled as a homogeneous transversally isotropic material [1]. Low-
er sections of the femoral condyles (regions of contact with the condyles of the
tibia) were fixed rigidly. The bone defect’s length was 64 mm, its angular size
was 1800, and the bone defect was located in the femur’s middle third on its
medial side.

The loads in the model were applied in accordance with the location of the
biomechanical z;-axis and anatomical z,-axis. Point O; (see Figure 3) was the
center of the head of the femur; point O, was a trochanteric fossa point, point O
was located in the center between the two lower condyles. The human’s own
weight was applied along the z;-axis to one-third of the area of the femur head.
A bending moment for flexion-tension acted in the yz;-plane (y-axis was parallel
to the plane tangent to the condyles of the lower joint). A bending moment for
abduction-adduction acted in the xz; -plane (x-axis was perpendicular to the yz1-
plane). A torsion torque was applied in O; distance between point O, and bio-
mechanical axis was an arm for the torsion torque of the femur. The used coor-
dinate systems x0z: and x0z, are shown in Figure 3. The biomechanical and ana-
tomical axes and the characteristic point were embedded in accordance with rec-
ommendations from [21, 22]. In the corners of the post-resection defect, pre-
defined cracks were located in order to calculate values of j-integrals (see Figure
4). The bone was meshed with maximum size of the element 5 mm. Meshes of
domains near the corners of the cutting defect were refined (the element size was
0.1 mm) and mapped to achieve higher uniformity. The finite-element model of
the femur region with concentrators of the post-resection defect is shown in Fig-
ure 4.
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Figure 3. Top (a) and side (b) view of
femur with local coordinate systems; the
z1-axis and zz-axis are the biomechanical
and anatomical axes, respectively;y -

axis is parallel to the plane tangent to the
condyles of the lower joint; the x -axis
is perpendicular to the yzi-plane. Point
Ou is the center of the head of the femur,
point Oz is a trochanteric fossa point;
point O is located in the center between
the two lower condyles

Fig. 4. Finite-element model of femur in middle third of diaphysis (defect length 2d, angular
size 1800, length of pre-defined crack for calculations of J-integrals is 3 mm. A zoomed-in
part shows finite elements along the crack front

3. Ultimate load combinations

Assessment of ultimate loading conditions for the post-resection bone de-
fect was carried out using the critical value of J-integral corresponding to onset
of crack propagation obtained in the experiment [20]. The critical J-integral was
equal approximately to 5925 N/m [20]. Ultimate load combinations correspond-
ed to such combinations of simultaneously applied loads that lead to the critical
value of J-integral. Several types of load combinations were considered, namely,
the human’s own weight P together with the flexion-tension moment Tr, the
adduction-abduction moment Ta.. or the torque T.. Figure 5 presents the curves
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corresponding to such ultimate load combinations in coordinates (Tt., P), (Taa,
P) and (T, P).

P;N
800

600

400

200

. . M T,N-m
10 20 30 40

Fig. 5. Ultimate combinations of loading factors: human’s own weight P and
bending moment T+t for flexion-tension (curve 1), bending moment Ta.a for
adduction-abduction (curve 2) or torsion torque T (curve 3)

The ultimate values of the human’s own weight, the bending moments T,
Ta-a and the torque T, corresponding to critical value of J-integral in the cases of,
only a single load-applied to the operated bone are shown in Table 1. As reflect-
ed by the Figure 5 and Table 1, superposition of the bending moments or the
torsion torque on the human’s own weight is much more dangerous for a patient
than action of their own weight. The most dangerous addition to the human’s
own weight for the studied type of the post-resection defect is that of the bend-
ing moment T« load while the least dangerous that of the bending moment Ta.a.
Importantly, any additional load can cause a significant reduction of the allowed
fraction of weight to be applied to the operated bone.

Table 1. Ultimate magnitudes of human’s own weight bending moments and torque

Type of loading Ultimate magnitudes
Own weight P, N 800.0
Adduction-abduction moment Tr.t, N-m 40.0
Flexion-tension moment Taa, N-m 33.0
Torque Tr, N-m 35.0

4. Conclusions

Finite-element calculations of the J-integrals were used to assess the ulti-
mate combinations of loads (the human’s own weight together with one of three
types of loads — the flexion-tension moment, the adduction-abduction moment or
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the torque for the model of the femur bone after surgical resection. The post-
resection defect was in the middle third of the femur on its medial side. The ob-
tained results showed that for defect with this location the most dangerous loads
combination was of the human’s own weight and Tr... Nearly the same danger is
in the case of action of the weight and the torque T,. Based on FE simulations,
for the post-resection defect with the studied dimensions, any weight in excess
of 800 N is critical. For patients with lower weight a discharge regime can be
recommended after surgery; if the weight is more than 800 N, reinforcement of
the femur bone would be viable; but even in the discharge regime flexion-
tension and torsion loads should be avoided. Obviously, some safety margin
should be introduced to accommodate significant levels of uncertainty, e.g. dy-
namic load components. The critical values for the flexion-tension bending mo-
ment and the torque can be used to obtain ultimate rotation angles for a femur
corresponding to onset of cracking near the post-resection defect. Based on these
angles, more precise recommendations for implementing a discharge regime af-
ter surgical resection can be formulated for a patient. The approach to obtaining
the ultimate loads (both for single and their combinations) applied on the femur
bone with post-resection defect based on FE calculation of J-integrals presented
in this study can be extended to post-resection defect with different sizes as well
as to other long human bones (shank, humerus, radius and ulna of forearm).
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THE MANUFACTURING ISSUES OF TECHNICAL
PRODUCTS MADE OF POLYIMIDE - CARBON
FIBERS COMPOSITE BY MEANS INJECTION
MOULDING PROCESS

Nowadays modern commercial simulation software provides acceptably faithful
representation of reality, assuming the correctness of boundary conditions and re-
liability of data of processed composite material. In the case of non-standard plas-
tics which include polyimide, we do not always have access to the target material
and we do not have proper equipment to produce such products. Due to very inter-
esting properties of the polyimide and its low popularity in use as an injection
moulding material, the analysis of injection moulding of tooth plastic gear made
from carbon fiber-polyimide composite was made. In this work the chosen material
data, necessary for the numerical analysis, were presented. The impact analysis of
main factors controlling the volumetric shrinkage during injection moulding pro-
cessing was conducted. It was found that the greatest impact on the quality criteri-
on is the melt temperature. To optimize control factors, the Taguchi orthogonal
plans were used. In addition, the issue of polyimide properties, the possibility of its
injection moulding and applications was discussed.

Keywords: polyimides, polymer composites, numerical simulations, optimization,
injection moulding

1. Introduction

Polyimides are polymers which are created by condensation polymerization
of pyromellitic anhydrides and primary diamines. The presence of cyclic groups
along the polymer chain (fig. 1) results in good specific properties [9]. These
compounds contain group -CO-NR-CO as a part of a ring along the polymer
chain, which results in high temperature parameters. Use in the synthesis of pol-
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yimides aromatic diamine provides exceptional thermal stability. As an example,
di-(4-amino-phenyl) ether could be used to produce Kapton - polyimide manu-
factured by DuPoint [6].

Q 0
RSOOSR
0 @]
n

Fig. 1. Structure of polyimide

These materials that have very good physical properties are used in terms in
which parts are exposed to aggressive environments. They have excellent high
temperature properties and oxidative stability which allows them to withstand
continuous operation in air at 260°C [1]. These materials are combustible, but
have affinity for self-extinguishing. They are resistant to weak acids and organic
solvents. They also have good electrical properties and are resistant to ionizing
radiation. They are further characterized by high tensile strength and modulus,
excellent abrasion resistance, resistance to creeping and long-term heat re-
sistance in air or in an inert atmosphere. A disadvantage of polyimide is its abil-
ity to hydrolyze. Exposure to water or water vapor above 100°C may cause
cracking of products made from this polymer [2]. A study where after 1000
hours of exposure in air at 300°C, these polymers retain 90% of its tensile
strength was conducted. Moreover, after 1500 h exposure to radiation of the val-
ue of about 10 rad and the temperature of 175°C form stability was preserved but
it became brittle. The first commercial application of polyimide was the use of it
as an enamel wire, then as a coating of glass fiber (Pyre ML, Du Pont) and a film
(Kapton, Du Pont). Composite laminates produced by impregnating glass fiber
and carbon fiber with a polyimide were pressed and cured at a temperature of
about 200°C and then were cured at temperatures up to 350°C. Such laminates
can be occasionally used continuously at temperatures up to 250°C and 400°C in
the application. The laminates have found use in the aerospace industry, in par-
ticular in the production of supersonic aircraft. On the other hand, polyimide
foam (Skybond Monsanto) has been used for damping the sound of jet engines.
Moreover, fibers from a polyimide by Upjohn and Rhone-Poulenc (KERMEL)
were produced [4, 6].

Initially, the main problem of above materials was a narrow range of appli-
cations due to the fact, that they could not be formed by standard techniques for
thermoplastics. In an attempt to overcome this limitation, in the early 1970s sci-
entists have developed modified polyimides that were more susceptible to pro-
cessing than common polyimides, but still have significant heat resistance. An
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important compound group of such modified polyimides are polyamide (eg. Tor-
lon synthesized by Amoco Chemicals), polybismaleinimides (eg. Kinel manu-
factured by Rhone-Poulenc), polyesters imides (e.g. Icdal Ti40 Dynamit Nobel),
polyether (e.g., Ultem produced by General Electric). For example Torlon is de-
signed to use ironing pressure and injection moulding. In the case of pressing the
pressure-molded compound was heated to 280°C then formed at the 340°C at a
pressure of 30 MPa. Next to 260°C hefore the end of the process it was cooled.
For injection moulding, plasticized Torlon was injected at about 355°C into a
mold maintained at a temperature of 230°C. Products from this material are used
to produce: pumps, valves, refrigeration components and electronic components.
Typical properties of unfilled polyimide were compared in table 1 [4, 10, 17].

Table 1. Some mechanical and thermal properties of unfilled polyimides

Kinel Ultem
Attribute Temperature (Rhone- (General \zleéri)el (Z(r)r:(l)?;g )
Poulenc) Electric)
Flexular modulus 25°C 3.8 3.3 35 4.6
[GPa] 150°C - 25 2.7 3.6
260°C 2.8 R 23 3.0
Heat distortion tem-
perature [°C] - 200 357 282
i 25°C ~ 40 100 90 186
T [_1s0°C : : 67 105
260°C ~25 _ 58 52

2. Thermoplastic polyimide with carbon fiber

Polyimide - carbon fiber composites, for example Aurum JCL 3030, is
a material designed for injection moulding process. This composite has high me-
chanical (Tab. 2) and thermal properties (Tab. 3), which allows to use it in many
industries such as automotive, machine, aerospace, electronics. This material has
good dimensional stability, radiation resistance, resistance to fluids and industri-
al solvents, low thermal expansion coefficient, creep resistance and low flam-
mability, low wear rate, low surface friction over a wide range of temperatures
in dry and lubricating conditions.

Table 2. Mechanical properties of polyimide carbon fiber composite — AURUM JCL 3030 [13]

Tensile Elongation Flexural Modulus of Compressive
Attribute strength o strength elasticity
[MPa] [%6] [MPa] [MPa] strength [MPa]
22.98°C 229 2 314 17.2 207
148.89°C 144 4 216 15.2 102
Measurement ASTM D-638 ASTM D-790 JIS K-7208
method
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AURUM JCL 3030 can be processed by means of injection moulding tech-
nology at melt temperature above 400°C and mold temperature of 200°C. The
granulate should be dried prior to the processing in the oven with air circulation
under the following conditions: 8 hours at 220°C, 10 hours at a temperature of
200°C and 12 hours at a temperature of 356°C. The injection pressure should be
in a range between 75.84 MPa — 241.32 MPa, screw speed of 100-200 rpm.
AURUM can be cleaned through unfilled or glass fiber reinforced polyether,
polysulfone and polyetherimide.

Table 3. Thermal properties of polyimide carbon fiber composite - AURUM JCL 3030 [14]

Attribute Measurement method Value
Melting temperature [°C] DSC 388
Glass transition temperature [°C] DSC 250
Melt Index [g/10 min] ASTM D-1238 27-37
Coefficient of thse/zrg?l expansion [10 ASTM D-696 (0.6MD/4.7TD)
Heat deflection temperature [°C] ASTM D-648 248

The components produced from composite polyimide-carbon fiber are ex-
cellent substitutes for metals, ceramics, and other plastics. Products with high
strength may be manufactured in form of: thrust washers and o-rings oil for au-
tomotive gear and off road vehicles, thermal insulators, parts of jet engines,
check ball valves, fittings spline, heat-resistant gears, blades, wear strips and
valve seats. Other applications include: elements for hard drives and aluminum
silicon wafers, plain bearings and handles [7, 13, 14, 17].

3. The simulation of injection moulding process

Plastic gear wheels are products in which technological problems still oc-
cur. Due to the considerable thickness of the walls and their frequent variation, it
is difficult to get the proper dimensional accuracy [3, 12]. The main factor which
determining for obtaining a correct dimension is shrinkage of the part. Keeping
of this value in the required range depends on many factors such as: mold tem-
perature, melt temperature, injection time. Substitution of any of these parame-
ters results in a change in the shrinkage processing, thus changing the geometric
dimensions of the part. To determine the required parameters of the injection
molding process a lot of experimental tests should be made. In the case of non-
standard plastic we do not always have access to target material and we do not
have proper equipment to form such product. These restrictions may be replaced
by numerical simulations. Numerical analysis can give interesting results, data
and often give a solid foundation to start experimental research. There are many
economic and technical aspects, which incline to use software, such as CAE.
The technical factors include: possibility of process accuracy increasing, antici-
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pated problems and their solutions at design stage, the choice of suitable raw
materials and optimize process parameters. It is also worth mentioning economic
aspects, which include a material saving, while reducing a number of prototype
versions and preparation time [5].

Due to the very interesting properties of the polyimide and its low populari-
ty in use as an injection molding material, numerical analysis of gear injection
molding process of polyimide-carbon fiber composite was made. The steps of
simulation included: the geometrical model preparing, model discretization us-
ing 3D finite elements (FE) of tetra type, setting of initial and boundary condi-
tions, numerical analysis and simulation results interpretation. The geometrical
model of the gear was designed in the NX8 (fig.2a). Computer simulations were
performed using Autodesk Moldflow Insight 2013. The analyzed material with
the trade name AURUM JCL3030 - polyimide filled with 30% carbon fiber was
used. The numerical model of the gear consisted of over 320 000 FE (fig. 2b).

a) b)

Scale (60 mm) Scale (60 mm)

Fig. 2. Gear models: a) geometric model, b) discretized 3D mesh model with injection
points locations

4. PVT and rheological characteristics of polyimide-carbon fi-
ber composites

One of the major stages of the simulation test is to define the data describ-
ing properties of the processed materials. In the case of polymer composite these
data include thermal, rheological, optical, mechanical and processing properties
for both polymer matrix and fiber filler.

To carry out the simulation it is necessary to adopt rheological equation of
polymer state, which defines the relationship between the viscosity of the poly-
mer, and shear rate. Among the well-known mathematical models the 7-
parameter rheological Cross-WLF model was used, which provides a relatively
accurate mathematical description of rheological properties of the polymer. In
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this model the viscosity of the polymer is determined by Cross equation [11, 15,
16]:

orTo0)- n(T.p) @

oV
T*

1+

where: » - viscosity of melt polymer, T — temperature, p — pressure,
nand 7* - constant parameters of the model, 7, — the zero shear viscosity.
The zero shear viscosity is calculated from the equations by Williams-Landel-
Ferry (WLF):

(T, p)=D, -exp{— HT__—TT))} @

wherein:

T'(p)=D, + D, (3)
and

A+ A +Dsp 4)

where: T* - glass transition temperature, D1, D2, D3, A1, A, As - constant pa-
rameters of the WLF model.

The parameters of the Cross-WLF model were found in the material data-
base of Autodesk Moldflow Insight 2013 commercial code (tab. 4). Figure 3
shows the viscosity curve used in the numerical analysis.

Table 4. The values of model parameters Cross-WLF for composite AURUM JCL3030

Parameter n T D1 D2 D3 Al A2~
Unit - [Pa] [Pa*s] [K] [K/Pa] - [K]
Value 0.4809 15880 1.271e013 | 523.14 0 25.17 51.6
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Fig. 3. Viscosity vs. shear rate graph for AURUM JCL3030composite

To determine the composite volumetric shrinkage it is necessary to know
the p-V-T characteristics. In numerical calculations the Tait equation was used,
which shows the specific volume change as a function of temperature and pres-

sure. The Tait model is given by equations [8, 9, 15]:

VT ) =% (MIL-CIn(L+  Cl+4 (T, p) ®)

where: Vv, (T, p) - specific volume at a given temperature and pressure, T — tem-

perature, p — pressure, C — constant (C = 0.0894), B - pressure sensitivity of the
material, defined below:

when T>T)):
Vo = by + 0, (T =) (6)
B(T) =b,, exp[-b,, (T —by)] ()
vi(T,p)=0 (8)

where: bim, bom, bam, bam, bs - data-fitted coefficients (describes the volumetric
transition temperature, at zero gauge pressure)
when T<T

Vo = blS + bzs (T - bs) 9)
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B(T)= bss exXp [_b4s (T - bs)] (10)

Vi (T’ p) :b7 EXP [ba (T - bs)) - (bg p)] (11)

b1s, bas, bas, bas, bs, be, b7, bg, by - data-fitted coefficients.

Figure 4 shows the relationship between specific volume and temperature
under different pressures. Viscosity curves and p-v-T graph were assumed by
Autodesk Moldflow material database, based on experimental data.

0.77007
"o
5 0.7500+
e A P=0[MP3]
= 0.7300 m P=50[MPa]
& ® P=100[MPa]
g ¢ P=150[MPa]
© 0.7100+
>
O
U=
'O 0.69004
(]
oL
n
0.6700

0.000 100.0 200.0 300.0 400.0 500.0
Temperature [°C]

Fig. 4. The p-v-T graph for AURUM JCL3030 composite

5. The optimization of injection moulding parameters

The processing parameters have been optimized using Taguchi method. In
the analysis the control factors were following: the melt temperature in the range
of 400°C to 440°C, mold temperature in the range of 180°C to 220°C, injection
time in the scope of 0.8 s to 1.2 s, holding time in the range 10-14 s and holding
pressure in the scope of 70% - 90% of the injection pressure. Scopes of input
parameters were based on the literature and material database of Autodesk
Moldflow Insight 2013 commercial code.

As quality criteria, the volumetric shrinkage at ejection was selected. The
optimization analysis was made through the design of the experiment, imple-
mented in the program. Based on calculations, the impact of the main factors
controlling the value of shrinkage was estimated. It was found that the melt tem-
perature has the greatest impact on the quality criterion (fig. 5). Several im-
portant computer calculations have been conducted, which allowed to obtain
optimal injection parameters: the melt temperature — 400°C, mold temperature -
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220°C, injection time 0.8 s, holding pressure of 90% of the injection pressure
and holding time 12 s. The lowest shrinkage value was received using these pa-
rameters. The range of optimum processing parameters vs. control parameters
were illustrated by means of response surface method RSM (figs. 6-8).

45.0% 40.4%
40.0% 36.2%
35.0%
30.0%
25.0% 20.4%
20.0%
15.0%
10.0%
5.0% 2.1% 0.9%
0.0% —
Melt Holding Mold Holding time  Injection time
temperature pressure temperature

Fig. 5. Percentage impact of the main factors controlling the value of shrinkage
at ejection

The analysis of numerical simulation results were focused on the basic pro-
cess parameters, i.e. filling certainty of the mold cavity, fiber orientation and
weld lines. Analyzing the composite flow it was found that the mold cavity was
filled efficiently. Weld lines in the plastic gear molded piece are formed predom-
inantly due to connection of the jet forming stream according to the complex
structure of the part. In these places the decreasing of composite strength takes
place. Weld lines created in the gear molded piece are shown in figure 9a. The
most likely occurrence places of weld lines are in the vicinity of assembly holes.

Volumetric shrinkage at ejection(DOE):
Response Surface Plot

X:Mold temperature

Y:Melt temperature

[%]

I3.037
440.0

2.724

l2'411 4240
Y[°C]

2.098 416.0

1.785

2.036 212.
1.785 220.0

Fig. 6. RSM surface plots of volumetric shrinkage
for factors: mold temperature and melt temperature
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Volumetric shrinkage at ejection(DOE):
Response Surface Plot

X:Melt temperature

Y:Holding pressure

[%]

l3.037

2.724
2.411
2.098

1.785

Fig. 7. RSM surface plots of volumetric shrinkage for factors: melt
temperature and holding pressure

Volumetric shrinkage at ejection(DOE):
Response Surface Plot

X:Mold temperature

Y:Holding pressure

[%]

l3.037

2.724

2.411

Fig. 8. RSM surface plots of volumetric shrinkage for factors: mold
temperature and holding pressure
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Fig. 9. Presentation: a) line connecting the composite, b) fiber orientation tensor

In the calculations of fiber orientation the Tucker - Folgar model was ap-
plied. It was used a numerical procedure that allows to calculate the coefficient
of the interaction of the fibers and the polymer matrix. Elastic properties of
composites reinforced with short fibers were calculated on the base of micro-
mechanical Halpin-Tsai model. Elastic properties of the polymer matrix and fi-
ber content and their shape factor were included. The unidirectional composite
reinforcement was assumed. To determine the coefficients of thermal expansion:
for both longitudinal and transverse direction, the Rosen-Hashine model was
selected. Disorders of fibers orientation were undoubtedly associated with the
change of molded piece geometry and polymer flow path (fig. 9b).

6. Conclusions

The results of the analysis of numerical simulations indicate that the spe-
cialized computer programs allow to predict phenomena in specific technologi-
cal processes. Modern simulation commercial codes provide acceptably faithful
representation of reality, assuming the correctness of initial and boundary condi-
tions and the reliability of material data. In the case of non-standard plastic, as in
the case of polyimide, we do not always have access to the target material and
we do not have proper equipment to enable the manufacturing of such product.
Due to the very interesting properties of the polyimide and its low popularity in
use as an injection molding material, an analysis of injection molding process of
the gear made from this composite was made. In this work the chosen material
data necessary for numerical analysis were presented. The impact analysis of the
main factors controlling the value on volumetric shrinkage during the injection
mouldings was conducted. It was found that the greatest impact on the quality
criterion was the melt temperature. Injection parameters were optimized using
orthogonal Taguchi plans. It was also found that the processing parameters of
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the polyimide determine to use of non-standard machines and equipment for
processing by injection moulding technology.
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PROBLEMATYKA WYTWARZANIA WROBOW TECHNICZNYCH Z
KOMPOZYTOW TYPU POLIIMID - WEOKNO WEGLOWE W
TECHNOLOGII FORMOWANIA WTRYSKOWEGO

Streszczenie

Wspotczesne programy symulacyjne w do$¢ wierny sposob zapewniaja odzwierciedlenie
rzeczywistych procesOw wytwarzania, przy zalozeniu poprawnie wprowadzonych warunkow
przeprowadzania procesu oraz danych przetwarzanego materiatu. W przypadku nietypowych two-
rzyw sztucznych jakim jest m.in. poliimid — nie zawsze mamy dostep do materiatu oraz odpo-
wiedniej aparatury w celu przetworzenia takiego wytworu. Z uwagi na bardzo interesujace wia-
Sciwosci poliimidu i mala popularno$é jako materiatu nadajacego si¢ do wtryskiwania, wykonano
symulacje¢ formowania wtryskowego kota zgbatego wykonanego z kompozytu poliimid — wtékno
weglowe. W pracy zestawiono dane materialowe niezbgdne do przeprowadzenia analizy nume-
rycznej. Dokonano analizy wptywu gtownych czynnikow sterujacych na warto$¢ skurczu objgto-
Sciowego wypraski. Stwierdzono, Ze najwigkszy wptyw na w/w kryterium jako$ciowe ma tempe-
ratura uplastycznionego tworzywa. Dokonano optymalizacji parametrow wtrysku z wykorzysta-
niem planéw ortogonalnych Taguchi, w oparciu o ktore przeprowadzono analizy numeryczne.
Ponadto, w oparciu o dostepna literaturg przedstawiono istotne wlasciwosci poliimidu, jego aktu-
alne mozliwosci przetworstwa oraz obszary jego zastosowania jako materiatu konstrukcyjnego.

Stowa kluczowe: poliimidy, kompozyty polimerowe, symulacje numeryczne, optymalizacja, for-
mowanie wtryskowe
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MODEL MATEMATYCZNY KARTEZJANSKIEGO
MANIPULATORA WLASNEJ KONSTRUKCJI

W referacie zaprezentowano opis matematyczny robota manipulacyjnego wlasnej
konstrukcji. Robot o strukturze kinematycznej kartezjanskiej posiada trzy stopnie
swobody. Sformutowano opis matematyczny kinematyki i dynamiki manipulatora.
Do opisu kinematyki zastosowano notacj¢ Denavita-Hartenberga. Dynamiczne
roéwnania ruchu manipulatora uzyskano z zastosowaniem réwnan Lagrange’a dru-
giego rodzaju. W opisie dynamiki manipulatora uwzgl¢dniono dynamike napgdow.
Dokonano analizy wtasciwosci strukturalnych modelu matematycznego, ktore sa
wykorzystywane w syntezie algorytmow sterowania manipulatorami.

Stowa kluczowe: manipulator kartezjanski, model manipulatora, kinematyka ma-
nipulatora, dynamika manipulatora, wtasciwosci strukturalne modelu

1. Wprowadzenie

Do jednej z najpopularniejszych odmian manipulatoréw naleza manipula-
tory o strukturze kinematycznej kartezjanskiej. Powodem tego jest szeroka ofer-
ta rynku automatyki i robotyki w zakresie modutowych rozwigzan, zapewniaja-
cych elastyczno$¢ podczas projektowania i konstruowania robotow do specjali-
zowanych zadan. Istotnymi zaletami manipulatorow kartezjanskich sa: tatwosé¢
osiagnigcia duzej sztywnosci konstrukcji, prostota opisu kinematyki i dynamiki,
fatwo$¢ wyznaczania przestrzeni roboczej i planowania w niej zadan. Prace ba-
dawcze dotyczace manipulatoréw kartezjanskich prowadzone sa glownie w za-
kresie budowy modeli matematycznych, w tym modeli uwzgledniajacych podat-
no$¢ konstrukcji [4, 6] oraz sterowania manipulatorami kartezjanskimi z
uwzglednieniem modeli matematycznych w prawie sterowania [3, 9].W prakty-
ce przemystowej stosowane sa w wigkszosci manipulatory o stosunkowo prostej
konstrukcji, duzej sztywnosci 1 doktadnosci pozycjonowania. Odpowiednia do-
ktadno$¢ moze by¢ zapewniona przez zastosowanie $rub kulowych w uktadzie
przeniesienia napedu [5].

W referacie zaprezentowano opis matematyczny robota manipulacyjnego
wlasnej konstrukcji. Robot o strukturze kinematycznej kartezjanskiej posiada

1 Autor do korespondencji/corresponding author: Piotr Gierlak, Politechnika Rzeszowska, al. Po-
wst. Warszawy 12, 35-959 Rzeszow, tel.: (17) 8651854, e-mail: pgierlak@prz.edu.pl
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trzy stopnie swobody. Jest przeznaczony m.in. do badan dotyczacych robotyza-
Cji procesow obrobki mechanicznej czeSci maszyn. Wyposazony jest w tzw.
moduly liniowe sktadajace si¢ z prowadnic i wozkow napedzanych silnikami
pradu statego z wykorzystaniem przektadni zebatych oraz $rub kulowych. Mani-
pulator wyposazony jest w enkodery zamocowane na watach silnikoéw napedo-
wych, czujnik silty umieszczony w koncowce i gtowice z napedem pneumatycz-
nym, w ktorej znajduje si¢ narzedzie skrawajace, np. pilnik, frez, itp.

Ze wzgledu na fakt, ze prezentowany robot nie jest produktem komercyj-
nym, lecz uktadem zbudowanym wedtug wiasnego projektu autora, konieczne
jest zaprojektowanie i wykonanie licznych modutéw programowych stuzacych
do symulacji oraz programowania robota i sterowania nim. Celem pracy jest,
zatem sformutowanie modelu matematycznego manipulatora, ktdry postuzy do
syntezy algorytmow sterowania manipulatorem. Model matematyczny jest row-
niez tworzony z mysla o zastosowaniu go w prawie sterowania manipulatorem.
W zwiazku z tym istotne jest zbadanie wlasciwosci strukturalnych modelu ma-
tematycznego manipulatora. W rozdziale 2 przyjeto schemat modutéw napedo-
wych 1 zaprezentowano opis ich dynamiki. W rozdziale 3 przyjeto model mani-
pulatora i przedstawiono rownania kinematyki i dynamiki obiektu z uwzglednie-
niem dynamiki modutow napedowych. Kolejny rozdziat dotyczy analizy wia-
$ciwosci strukturalnych modelu matematycznego. W ostatnim rozdziale doko-
nano podsumowania pracy.

2. Dynamika moduléw napedowych

Manipulator zbudowany jest z elementow modutowych, ktorymi sa napedy
liniowe. Modutl napedowy liniowy sktada si¢ z prowadnicy z wozkiem, ktorego
ruch jest wymuszany ruchem obrotowym §ruby kulowej napedzanej silnikiem
pradu statego z przektadnia zgbatg. Modut liniowy schematycznie przedstawiono
na rysunku 1. Rownanie ruchu wirnika silnika zapisano zgodnie z 0znaczeniami
na rysunku 1 w postaci [1, 7]:

Jsls +Bsls + My =Ky )
gdzie: M; - moment obcigzenia,

Kn - stala momentu,
iw - prad wirnika, (pozostate oznaczenia objasniono w podpisie rys. 1).

Réwnanie ruchu $ruby kulowej z uwzglednieniem elementdéw przektadni to:
(Ipr +Isr) sz +Mogg +isgP =M, (2)

gdzie: Mo sr — moment oporéw ruchu sruby,
isg =0/0sr — przetozenie przektadni §rubowej,
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M; — moment napedzajacy od strony silnika.
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Rys. 1. Schemat modutu napgdowego robota: Jw— masowy moment bezwtadnosci wir-
nika silnika, Jrs — masowy moment bezwtadnosci kota przektadni od strony silnika,
Jpr — masowy moment bezwladnosci kota przektadni od strony wozka, Js — masowy
moment bezwladno$ci modulu napgdowego, Jsr — masowy moment bezwtadnosci $ru-
by, m — masa woézka oraz elementow znajdujacych si¢ na nim, zs = Kmiw — moment ge-
nerowany przez silnik, Bs — wspotczynnik oporéw ruchu wirnika, Bsr — wspotczynnik
oporéw ruchu $ruby i watu przektadni, Bw — wspotczynnik oporéw ruchu wozka, gs —
kat obrotu wirnika silnika, gsr — kat obrotu $ruby, q - przemieszczenie wozka, ip —
przetozenie przektadni zgbatej, isk — przetozenie przektadni $rubowej, P — sita ze-
wnetrzna

P
<—
L
m by
—
B\\

Fig. 1. Scheme of robot’s drive: Jw— mass moment of inertia of the motor shaft, Jes —
mass moment of inertia of the gear wheel from the side of drive, Jrr — mass moment of
inertia of the gear wheel from the side of truck, Js — mass moment of inertia of the
drive, Jsr — mass moment of inertia of the screw, m — mass of the truck and items on it,
7s = Kmiw — the torque generated by the drive, Bs — coefficient of shaft motion re-
sistance, Bsr — coefficient of motion resistance of screw gear shaft, Bw — coefficient of
truck motion resistance, gs —angle of rotation of the motor shaft, gsr — angle of rotation
of the screw, g-displacement of the truck, ip — gear ratio, isr — helical gear ratio, P —
external force

Zaktadajac rownos¢ mocy:
M,Gs = My0sg
i przelozenie:
Asr =1p0s
rownanie (1) zapisano w nastepujacej postaci:

[Js +(Jpr +‘]SR)il§:'qS +Bsds +ipMo g = Kyl —lpigeP

3)

(4)

()

1 uzyskano opis dynamiki modutu napedowego w funkcji kinematycznych para-
metrow ruchu watu silnika. Podobnie mozna zapisa¢ rdwnania ruchu pozosta-

tych napedow i przedstawic je wszystkie w zwartej formie macierzowej:
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Jgs +Bqgs + F =Kiy, —iP (6)

gdzie: J=diag{J1,J2,J3} — macierz bezwladnosci, Ji=Jsi+(Jprj+Jsr))iri,j = 1, 2, 3,
gs=[0s1, 0s2, s3]" — wektor katow obrotu wirnikow silnikow,
B=diag{Bs:, Bs2, Bss} — macierz oporéw ruchu wirnikéw silnikow,
K=diag{Km1, Kmz, Kms} — macierz statych momentowych silnikow,
iw=[iW1, w2, iw3]T — wektor prqd()w wirnikow,
i=diag{ip1i5R1, ipziSRz, ip3i5R3} — macierz przeloZeﬁ przekiadni,
P=[P1, P2, P3s]" — wektor sil zewnetrznych,
FSR:[ip1Mo SR1, ipzMo SR2, iP3Mo SRg] T wektor zredukowanych OpOI‘éW

ruchu $rub.

3. Kinematyka i dynamika manipulatora

Widok robota manipulacyjnego przedstawiono na rysunku 2, a schemat Ki-
nematyczny na rysunku 3. Przyjeto lokalne uklady wspotrzednych zgodnie z
notacjg Denawita-Hartenberga (DH) [7, 8] oraz bazowy uktad odniesienia Xyz.
Parametry zestawiono w tabeli 1, gdzie zmienne przegubowe to Ij, j = 1, 2, 3.
Ostatni uktad odniesienia zwigzano z koncowkg robocza (punkt D).

vz
Rys. 3. Schemat kinematyczny manipulatora

Fig. 3. The kinematic diagram of the manipulator

Rys. 2. Widok manipulatora
Fig. 2. The manipulator

Tabela 1. Parametry manipulatora wg notacji D-H
Table 1. Parameters of the manipulator according to D-H notation

j aj, m aj, rad dj, m 6;, rad
1 0 3m/2 [ 0

2 0 /2 I2 3n/2
3 0 0 I3 0

Uwzgledniajac dodatkowo rotacje uktadu XoyozZo wzgledem bazowego xyz

okreslono macierz transformacji uktadu 3 do bazowego jako:
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10 0 I(t)
A 010 LE -
00 1 L)
000 1

Z powyzszego wzoru wynika, ze orientacja koncowki roboczej jest stala,
a zmienne przegubowe lj, ktore sg funkcjami czasu, sg wprost wspotrzednymi
kartezjanskimi koncowki w przestrzeni roboczej, tzn.:

X (@) | [ L®)
Po =| Yo () |=| 1, () (8)
z5(t) l5(t)

gdzie: ppo — wektor wspotrzednych kartezjanskich koncowki manipulatora,
xp(t), Yo(t), zo(t) — wspodtrzedne koncowki manipulatora.

Natomiast predkos¢ koncowki roboczej to:

%O L)
Vo =[ Yo (1) [=| (1) 9
25 ] O

W celu wyprowadzenia dynamicznych réwnan ruchu robota [2, 7, 10] za-
stosowano réwnania Lagrange’a Il rodzaju, ktérych posta¢ dana jest wzorem:

d| oE oE
— = =0 10
dt(aqj 0y o

gdzie: E — energia kinetyczna analizowanego uktadu,
gj— wspotrzedna uogdlniona,
Q;— sita uogodlniona odpowiadajaca wspotrzednej uogdlnione;.

Energia kinetyczna uktadu to:
2
E== Z m, v’ (11)

gdzie: m; — masa j-tego cztonu,
vj— predkos¢ srodka masy j-tego cztonu,
Q;— sita uogolniona odpowiadajaca wspdtrzednej uogdlnione;.
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Predkosci poszezegolnych cztonow to:
v, =1,
v, = I +12 (12)
Zatozono, ze na kazdy czlon dzialajg nastepujace sily: sita P; napedzajaca

czton dzialajaca wzdluz osi przegubu, sita oporu ruchu wozka po prowadnicy Fj
oraz ci¢zar czlonu Gj dziatajacy wzdhuz osi z (rys. 4).

F.
b

P,
——
@ 4o

Rys. 4. Uktad sit dziatajacy na manipulator
Fig. 4. The forces system acting on the manipulator

Ponadto w punkcie D dziala na koncowke robocza sita zewnetrzna
Fe=[Fex, Fey, Fez]", @ W punkcie Oo wystepuja reakcje z ostoja. Zaktadajac wspot-
rzedne uogodlnione jako gj=lj, wyznaczono sity uogodlnione z zastosowaniem za-
sady prac przygotowanych poréwnujac prace przygotowang sit uogoélnionych z
praca przygotowang dzialajacego uktadu sit i otrzymano

Ql = Pl - I:1 + Fex
QZ = I:)2 - FZ + I:ey (13)
QS = PS_F3+Fez +G3

Uwzgledniajac rownania (11)-(13) w (10) zapisano dynamiczne roéwnania

ruchu jako:
(m +m, +my)i, =P —F +F,
(m, +my)l, =P, —F, +F, (14)

myly; =P, —F, +F,, +G,
ktore wygodnie jest zapisa¢ w postaci macierzowej:

Mi=P-F+F, +G (15)
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gdzie: M=diag{m;+mz+ms,m+ms, ms} — macierz bezwtadnosci,
I=[l4, Iz, I5]" — wektor przemieszczen uogélnionych,
P=[P1, P2, Ps]" — wektor sit napedzajacych,
F=[F1, F2, F3]" — wektor si oporéw ruchu,
G=[0, 0, Gs]" — wektor sit grawitacji.

Uwzgledniajac opis dynamiki uktadu (15) w réwnaniu (6), otrzymano:
J,0s +R-iG=Ki, +iF, (16)
gdzie: J,=J+iMi — macierz bezwtadnosci cztonow robota,
R =B +Fg +iF —wektor sumarycznych oporéw ruchu.

Czton R uwzgledniajacy opory ruchu, mozna modelowa¢ w réznorodny
sposob. Powszechnie stosowanym modelem tarcia jest kombinacja modeli tarcia
wiskotycznego i suchego. Model taki uzyskano zaktadajac elementy w wektorze
Fsr W postaci:

Mo sgj = BsryjCsrj + Bsrej SIN(Usr;) (17)
oraz elementy w wektorze oporow ruchu wozkow F jako
Fj =Byl + Bug s0n(T)) (18)

gdzie: Bsryj | Bwj — wspotczynniki oporu wiskotycznego ruchu $ruby i wozka,
Bsrej | Bwej — wspoOtezynniki oporu suchego ruchu $ruby i wozka.

Grupujac wspdtczynniki wystepujace w roéwnaniach ruchu otrzymano osta-
tecznie model dynamiki manipulatora w postaci rownania (16) gdzie:

pp 0 O
J,={0 p, O
10 0 p;
[ P4t P, sgn(ds;)
R =| psds, |+| PgsIn(ds,) (19)
| Pess Py SgN(ds3)
0
G=|0
Pro

oraz.
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Wartosci parametrow modelu matematycznego zebrano w tabeli 2.

pp=J;+(m +m,+ m3)i§1i52R1
P, =J, +(m, + ms)igzissz

Ps = Jg + Myipgides

Ps = By + Bspuipy + Budpiisw
Ps = Bsy + Bgyalps + Buyaipolsrs
Ps = Bss + Bsryalps + Buysipsicrs
Pz = Bsreal 1 + Bwerl pilsri
Pg = Bsrealpz + Bucalp2lsra
Py = Bsrealps + Bweal paisrs

Py = M3g

Tabela 2. Parametry manipulatora

Table 2. Parameters of the manipulator

Parametr Jednostka Warto$é
p1 1.4236:105
p2 kgm?/s 7.0957-10°°
ps 7.0957-10°®
pa 2.8156-10°
ps kgm?/s 1.4078-10°
Ps 1.4078:105
pr 0.0159
ps Nm 0.0079
ps 0.0079
P10 N 49.0500

4. Wihasciwosci strukturalne modelu matematycznego

(20)

W tym rozdziale zaprezentowane zostang wlasciwosci strukturalne modelu
matematycznego manipulatora [2, 11], ktorych znajomos¢ jest konieczna w syn-
tezie algorytmow sterowania manipulatorami. Zostanie przeanalizowany model
matematyczny okre$lony rownaniem (16). Jest to model matematyczny odpo-

wiadajacy przypadkowi manipulatora sztywnego.

Wiasciwos$é 1. Macierz bezwladnos$ci J; jest symetryczna, dodatnio okreslona i
spelnia ograniczenie:

Ohmin (‘]z)l S‘Jz SO-max(‘]z)l

(21)
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gdzie: | € R*® — macierz jednostkowa,
omin(Jz) —minimalna $ci$le dodatnia warto$¢ wtasna macierzy J,,
omax(Jz;)-maksymalna $cisle dodatnia warto$¢ wlasna macierzy J..

Wiasciwos¢ 2. Rownanie dynamiki manipulatora jest liniowe wzgledem para-
metrow, co zapisano:

Y(q,9,4)p =Kiy, +iF, (22)

gdzie: Y(q,q,¢) € R**® — macierz regresji,
P=[p1, P2, P3, P4, Ps, Pé, P7, Ps, Po, P10]’ — wektor parametréw modelu.

Macierz regresji ma postac:

Y(a,6,8)=
Gsa | O | 0 G5 | O | O |sgn(ds,) 0 0 23)
0 || 0 10 J0gs,| O 0 sgn(ds,) 0
0] 0 |G| O] 0 |0 0 0 sgn(dss) |1
Wiasciwosé 3. Wektor iG spetnia zalezno$¢:
”iG” = ip3i5R3 Pio: (24)
Wiasciwos¢ 4. Wektor R spetnia ograniczenie:
||R||sr1||qs||+rz\/|q51|+|q32|+|q53| +h (25)

gdzie:r1=maX{p4,p5, Pe},

r, :max{\f2p4p7,\/2P5ps,\/2psp9}’

= D7+ P5 + s

Wlasciwos¢ 5. Macierz przetozen przektadni i jest stata, diagonalna i dodatnio
okreslona.

Wilasciwos¢ 6. Macierz statych momentowych silnikéw K jest stata, diagonalna
i dodatnio okreslona.
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5. Podsumowanie

W pracy zaprezentowano metodyke modelowania manipulatora kartezjan-
skiego z zastosowaniem réwnan Lagrange’a drugiego rodzaju i uwzglednieniem
dynamiki napedéw. W modelu matematycznym uwzgledniono jedynie najwaz-
niejsze zjawiska fizyczne wystgpujace podczas ruchu czlonéw manipulatora,
tzn. zjawisko bezwtadnosci, opory ruchu, wptyw sit cigzkosci oraz interakcje
koncéwki roboczej ze srodowiskiem. Pominigto natomiast takie zjawiska jak np.
deformacje cztonow, deformacje i luzy w ukladzie przeniesienia napgdu czy
drgania mechaniczne. Dzigki takiemu podejsciu uzyskany model jest liniowy
wzgledem parametrow i wykazuje typowe wlasciwosci strukturalne modeli ma-
tematycznych manipulatorow sztywnych [2]. Moze by¢ zastosowany w syntezie
uktadu sterowania robotem.
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THE MATHEMATICAL MODEL OF THE CARTESIAN ROBOTIC
MANIPULATOR OF OWN DESIGN

Summary

In the paper, the mathematical model of the robotic manipulator of own design is presented.
The Cartesian manipulator has three degrees of freedom. The mathematical description of kine-
matics and dynamics is formulated. The Denavit-Hartenberg notation for kinematics description is
used. The dynamical equations of motion of the manipulator are obtained by using Lagrange’s
equations of the second kind. In the manipulator’s dynamics description, the dynamics of the
drives is taken into account. An analysis of the structural properties of mathematical model is pre-
sented. Proved properties are useful in the synthesis of control algorithms.

Keywords: the Cartesian manipulator, model of manipulator, manipulator kinematics, manipulator
dynamics, structural properties of model
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IDENTIFICATION OF UAV STATIC
AERODYNAMIC CHARACTERISTICS IN THE
WATER TUNNEL BALANCE RESEARCH

This work presents the identification of static aerodynamic characteristics in the
water tunnel experiments. The tested object was a scale model of unmanned aerial
vehicle (UAV) target drone OCP-Jet. The research was performed in the water
tunnel Rolling Hills Research Corporation model no. 2436, Military University of
Technology, Warsaw. Water tunnel experiments allow to perform static and dy-
namic balance measurements, dye flow visualizations and PIV flow field meas-
urements. The advantage of the use of the water tunnel are relatively inexpensive
researches and the possibility to use small models manufactured with 3D printing
technology. However, testing the flying objects in the water medium has limita-
tions due to difficulties in satisfying the flow similarity criteria. In this paper the
researches were focused on identification of the static aerodynamic characteristics
with the use of balance measurements. The forces and moments characteristics
were performed. The experimental results were compared with full scale aircraft
characteristics, calculated with analytical methods and vortex lattice method.

Keywords: static aerodynamics characteristics, water tunnel, UAV, balance meas-
urements, aerodynamics forces, aerodynamics moments

1. Introduction

Static aerodynamic characteristics includes important information about
aerodynamic forces and moments acting on the aircraft in steady state flight
condition. Determining of static characteristics is a key issue for the estimation
of flying qualities such as flight performance, static stability and manoeuvrabil-
ity. Therefore, the identification of static aerodynamics characteristics is a matter
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of experimental researches and numerical analysis. The tunnel researches and
flight tests are used in the identification of aerodynamic characteristics and flight
performance. Water tunnel measurement is a one of experimental methods in the
aircraft research programme. The available publications [1-4] indicate the fol-
lowing advantages of water tunnel tests:
— researchers are relatively inexpensive,
— simplicity of manufacturing and modifying the test model with the use of
3D printing technology,
— static and dynamic balance measurements of forces and moments support-
ed by three axial model manipulator,
— dye flow visualization,
— flow field measurements with PIV technology.

On the other hand there exist some limitations in researches of flying ob-
jects in water tunnel. Physical properties of water medium such as density, vis-
cosity and compressibility are significantly different than in air medium case. It
is problematic to satisfy flow similarity criteria. The Reynolds number achieved
on models in the water tunnel is approximately two or three rows lower than for
full scale airplane [1]. However, for micro aerial vehicles it is possible to meet
Reynolds number criterion. The sound velocity in water is four times higher than
in the air medium. Thus it is impossible to satisfy Mach number in
researches [1].

In this work the balance measurements of static aerodynamic characteristics
were performed. The research object was 1:8 scale model of UAV flying drone
OCP-Jet [9]. The force (lift, drag and side) and moment (pitching, rolling and
yawing) characteristics were measured. In order to verify the usefulness of ex-
perimental results the characteristics were calculated for full scale airplane. The
calculation included analytical methods [10] and vortex lattice method with the
use of “Tornado” software [11, 12]. The collected data was discussed in order to
evaluate the usefulness and a range of use the water tunnel in the identification
of the flying object characteristics.

2. Research facilities

The research was performed in the water tunnel Rolling Hills Research
Corporation (RHRC) Model no. 2436 (fig. 1). The test section (fig. 1, item 7) is
equipped with model support (fig. 1, item 8) that provides the rotational move-
ment along three axes. The measurement system includes five component strain
balance (fig. 2), flow velocity meter and computer control unit. The strain bal-
ance is mounted inside the model and connects the model with manipulator sup-
port. The visualisation system consists of 6 independent dye tanks. The dye is
distributed into the model airframe nozzles or external mobile nozzle. Addition-
ally 2-dimensional PIV measurement are performed.
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Fig. 1. RHRC 2436 water tunnel layout: 1 - pump, 2 - perforated inlet, 3 - delivery plenum, 4 -
flow conditioning elements, 5 - contraction section, 6 - dye lines, 7 - test section, 8 - model
support, 9 - discharge plenum, 10 - return piping, 11 - filter system

Y Motor Pitch Motor | I Roll Motor

—

-G

- -

-

0N

Roll Mechanism

Strain Gauge | C-strut

Balance
Arm and Sting at 60°AoA

Fig. 2. Model manipulator (up) and strain balance (down) scheme
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Table 1. Specifications of RHRC 2436 water tunnel, model support manipulator and strain balance

Water tunnel

Overall dimensions

6.1mx25mx12.2m

Water capacity 18 m®

Flow velocity 0-0.3m

Test section dimensions 0.6mx09mx1.8m
Turbulence intensity <1.0 % RMS

Water pomp motor

7.5 KM 230V AC 3-phase 60Hz 30 A

Model support manipulator

Type of movements

Three axes rotation

Pitch; yaw; roll angle (min/max)

-10°/36°; -25°/25°; -520°/520°

Pitch; yaw; roll rate (max)

15 [deg-s™]; 15 [deg-s]; 40 [deg-s?]

Pitch; yaw; roll acceleration (max)

5 [deg-s?]; 2 [deg-s?]; 2 [deg-s?]

Strain balance

Measured values

Normal (N) and side () forces, pitching (PM), yawing
(YM) and rolling (RM) moments

Size (diameter x length)

0.75 in x 3.75 in (without waterproof cover and mount
adapters)

Number of channels (sections)

Total = 5 ( 2X PM, 2X YM, 1x RM)

Type of strain gage
(for each section)

4x 1000Q semi-conductor gauge arranged in full Wheat-
stone bridge

Maximum
Pitch/yaw/torque

loading

15in-Ib /4 inb /2.5 in-lb

3. Test model

The tested object is target drone OCP-Jet (MSP Company). For the
research the 1:8 scale model was manufactured with the use of rapid prototyping
technology. The article contains necessary technical data, for the full specifica-
tion see [9]. Note that scaled model has modified aft fuselage part (fig. 3ab). The
balance is mounted inside the model and must be inserted through the widen

circular cross section.

Table 2. Specifications of OCP-Jet tested model (selected technical data)

Name Full scale OCP-Jet | Research model (1:8 scale)

Wing span, mm 2855 356.9

Wing area, cm? 13500 210.94

Planform area*, cm? 22440 350.63

MAC, mm 459.2 57.4

Length, mm 3555 444.4

Height, mm 820 102.5

Reference point 25% MAC 25% MAC

* Airplane top view overall area
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Fig. 3. View (a) and drawing (b) OCP-Jet tested model

The experiment consists of preparing the model, where the model is mount-
ed and levelled along the flow direction in the test section. Considering the sen-
sitivity of balance sensors the next step relies on balance tare in order to elimi-
nate negative effect of model buoyant and weight force. After stabilizing the
flow velocity (exact to a 0.02 in/s) the final measurement of hydrodynamic forc-
es and moments is performed.

Fig. 4. Components of measured forces and moments

The model was tested with the angle of attack sequence (from a = 0° to o =
34°, Aa = 2°) in three configurations of yaw angle (y = 0°, 10°, 20°).
Water flow velocity was set to V = 0.3 m/s. The components of hydrodynamic
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force (lift, drag, side) and hydrodynamic moment (pitch, roll, yaw)
were measured. Results are shown as a characteristics of forces and moments (in
imperial units) and its coefficients due to the angle of attack. This is common
form of flying object.

4. Discussion

The main problem of usefulness of experimental results is the fact that the
model of flying object was tested in water medium. There are significant
differences between properties of air and water. The density and kinematic
viscosity of water are suitably pwaer = 999.1 kg/m® and vwater = 1.142 - 10° m?/s
while the air parameters are pair = 1.225 kg/m?® and vair = 1.45 - 10° m?/s. Thus
Reynolds number was different in the model and in the full scale object and
equals suitably: Remogel, v=0.3 mis = 1.2 - 10* and Reopject, v=75mis = 2.4 - 10°. The ex-
perimental data characteristics was compared with the full scale aircraft charac-
teristics. The classical method [10] and “Tornado” vortex lattice method (VLM)
software [11, 12] were used to obtain full scale airplane characteristics.

The measured force characteristics (figs. 5 to 8) has expected run
for airplane case. It can be clearly seen that in the practical angle of attack
(AoA) range the lift characteristics C(a) is linear. Drag characteristics Cp(a)
and polar C(Cp) exhibit square dependency due to induced drag influence.

1,4 0,5
1,2
L 0,4
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Furthermore, the Ci(a) characteristics obtained with analytical methods and
VLM method (fig 15) in the linear range has virtually the same run The lift
curve slope |s = 4.35 for experimental and analytical results and = 4.87

for VLM method The difference for VLM method is caused by the Iack of fuse-
lage body influence on the main wing (VLM software [12] does not consider the
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body, see fig. 18). In the range above linear dependence of lift curve slope it can
be seen that water tunnel characteristics shows corrugated increment of lift coef-
ficient without a stall point. The interpretation is that the water tunnel balance
measures only the normal force that is separated geometrically on lift and drag
component. Therefore, on higher AoA the normal force increases due to increas-
ing model planform area crosswise the flow direction (fig. 2).
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In a case of drag coefficient characteristics there is significant discrepancy

between experiment and other methods. Considering the characteristics CZ =
f(Cp) (fig. 16) it can be seen that the static derivative in linear range of C (o)

2
dependence equals % = 4.33 for experimental results while for other methods
D

2

the average value is Z% = 17.4. The probable cause of the difference is the fact
D

that the drag coefficient in the experiment is identified indirectly by geometrical
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separating the normal force on force and drag components. Therefore, increasing

model planform area across the flow direction results in increasing measured

drag force. As it was expected, experimental moment characteristics displays

aerodynamic configuration for aircraft with classical rear tail. The average value
. . .. . . . . dc

of pitching moment coefficient derivative due to AoA remains negative d—;" <

0, that indicates positive longitudinal static stability characteristic (figs. 9, 10).
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5. Conclusion

Comparison of experimental results with calculated characteristics (fig. 17)
shows discrepancy between experimental and VLM method results. It is caused
by the lack of fuselage body in VLM modelling. In this case the analytical Cm(a)
characteristic for the whole aircraft and wing-tail was shown separately. The
analytical characteristics overlap with experimental and VLM runs. The only
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problematic part of experimental Cn(a) run is at AoA less than a<8° where

de

> 0. The probable reason is an influence of the main wing hydrodynamic

shadow on the horizontal tail. Rolling and yawing moment characteristics (fig.
11 to 14) point that tested aircraft has positive static lateral stability characteris-
tics. The measured values of pitching and rolling coefficients increase with yaw-

ing angle increment due to vertical tail influence.
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IDENTYFIKACJA STATYCZNYCH CHARAKTERYSTYK
AERODYNAMICZNYCH SAMOLOTU KLASY BAL

Z WYKORZYSTANIEM POMIAROW WAGOWYCH W TUNELU
WODNYM

Streszczenie

W niniejszej pracy przeprowadzono eksperymentalng analiz¢ zmgczeniows topatki sprezarki
lotniczego silnika turbinowego. Rozktad temperatur na topatce wykorzystano do okreslenia dtugo-
Sci powstalej w trakcie badan szczeliny zmeczeniowej. Lopatka z karbem symulujacym uszkodze-
nie obcym obiektem zostata poddana drganiom poprzecznym wstanie rezonansu. Podczas badan
zarowno amplituda przemieszczenia wierzchotka ostrza, a takze dlugos¢ pegknigcia byly monito-
rowane. W tym samym czasie wykonano kamera termowizyjna zdj¢cia rozktad temperatury. W
pierwszej fazie pracy wykresy amplitudowo-czestotliwoéciowe uzyskano dla réznej wielko$ci
peknieé. Okreslono liczbe cykli obcigzen do inicjacji peknigé, a takze dynamike wzrostu peknigé
w topatce spr¢zarki narazonej na drgania. Dodatkowym efektem pracy jest porownanie dlugosci
szczelin zmierzonych bezposrednio na badanej topatce jak i na obrazie z rozktadami temperatury
wokoét peknigcia. Przedstawiono zalety metody pomiaru dlugosci szczeliny z wykorzystaniem
zdje¢ z kamery termowizyjnej. Wyniki przedstawione w niniejszym artykule maja warto$¢ teore-
tyczng i praktyczng.

Stowa kluczowe: statyczne charakterystyki aerodynamiczne, tunel wodny, BAL, pomiary wago-
we, sity aerodynamiczne, momenty aerodynamiczne
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Bartosz PRZYBYLA!
Zbigniew ZAPALOWICZ?

USZKODZENIA SPREZARKI ODSRODKOWEJ
SILNIKA LOTNICZEGO P&W 206 b2
SPOWODOWANE ZASSANIEM CIAL OBCYCH

W artykule przedstawiono najczesciej wystepujace uszkodzenia sprezarek odsrod-
kowych silnikoéw P&W 206b2 zamontowanych w $migtowcach EC-135, eksploat-
owanych przez Lotnicze Pogotowie Ratunkowe. Uszkodzenia te sga nastgpstwem
pracy tych silnikow w pasie nadmorskim, ladowaniami na podtozu piaszczystym
np. plazy i zassaniem przez nie ciat obcych, takich jak m.in.: piasek, kurz, kropelki
wody. Zanieczyszczenia wystepujace w zasysanym powietrzu powoduja zmiany
parametréw eksploatacyjnych silnika. Z kolei na ich podstawie mozna oceni¢ stan
techniczny eksploatowanego silnika. W pracy oméwiono takze metode¢ oceny
uszkodzen elementéw spre¢zarki oraz podano sposob ich naprawy.

Stowa kluczowe: silnik lotniczy, sprezarka od$rodkowa, uszkodzenia sprezarki

1. Wstep

Sprezarka odsrodkowa jest zasadniczym elementem silnika lotniczego za-
montowanym, na wspolnym wale, migdzy wlotem a turbing gazowg. Zadaniem
sprezarki jest dostarczy¢, w sposob ciagly i nieprzerwany, odpowiednig ilo$é¢
powietrza do komory spalania oraz powietrza do napedu agregatow potaczonych
na stale z przektadnig redukcyjng. Ponadto sprezarka powinna dostarczyé odpo-
wiednig ilos¢ powietrza chtodzacego w celu obnizenia temperatury gorgcych
elementow silnika oraz powietrza stluzacego do uszczelnienia miejsca wyjscia
watu napedowego silnika. Sprezarka zapewnia takze powietrze dajace sygnat
sterujgcy dla modutu zasilania paliwem FMM (Fuel Management Module).
Sprezarka powinna rowniez zasila¢ kabine zalogi w $§wieze powietrze - uktad
wentylacji. Wymagania, jakie stawia si¢ spr¢zarkom sg, wigc nastgpujace: wy-
tworzy¢ odpowiedni sprez i natezenie przeplywu, charakteryzowac si¢ wysoka

1 Autor do korespondencji/corresponding author: Bartosz Przybyla, Zachodniopomorski Uniwer-
sytet Technologiczny, al. Piastow 19, 70-310 Szczecin, Tel. 91 449 42 72, e-mail: bar-
tosz.przybyla@zut.edu.pl

2 Zbigniew Zapatowicz, Zachodniopomorski Uniwersytet Technologiczny, e-mail: zbi-
gniew.zapalowicz@zut.edu.pl
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sprawnos$cig przez caly okres eksploatacji silnika (okoto 80% - 90%), wykazy-
wac si¢ ciagla, nieprzerwang oraz stateczng praca, posiada¢ odpornos¢ na wyso-
kie obroty silnika. Sprezarka silnika P&W 206b2 jest jednostopniowa sprezarka
odsrodkowa (rys. 1), jej sprez wynosi II; = 8,2, strumien masy powietrza, jaki
zasysa silnik jest rowny m = 2,035 kg/s, a obroty nominalne watlu wynosza n =
58000 obr/min [1].

b

Rys.1. Schemat konstrukcyjny sprezarki silnika PW 206b2: 1 - siatka zabezpieczajaca
wilot, 2 - topatki wlotowe, 3 - wirnik, 4 - wlot do dyfuzora rurkowego, 5 - wylot dyfuzo-
ra rurkowego

Fig. 1. Construction scheme of a compressor of the PW 206b2 engine: 1 - intake protec-
tive mesh, 2 - inlet ribs, 3 - rotor, 4 - inlet to the pipes diffuser, 5 - diffuser pipes outlet

Sekcja sprezarki sktada si¢ z nastgpujacych elementow konstrukcyjnych:
wlotu, wirnika i dyfuzora. Zadaniem wlotu jest ukierunkowanie strumienia po-
wietrza naptywajgcego do sprezarki. Wlot wykonany jest ze stopu aluminium.
Wyposazono go w 6 podpér, w ktdrych poprzez specjalnie wydrazone otwory
przeptywa olej silnikowy oraz paliwo. Takie rozwigzanie konstrukcyjne chroni
wlot do silnika przed oblodzeniem. W podporach znajdujg si¢ tez szczeliny do
odprowadzania powietrza (regulacja upustowa), co pozwala zwigekszy¢ granice
obszaru statecznej pracy sprezarki. Wirnik wykonany jest ze stopu tytanu. Ze
wzgledu na wirowanie jest elementem najbardziej narazonym na uszkodzenia
spowodowane zasysaniem ciatl obcych. W zwigzku z tym jego zywotno$¢ jest
ograniczona przez ilo$¢ cykli pracy sprezarki badz tez przez rodzaj mozliwych
jej uszkodzen. Rozbiezny dyfuzor (rys. 2) sklada si¢ z elementéw spawanych
oraz frezowanych, wykonanych ze stopow stali, polaczonych z 22 kanatami. Je-
go zadaniem jest zwickszenie cisnienia statycznego powietrza na wylocie ze
sprezarki kosztem zmniejszenia jego predkosci. Sposrod wszystkich elementow
sktadowych silnika turbinowego wirnik sprezarki jest elementem najbardziej
narazonym na uszkodzenia. Jednoczesnie jego konstrukcja i konstrukcja spre-
zarki musza by¢ odpowiednio lekkie, wytrzymate oraz precyzyjnie wykonane.
Na elementy sprezarki dziatajg obcigzenia, ktore sg wywotane:
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zginaniem 1 skrgcaniem, pochodzacym od przeptywajacego strumienia
powietrza,

rozcigganiem topatek, spowodowanym dziataniem sity odsrodkowe;,
drganiami wynikajacymi z niewywazenia badz uszkodzenia wirnika.

Rys. 2. Dyfuzor silnika P&W 206 b2 (fot. P. Rutkowski)
Fig. 2. Diffuser of the P&W 206 b2 engine (photo P. Rutkowski)

2. Rodzaje uszkodzen elementéw sprezarki

Smiglowce LPR, wykonujac misje ratunkowe badz transportowe, czesto sa

narazone na prac¢ w trudnych warunkach. Stosunkowo krotkie loty, przy jedno-
czesnej duzej ich liczbie, powoduja, ze silniki, a w szczegolnosci sprezarki, sa
bardzo mocno narazone na uszkodzenia wywotlane oddzialywaniem ciat obcych
(rys. 3). Szczegoélnie ladowania/starty na podtozu piaszczystym (np. podczas
lotéw ratunkowych w pasie nadmorskim), sprzyjaja dostawaniu si¢ do silnikow
drobinek piasku, ktore przy dtugotrwatym oddziatywaniu, znacznie przyspiesza-
ja proces erozji topatek wirnika sprezarki. Sposrod wszystkich wystepujacych
rodzajow uszkodzen sprezarek, najwazniejsze to:

wyszczerbienia krawedzi natarcia/sptywu lopatek (rys. 4),

wgniecenia krawedzi natarcia/sptywu powierzchni topatek (rys. 5),
rozerwania topatek (rys. 6),

znieksztatcenia geometrii topatki (rys. 7),

pekniecia topatek (rys. 8),

uszkodzenia erozyjne topatek - powstajace najczesciej pod koniec okresu
eksploatacji silnikow badz w statkach powietrznych operujgcych w pobli-
zu zaktadow chemicznych lub w $§rodowisku morskim (rys. 9),
uszkodzenia erozyjne statora sprezarki (rys. 10).

W zwiazku z tym w trakcie remontow silnikow lotniczych i likwidacji po-

wstatych uszkodzen dokonuje si¢ montazu filtrow powietrza, ktore ograniczaja
do minimum mozliwo$¢ dostania si¢ do sprezarki ciat obeych (rys. 11). To po-
woduje z kolei, ze czas eksploatacji silnikow znaczne si¢ wydluzenia.
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Rys. 3. Wirnik sprezarki uszkodzony ciatami obcymi (fot. P. Rutkowski)
Fig. 3. The compressor rotor damaged by foreign objects (photo P. Rutkowski)

'\‘

Rys. 4. Wyszczerbienia krawedzi natarcia topatek wirnika sprezarki (fot. B. Przybyta)
Fig. 4. Nicks in the leading edge of the compressor impeller (photo B. Przybyla)

Rys. 5. Wgniecenia krawedzi natarcia wirnika sprezarki (fot. J. Haliniak)
Fig. 5. Dents in the leading edge of the compressor rotor (photo J. Haliniak)
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Rys. 6. Rozerwania topatek wirnika sprezarki (fot. B. Przybyta)
Fig. 6. Tears of the blades of the compressor rotor (photo B. Przybyta)

Rys. 7. Znieksztalcenia lopatek wirnika sprezarki [4]
Fig. 7. Distortions of the blades of the compressor rotor [4]

Rys. 8. Peknigcie topatki wirnika sprezarki [7]
Fig. 8. Cracks on the blade of the compressor rotor [7]
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Rys. 9. Uszkodzenia erozyjne krawedzi lopatek wirnika sprezarki (fot. B. Przybyta)
Fig. 9. Erosion damage of the edges of the rotor blades of the compressor (photo B. Przybyta)

Rys. 10. Uszkodzenia erozyjne statora sprezarki (fot. P. Rutkowski)
Fig. 10. Erosion damage of the compressor stator (photo P. Rutkowski)

Rys. 11. Filtr powietrza zamontowany w $migtowcu EC-135 (fot. B. Przybyta)
Fig. 11. Inlet barrier filter mounted on the EC-135 helicopter (photo B. Przybyta)

3. Ocena uszkodzen oraz naprawa elementow sprezarki

W s$migtowcach EC-135, aby oceni¢ stan techniczny jednostki napgdowe;,
wykonuje si¢ sprawdzenie posrednie mocy silnika na ziemi tzw. test ,,GPC”
(Ground Power Check). W trakcie badania mierzy si¢ nastgpujgce parametry
silnika:
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— predkos¢ obrotowa walu wirnika sprezarki - ny,

— predkos¢ obrotowa watu turbiny napgdowe;j - no,

— temperatur¢ gazow na wyjsciu z turbiny napedzajacej sprezarke - tot,
— natgzenie przeptywu paliwa - mp (rys. 12).
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Rys. 12. Zalezno$¢ natezenia przeptywu paliwa mp 0od czasu eksploataciji sil-
nika trH: 1 - przed naprawg silnika i montazem filtrow powietrza, 2 - po na-
prawie silnika i montazu filtrow powietrza, 3 - czas naprawy silnika i monta-
zu filtrow powietrza, 4 - linia trendu przed naprawg silnika i montazem fil-
trow powietrza, 5 - linia trendu po naprawie silnika i montazu filtrow powie-
trza

Fig. 12. Dependence between fuel flow mjp and the time of exploration trH: 1
- before the repair of the engine and the installation of air filters, 2 - after the
repair of the engine and the installation of air filters, 3 -— the time of engine
repair and the installation of air filters, 4 - trend line before repairing the en-
gine and the installation of air filters, 5 - trend line after the repair of the en-
gine and the installation of air filters

W trakcie eksploatacji silnikow wartos$ci predkosci obrotowej watu wirnika
sprezarki n; oraz temperatury gazéw na wyjsciu z turbiny nape¢dzajacej sprezar-
ke tot ulegaja zmianie. Na podstawie otrzymanych wynikéw pomiarow, wyzna-
cza si¢ roznice pomiedzy maksymalnymi dopuszczalnymi obrotami turbiny na-
pedowej dla danego silnika a obrotami otrzymanymi z badan tj. parametr tzw.
»Margin n1 - Ans” (rys. 13). Drugim parametrem na podstawie, ktorego ocenia
si¢ stan jednostki napedowej jest r6znicg pomigdzy maksymalng dopuszczalng
temperaturg gazow na wyjsciu z turbiny sprezarki a temperaturg otrzymang z
pomiardw tzw. ,,Margin TOT - Aty (rys. 14). Wartosci parametrow dopuszczal-
nych (An: oraz Ate) sg podane w dokumentacji technicznej danego silnika turbi-
nowego.

Uzyskane w ten sposob dane, pozwalaja wstepnie okresli¢ stan techniczny
glownych podzespotow silnika. Zauwazono, ze w badanym silniku, przed jego
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remontem nast¢puje wzrost obrotow spr¢zarki ni, i temperatury gazow spalino-
wych za turbing sprezarki tor Oraz wzrost nat¢zenia przeptywu paliwa . Przy-
czynami takiej zmiany wielko§ci mierzonych, moga by¢: ograniczony doptyw
powietrza do silnikow poprzez np. zatkany wlot, nieszczelno$¢ w kanale wloto-
wym, zanieczyszczony, zerodowany badz uszkodzony wirnik sprezarki. W mia-
re eksploatacji silnika, z powodu jednej z wyzej wymienionych przyczyn, do
silnika dostaje si¢ mniej powietrza a wiec i obroty obu walow sa mniejsze.
Komputer sterujacy praca silnika, analizuje jego parametry m.in. pr¢dko$¢ obro-
towa oraz moment obrotowy na wale napgdowym, a nastgpnie zwigksza ilos¢
dostarczanego paliwa do silnika, tym samym zwiekszajac obroty sprezarki.
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Rys. 13. Zalezno$¢ parametru Ani od czasu eksploatacji silnika trn: 1 - przed na-
prawa silnika i montazem filtrow powietrza, 2 - po naprawie silnika i montazu
filtrow powietrza, 3 - czas naprawy silnika i montazu filtrow powietrza, 4 - linia
trendu przed naprawa silnika i montazem filtrow powietrza, 5 - linia trendu po
naprawie silnika i montazu filtréw powietrza

Fig. 13. Dependence between the Ani parameter and the time of exploration trn: 1
- before the repair of the engine and the installation of air filters, 2 - after the re-
pair of the engine and the installation of air filters, 3 — the time of engine repair
and the installation of air filters, 4 — trend line before repairing the engine and the
installation of air filters, 5 - trend line after the repair of the engine and the instal-
lation of air filters

Po remoncie silnika oraz montazu systemu filtréw powietrza, kiedy to wir-
nik sprezarki jest chroniony przed uszkodzeniami ciatami obcymi zauwazono
dalszy wzrost temperatury gazow za turbing sprezarki to oraz wzrost natezenia
przeptywu paliwa mp, natomiast spadek obrotoéw sprezarki ni. Przyczyna takich
zmian parametrow, moze by¢ uszkodzenie statora badz wirnika turbiny napedza-
jacej sprezarke, pogorszenie sie stanu technicznego czesci goracej silnika tj. ko-
mory spalania lub wtryskiwaczy paliwa, oraz zuzycie lub uszkodzenie oktadzin
uszczelniajacych wal turbiny. Turbina ma wtedy mniejsza sprawno$¢, a wiec
wytwarza mniejszy moment obrotowy niz ten niezbedny. Zeby ten spadek mocy
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zrekompensowac, do silnika dostarczana jest wigksza ilo$¢ paliwa, a to z kolei
powoduje wzrost temperatury gazow spalinowych za turbing napedowa spre¢zar-
Ki.
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Rys. 14. Zalezno$¢ parametru Atot od czasu eksploatacji silnika trH: 1 - przed naprawa
silnika i montazem filtréw powietrza, 2 - po naprawie silnika i montazu filtréw powie-
trza, 3 - czas naprawy silnika i montazu filtrow powietrza, 4 - linia trendu przed na-
prawa silnika i montazem filtréw powietrza,5 - linia trendu po naprawie silnika i mon-
tazu filtrow powietrza

Fig. 14. Dependence between the Atot parameter and the time of exploration trn: 1-
before the repair of the engine and the installation of air filters, 2 - after the repair of
the engine and the installation of air filters, 3 - the time of engine repair and the instal-
lation of air filters, 4 - trend line before repairing the engine and the installation of air
filters, 5 - trend line after the repair of the engine and the installation of air filters

Do oceny stanu technicznego silnika wykorzystuje si¢ tez nieinwazyjna
technike diagnostyczng zwana boroskopia. Boroskopia polega na wprowadzeniu
$wiattowodu do wnetrza silnika, poprzez odpowiednie kanaty oraz inspekcji ba-
danego podzespotu (rys. 15), a w przypadku stwierdzenia jego uszkodzenia do
pomiaru wielkosci uszkodzenia (rys. 16).

Rys. 15. Widok wngtrza sprezarki podczas boroskopii (fot. J. Haliniak)
Fig. 15. View of the compressor during boroscopy (photo J. Haliniak)
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Rys. 16. Pomiar wielko$ci uszkodzenia wirnika sprezarki (fot. J. Haliniak)
Fig. 16. Measurement of damage to the compressor rotor (photo J. Haliniak)

4. Naprawa uszkodzen sprezarki

Wykryte podczas boroskopii uszkodzenia wirnika sprezarki, nie zawsze
dyskwalifikuja silnik z dalszej jego eksploatacji. Wylaczenie silnika z eksploata-
cji jest uzaleznione od stwierdzonego stopnia uszkodzenia tego elementu. Pro-
ducent bedac swiadomym degradacji topatek sprezarki podczas jej uzytkowania
zamie$cit w instrukcji obstugi silnika, dopuszczalne warto$ci graniczne parame-
trow geometrycznych oraz podal zakres koniecznych napraw. Proponowane
przez producenta naprawy krawedzi topatek wirnika sprezarki mozna dokony-
waé przy zabudowanej jednostce napgdowej, bez jej demontazu. Do tego celu
stosuje si¢ specjalne szlifierki elektryczne z gietkim watkiem oraz zestawem
kamieni szlifierskich lub zestawy do szlifowania manualnego. Proces ten ma na
celu zlikwidowanie badZz zminimalizowanie naprezen w ltopatce oraz poprawe
przeplywu powietrza. Uszkodzenia szlifuje si¢, nadajac im odpowiedni promien
oraz wygladza si¢ ostre krawegdzie (rys. 17). Po wykonaniu naprawy (rys. 18)
parametry silnika sg przywrocone. Naprawa elementéw sprezarki pozwala unik-
na¢ jej catkowitego zniszczenia.

Rys.17. Widok uszkodzonych krawedzi natarcia topatek sprezarki przed i po naprawie

Fig. 17. View of the damaged leading edge of the rotor blades of the compressor before and after
the repair
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Rys. 18. Wirnik sprezarki po remoncie (fot. P. Rutkowski).
Fig. 18. Compressor rotor after the repair (photo P. Rutkowski)

5. Podsumowanie

Okreslenie stanu technicznego wirnika sprezarki ma istotny wptyw na dal-
sza eksploatacj¢ silnika lotniczego P&W 206 b2. Uszkodzenia topatek wirnika
sprezarki nie zawsze wykluczaja ten silnik z dalszego uzytkowania. Jednak wy-
konanie zalecanych prac naprawczych znaczaco wydtuza jego okres uzytkowa-
nia i bezposrednio wptywa na obnizenie kosztow eksploatacji. UmiejetnosS¢ oce-
ny stanu technicznego silnika na podstawie wynikdéw testu naziemnego pozwala
na szybsze zdiagnozowanie ewentualnych uszkodzen oraz podjecie dalszych
szczegdtowych dziatan sprawdzajacych poszczegoélnych elementow sprezarki.
Naprawa uktadu topatkowego sprezarki pozwala przywroci¢ poczatkowego pa-
rametry pracy silnika, co wptywa istotnie na obnizenie kosztoéw uzytkowania
$miglowca.
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DAMAGE OF A CENTRIFUGAL COMPRESSOR OF P&W 206 b2
AIRCRAFT ENGINE CAUSED BY FOREIGN OBJECTS

Summary

This paper presents the most common damage of the compressor of P&W 206b2 centrifugal
engines mounted in helicopters EC-135, operated by Polish Medical Air Rescue. This damage is
the result of the work of these engines in a seaside lane, landings on the beach and sucking foreign
objects, such as: sand, dust, water droplets etc. Impurities in the intake air cause the changes of
operating parameters of an engine. In turn, on this basis, the technical conditions of an engine can
be evaluated. This paper discusses the method of assessing the damage to compressor components
and provides a way to repair them.
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INTENSIVE ELECTRO SINTERING OF DIAMOND
COMPOSITES WITH MULTICOMPONENT Ni-Sn
BASED BINDER

This paper deals with intensive electro sintering (IES) of diamond composite mate-
rials (DCM) with multicomponent Ni-Sn based binder. The effect of the powder
mixture composition, activating dopants and IES technical parameters on the for-
mation of the microstructure and physical, and mechanical properties of DCM is
studied. It has been established that the leading densification mechanisms of IES
involve thermally activated plastic deformation of nickel powder particles, tin
melting, and infiltration and chemical interaction of components. The presence of a
liquid phase during the electro sintering increases conductivity of powder compact
and intensity of heating which, in turn, significantly increases shrinkage rate and
promotes uniform distribution of components and formation of intermetallic com-
pounds. The macro-kinetic model of intermetallic compounds formation in the Ni-
Sn system in non-isothermal conditions and the model of DCM with structured
matrix and imperfect interface have been developed. The thermal and mechanical
properties of electro sintered DCM have been evaluated. The initial mixture com-
position and the IES technological parameters promising in terms of DCM quality
have been found. The proposed method of manufacturing the drilling bits by IES
constitutes a potential basis for the industrial production technology of diamond
tools.

Keywords: diamond composites, shrinkage, sintering, thermal conductivity

1. Introduction

The conventional powder metallurgy methods of diamond composite mate-
rials (DCM) production for tool applications are vacuum sintering, hot pressing
and infiltration. The inherent feature of these and related technologies is quite a
long exposure at high (>1000°C) temperature. So high thermal loading provokes
diamond cracking and/or graphitization already at the stage of DCM production,
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rials of the National Academy of Sciences, Kyiv, Ukraine, e-mail: shmegerar@ukr.net
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which results in reducing their physical, mechanical and performance properties.
Improvement of DCM quality can be achieved by significant lowering the tem-
perature and reducing the sintering time as well as by formation of the reliable
chemical or adhesive bond between the diamonds and matrix.

The above requirements are met by the intensive electro sintering (IES)
technology [1] which consists in passing the electric current through the highly
loaded (up to 500 MPa) powder compact. IES is regarded as a promising alter-
nate DCM production technology because its pT-parameters allow to avoid deg-
radation of diamond and thus improve the quality of the diamond tools. In addi-
tion, the small localized heating zone and transience of the process reduce ener-
gy consumption by an order in comparison with the conventional technologies.
Currently, practical use of IES is limited to DCM with one-component binders,
whose tensile strength and fracture toughness is insufficient for drilling tool ap-
plications. A highly promising - but still practically unexplored - area is inten-
sive electro sintering of DCM with multicomponent binder including the activat-
ing and alloying additives. However, practical implementation of the advantages
of this technology requires development of new, optimized for IES technology
DCM binders, study of consolidation patterns and structure formation and their
effect on the DCM physical, mechanical and performance properties.

2. Experimental study

It has been shown recently [2] that the Ni-Sn based alloys have a great po-
tential as the IES-oriented DCM binder. The main component of this binder (>
50%) is nickel which, in contrast to iron and cobalt, retains considerable plastici-
ty in the doping and is resistant to oxidation that enables sintering without a pro-
tective atmosphere. In addition, nickel at 700°C and above interacts actively
with diamond by creating a reliable adhesive contact. The main activating ele-
ment is tin (up to 15%), which provides electro sintering in the presence of lig-
uid phase and gives, as a result of chemical reaction with the other components,
intermetallic compounds that increase hardness and wear resistance of binder. Its
durability can be further increased by filling in a certain amount (15-20%) of
powder of refractory compounds (WC, TiC, TiBy, etc.). Adding chromium
known to be an effective carbide former is intended to improve diamond-to-
matrix bonding. For manufacturing the samples, the nickel and tin powders and
synthetic diamonds ACT200 400/315 were mixed in a rattler with hard metal
balls in dry grinding mode for 8 hours. The powder mixture was compacted by
two-sided cold pressing by pressure of 300 MPa resulting in porosity of com-
pacts around 40%. The intensive electro sintering of samples was carried out by
passing the current density of 25 A/mm2 with applying pressure of 150 MPa.

The time-dependent parameters of IES, for example current density (fig. 1)
and shrinkage (fig. 2) of DCM binder demonstrate that sintering in the presence
of a limited amount of liquid phase (curve 2) differs significantly from solid
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state sintering (curve 1). The presence of tin in the mixture provides the appear-
ance of a liquid phase already in the early stage of sintering, resulting in a signif-
icant increase in the conductivity of the sample. In turn, this leads to more inten-
sive heating and significant intensification of shrinkage and chemical reactions
with formation of the intermetallic compounds. Noteworthy, shrinkage of porous
compact begins with some delay (3 s for nickel, and 6 seconds for mixture, fig.
2). This is because the axial pressure of cold pressing (300 MPa) is higher than
the pressure during sintering Therefore, plastic flow being the main densification
mechanism is activated only when the macroscopic yield strength of porous sol-
id was reduced sufficiently under the action of temperature. Among the possible
causes of greater time delay in a case of a powder mixture is that tin facilitates
consolidation during the cold pressing resulting in the lower porosity and hence
higher yield strength of compact. It is also likely that the transition of one of the
components in the liquid phase absorbs a certain amount of heat, thus slowing
down the heating process and delaying the start of shrinkage.

1,04
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037 2 ——Ni+6% Sn

0 5 10 I5
Time, s
Fig. 1. Current density as a function of time
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| —0—Ni
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Time, s
Fig. 2. Shrinkage as a function of time



156 R. Shmegera, V. Kushch

This, the experimental study proves IES as a highly efficient method of
manufacturing the DCM with Ni-Sn binder providing full consolidation of pow-
der compacts for tens of seconds at the sintering temperature below 850°C thus
maintaining the original quality of diamonds. The leading densification mecha-
nisms of IES are thermally activated plastic deformation of the nickel powder,
tin melting/infiltration and chemical reactions between the components. Pres-
ence of a limited amount of liquid phase during the electro sintering significantly
increases electrical conductivity of compact and thus intensity of heating and
shrinkage rate and also facilitates uniform distribution of components and for-
mation of intermetallic compounds.

3. Macro-kinetic model

The fundamentally important parameter is the time of sintering. For reasons
of preserving high quality of diamonds it should be the lowest possible but, at
the same time, sufficient for the heterogeneous microstructure formation as a
result of chemical reactions. According to the Ni-Sn binary phase diagram (e.qg.,
[3, 4]), formation of NisSns, NisSn, and NisSn intermetallics during sintering is
expected. The experimental data (e.g., [5, 6]) and theoretical models [7, 8] of the
Ni-Sn intermetallics formation are available only for the case of isothermal con-
ditions and solid samples. The only paper [9] is available where mixture of nick-
el and tin powders was studied. It has been found there that heating the mixture
to 300°C followed by exposure leads to the formation of all three intermetallic
compounds, but no quantitative data were reported.

To describe/predict the process of intermetallics formation in the rapidly
heated Ni-Sn powder mixture, the macro-kinetic model has been formulated un-
der the assumption that the rate of each reaction depends on the temperature and
concentration by Arrhenius law and the law of mass action, respectively. To ac-
count for the diffusive nature of all stages and "braking" the reaction rate by in-
creasing product layer the appropriate braking parameters were introduced. In
particular, for Ni + 12% Sn the model predicts completing the reactions in 30
seconds at 900°C while at 800°C it takes above 5 minutes. The model has been
experimentally verified and then applied to determine the optimum temperature
and the time of sintering.

Among many possible chemical reactions in the Ni-Sn system [3, 4], we
consider three most obvious and experimentally confirmed ones:

3Ni +4Sn — Ni,Sn,; Ni,Sn, + 3Ni — 2Ni,Sn, ;

1
Ni,Sn, -+ 3Ni — 2Ni,Sn. @

We introduce notations for mass concentrations of reactants and products:



Intensive electro sintering of diamond composites... 157

yr =[Ni]; v, =[Sn]; y3 =[NizSn,]; y, =[NisSn,]; ys =[NisSn] (2

where n is a number of substances involved in the reactions (in our case, 5).
Each reaction is carried out based on the law of conservation of mass:

n

z\’kimkzo (i=1..r), Dy, =1 3)
k=1

k=1

where v, is the stoichiometric coefficient of component Kk in the reaction i (in
our case, r=3); my is its molar weight [kg/mol]: m, =58.69-103; m,
=118.71-10% mg =3my +4m,; m, =3m; +2m, and m, =3m, +m,.

The formal kinetic equations are based on the standard balance equations
where diffusion is taken into account as the slowest process that occurs at the

level of individual particles and affects the formal kinetic laws. The balance
equations take the form:

LA

Py = 4)

where ®, is a sum of sources and sinks of component K in reactions:

r
an szkaiCDi (5)
i1

Here @; is the reaction rate [mol/(m3y)] dependent on the concentrations
by the law of mass action:

D, =2 1°Y5; @y =2,Y3Y5; Dy =23Y4Y5, (6)

where (see, e.g., [10]):

E.. e
Z; =Zjg exp[—R—i']exp(— piy)y S )

y =Y, +Y3+Y, is a fixed component which hinders diffusion of reactants to
each other and withdrawal of products from the reaction zone, z;, is the rate
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constant of reaction, R is the universal gas constant, T is the temperature and
E,; is the activation energy of reaction. The braking parameters p;,s; are usual-

ly determined from an experiment or found from the micro models which take
into account the diffusion through the product layer and interface reactions be-
tween the particles of various size, etc. [11]. All the microscopic processes affect

the values of constants z; which are measured in mol/(m?3s). The explicit form
of the system (4) is:

p% =-3m,[®, + D, + D, |; p% =—4m,®,;
dt dt 8)
dy3 . dy4 . dy5

PE = m3[®1_®2]1 p? = m4[2q)2 _CDS]' pE =2m, ;.

As an example, we conduct calculations for the powder mixture Ni+12% Sn
heated by some known law T(t). At the beginning, composition of the powder
mixture is given by the conditions:

Y1=Y10: Y2=Y12: Y3=Y4=Y5=0. 9)

To find the mass content of components variation over the time one needs
to integrate the ordinary differential equations (8) with the initial conditions (9).
The input material parameters reported below were taken from [3, 5, 7, 12]; pi =
10, si = 0 [10].

Table 1. Thermal properties of the Ni-Sn intermetallics

Toets | p, Cp M, S —AH g,
Phase | e J 9 J K
¢ mol - K mol mol - K mol
NisSns | 1057 8.42 160.3 650.9 257.7 177.3
NisSn, | 1538 9.02 108.7 413.5 173.6 156.9
NisSn | 1250 9.49 99.6 294.8 131.4 93.7

Table 2. Formal kinetic parameters of the reactions

3Ni +4Sn — Ni;zSn, -38.10 49060 | 7.217-104
Ni;Sn, +3Ni — 2Ni3Sn, -0.119 242670 | 5.87-10°
NizSn, +3Ni — 2Ni3Sn -0.419 243300 | 5.686-10°
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The system of equations (9) was solved by the Runge-Kutta method with
variable in time temperature:

T(t)z{(T't—TO)/(Tmax—TO) t <tmax (10)

T =Tmax t>tmax

where 7o is the initial temperature and tmax is the heating time to maximum tem-
perature Tmax. Figure 3 shows the simulation results for the chemical reactions in
Ni-Sn system heated from 20 to 800°C (fig. 3(a)) and 900°C (fig. 3(b)) during
10 seconds with subsequent exposure. The model predicts a rapid decrease (al-
most zero) tin content at the stage of heating (tmax < 10 seconds) to form interme-
tallic NiszSns. However, at t = tmax We already have some amount of NisSn;, then
these two intermetallics react with nickel to form NisSn. For Tmax = 800°C esti-
mated duration of chemical reaction is 5 minutes whereas for Tmax = 900°C the
model predicts completion of chemical reactions after 30 seconds of exposure.

a) b)

0.3

U Ni+ 12%8n Ni + 12%Sn
L, 10¢ f=10¢
LT =900C
__:. 0.2 : max % 024 3
5 —o—Sn 5
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P Nisn, | Z
S' ! ——Ni Sn = 0l
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Time, s ) 3
Time, s
Fig. 3. Chemical reactions in Ni-Sn system when heated from 7o = 20°C to

(@) Tmax = 800°C and (b) Tmax = 900°C for tmax = 10 seconds with subsequent exposure

For the experimental verification of the developed model, the microstruc-
ture and phase composition of two-component DCM binder Ni+12% Sn pro-
duced by intensive electro sintering with a temperature profile close to (10) with
Tmax = 900°C has been analyzed. Figure 4(a) shows microstructure of the partial-
ly sintered binder: dark color is nickel, bright color is tin, gray color is interme-
tallic layer NisSns, black color shows the pores. According to X-ray analysis,
binder also contains about 4 wt% of NisSn. Sintering was intentionally interrupt-
ed after 12 seconds to capture evolution of the structure, including the thickness
of the reaction layer (noteworthy, it is almost constant). The structure of the
same binder sintered for 30 seconds is homogeneous and almost pore-free (fig.
4(b)). The X-ray microanalysis confirms that the reinforcing phase consists al-
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most entirely of intermetallic NisSn which means completion of chemical reac-
tions. These experimental data are quantitatively and qualitatively consistent
with simulations that confirms the adequacy of the proposed model.

AnexTporesoe aoGpaxerme 1

Fig. 4. Microstructure of the partially (after 12 seconds) and completely (after 30 seconds) sintered
two-component binder Ni + 12% Sn

4. DCM characterization

4.1. Thermal conductivity. For the tool-oriented DCM, reliable adhe-
sive/chemical diamond-to-matrix bonding is particularly important because it
determines the retention strength of diamonds and, hence, overall tool perfor-
mance. Weak bonding worsens temperature regime of diamond grains and leads
to their untimely dropping out of the working surface of a tool. There exists a
strong correlation between the quality of thermal and mechanical contact be-
cause both are determined by the same physical and chemical processes at the
interface. This fact is crucial for using the thermal conductivity as a DCM quali-
ty criterion.

It has been found that thermal conductivity of Ni-Sn binder significantly
decreases with increasing volume fraction of intermetallic phase (fig. 5). DCM
conductivity increases with increasing volume fraction of diamonds (fig. 6).
Adding the adhesion-active components to the binder provides a significant im-
provement in the thermal and mechanical properties of DCM. Deposition of
chromium on the surface of diamond increases effective thermal conductivity of
diamond composite with Ni + 6%Sn binder by 15 - 25%, that is a probable con-
sequence of interface chemical reactions. The obtained data were interpreted
with aid of the micromechanical model of composite with imperfect interface
[14] predicting the effective thermal conductivity of composite as well as evalu-
ating the interface contact conductivity by solving the inverse problem. It has
been found that adding Cr increases the contact thermal conductivity of dia-
mond-binder interface tenfold, from 2.1:10° to 2.3-10” W/(m?-K) [14] being typ-
ical value for chemical bonding case [15].
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Fig. 5. Thermal conductivity of Ni-Sn binder:  Fig. 6. - Thermal conductivity of DCM with
solid circles represent experimental data, solid  Ni+6%Sn binder (solid circles) and with adding
curve is approximation Cr (open stars)

4.2. Deformation curve and hardness. The presence of tin significantly (up
to 2.5 times for the 16% Sn mass fraction) increases yield limit of binder. This is
due to formation of the heterogeneous microstructure where the intermetallics
play a role of hard reinforcing phase. In contrast to the binders obtained by con-
ventional powder metallurgy methods or solid-phase IES, the studied samples
do not exhaust the resource of plasticity even under strain in tens of percents.
The curves in figures 5-7 show a significant hardening of the material, and there-
fore no significant residual stresses after IES the presence of a limited amount of
liquid phase. Macro hardness and yield strength of Ni-Sn alloy increase with
increasing fraction of intermetallics, see figure 8.

9
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(- . ~ /'/
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Fig. 7. Deformation curves of the electro sintered Fig. 8. Macro hardness and yield limit of
Ni and Ni-Sn alloys Ni-Sn alloys

4.3. Micro- and nanohardness. Micro and nanohardness of electro sintered
DCM binder was conducted by the multiple indentation technique [16], which
consists in conducting a series of tests (fig. 9) followed by statistical processing
of the obtained indentation curves (fig. 10).
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4 Fig. 9. Grid of indents in  DCM binder Ni-6%Sn
0.6 - Z

0.0 = Hhm.%ﬁl_m
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&
=

Load, mN

Probability density

Fig. 10. Load - displacement curves for Ni  Fig. 11 - Hardness distribution of DCM binder
(curve 1), NisSn (curve 2) and their mixture  Ni-6%Sn
(curve 3)

Comparing the simulation results with experimental data on macro hardness
(HV60), micro hardness (HV20g and HV200g) and nanohardness under load 5
mN (figs. 9-11) proves the substantial load-dependence of hardness. In particu-
lar, for NisSn this technique predicts micro hardness HV200g = 2.4 GPa, HV20g
in the range of 3.7 to 3.9 GPa and nanohardness from 8.4 to 9.2 GPa for 5 mN
load.

4.4. Fracture. In completion, we show some results of SEM study of
DCM microstructure. In figure 12, the fracture surface of electro sintered DCM
(400/315 AST160 diamonds, binder Ni+10%Sn) is shown.

The fact that macro crack passed through the diamond crystals indicates
that the strength of the diamond-to-matrix bond exceeds the tensile strength of
diamond in the plane (111). On the other diamonds, the rests of binder are ob-
served, especially on the faces (100). This is consistent with the available litera-
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ture data [17] on the contact interaction of nickel with diamond at 700°C and
above with formation of the adhesive bond with strength of 300 MPa. The frac-
ture behavior of binder is viscous in nickel and brittle in the intermetallic inclu-
sions, see figure 13.

|
d
$3400 15.0kV 11.7mm x150 SE

Fig. 12. Fracture surface of electrosintered DCM  Fig. 13. Fracture surface of DCM binder

5. Concluding remarks

The advantages of using IES for DCM production are as follows. First, in
contrast to conventional powder metallurgy technologies, consolidation of pow-
der compacts takes units or tens of seconds at the sintering temperature of 850°C
which excludes degradation of diamonds. Second, IES does not require renewa-
ble or protective atmosphere that simplifies greatly the manufacturing process.
Third, the limited heating area and transience of process reduces energy con-
sumption by an order as compared to traditional technologies. The presence of a
limited amount of the liquid phase during the sintering results in significant im-
provement in physical and mechanical properties due to formation of specific
heterogeneous microstructure with the intermetallic compounds acting as a hard
reinforcing phase and significantly (by 2.5 times) increasing the hardness and
yield limit of binder. What is important, the macro plasticity of DCM is retained:
compressive deformation of 40% does not result in cracking or fracture patterns.
The established correlations between the initial mixture composition and physi-
co-mechanical properties of the material ensure producing by IES the pore-free
structure of DCM and purposeful formation of its properties for the specific tool
application. The above mentioned results constitute a scientific basis of the fast
and energy-efficient industrial technology of the diamond tools manufacturing.
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INTENSYWNE SPIEKANIE OPOROWE KOMPOZYTOW
DIAMENTOWYCH ZE SPOIWEM WIELOSKLADNIKOWYM NA BAZIE
Ni-Sn

Streszczenie

Tematyka artykutu dotyczy intensywnego spiekania oporowego (ISO) diamentowych mate-
rialdow kompozytowych (DMK) ze spoiwem wieloskladnikowym na bazie Ni-Sn. Badano wptyw
sktadu mieszanki proszku, domieszek aktywujacych i parametrow technologicznych spiekania na
tworzenie mikrostruktury oraz na wlasciwosci fizyczne i mechaniczne DMK. Ustalono, ze mecha-
nizmy zachodzace podczas spiekania oporowego obejmuja termicznie aktywowane odksztalcenie
plastyczne czastek proszku niklu, topienie cyny oraz infiltracje i interakcje chemiczne sktadnikow.
Obecnosc¢ fazy cieklej podczas spiekania oporowego zwicksza przewodnos$¢ wypraski i intensyw-
no$¢ nagrzewania, co z kolei znacznie zwigksza szybkos¢ skurczu, wspomaga rownomierne roz-
prowadzenie sktadnikow oraz powstawanie faz migdzymetalicznych. Opracowano makrokine-
tyczny model powstawania faz migdzymetalicznych w systemie Ni-Sn w warunkach nieizoter-
micznych oraz model diamentowego materialu kompozytowego z uporzadkowang osnows i faza
metaliczng. Przeprowadzono oceng¢ wilasciwosci termicznych i mechanicznych diamentowego
materialu kompozytowego spiekanego oporowo. Okre$lono poczatkowy sktad mieszanki oraz
parametry technologiczne spiekania oporowego zapewniajace odpowiednig jakos¢ DMK. Zapro-
ponowana metoda wytwarzania wiertet w procesie ISO stwarza potencjalng podstawe do przemy-
stowej technologii produkcji narzgdzi diamentowych.

Stowa kluczowe: kompozyty diamentowe, skurcz, spiekanie, przewodnos$¢ cieplna
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THE SCATTERING OF THE SOUND FIELD BY
THIN UNCLOSED SPHERICAL SHELL AND
ELLIPSOID

In this paper the result of solution of the axisymmetric problem of the scattering of
sound field by unclosed spherical shell and a soft prolate ellipsoid of rotation is
presented. Spherical radiator is located in a thin unclosed spherical shell as the
source of acoustic field. The equation of the spheroidal boundary is given in spher-
ical coordinates. Scattered pressure field is expressed in terms of spherical wave
functions. Using corresponding theorems of addition and assuming small eccen-
tricity of ellipse, the solution of boundary value problem is reduced to solving du-
al equations with Legendre's polynomials, which are converted to infinite system
of linear algebraic equations of the second kind with completely continuous opera-
tor. Numerical results are given for various values of the parameters of the prob-
lem.

Keywords: sound field, spherical shell, ellipsoid of rotation, spherical radiator

1. Introduction

Many researchers have solved the problem of sound scattering on spheroid
by different methods. For example, the scattering of the sound field by hard or
soft, prolate or oblate spheroids are considered in [1-7]. The results of the scat-
tering of sound permeable and elastic spheroids are studied in the works [8-12].
Analytical description of the acoustic field scattered by inhomogeneous elastic
spheroid is obtained in [13]. In [14] analytical solution of the problem of diffrac-
tions of plane sound wave on elastic spheroid with arbitrary located spherical
cavity is considered.

In this paper analytical solution of the axisymmetric problem of scattering
of sound field by unclosed spherical shell and soft prolate ellipsoid of rotation is

1 Autor do korespondencji/corresponding author: Gennady Shushkevich, Yanka Kupala State
University of Grodno, 22,0zheshko St., 230023 Grodno, Belarus, e-mail: g_shu@tut.by
2 Svetlana Shushkevich, Yanka Kupala State University of Grodno, e-mail: spusha@list.ru

3 Feliks Stachowicz, Rzeszow University of Technology, e-mail: stafel@prz.edu.pl
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presented. A spherical radiator was located in the thin unclosed spherical shell as
the source of the acoustic field. The equation of spheroidal boundary is given in
spherical coordinates. The solution of boundary value problem is reduced to
solving dual equations with Legendre's polynomials which are converted to infi-
nite system of linear algebraic equations of the second kind with completely
continuous operator. Numerical results are given for various values of parame-
ters of the problem.

2. Problem formulation

Let homogeneous space R® contain a thin unclosed spherical shell I'1located
on the sphere T'of radius with the center at the point O and a prolate ellipsoid of
revolution S where a is semi-major axis of the ellipse b is a minor axis of the
ellipse a>b (fig. 1). We denote by D;the area of space bounded by the sphere T’
and by D; the area of space bounded by the ellipsoid S. The distance between

points O and Oxis equal to hy. Then D, =R\ (D, UrUD; US).

t
\ D, 1 r
A /
N 7
T
h; D,
S
a
0,
b r

Fig. 1. Geometry of the problem

A point radiator of sound waves oscillating with an angular frequency o is
located at the point O. The areas D; = 1, 2 are filled with the material in which
shear waves do not distribute. Let denote the density of medium by p and speed
of sound by c in D;.To solve this problem we connect spherical coordinates with
point O and point O:. Spherical shell T, and ellipsoidal shell S are described as
follows:

I={r=d, 0<06<0y<m, 0<op<2m} Q)

S={r=7(6,), 0<6; <m, 0<op<2m} 2
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where: y(0,)=a/1-Vsin?0, , V=1-(a/b)’.

Let pc be the pressure of the sound field of the primary point radiator, p; is
secondary sound pressure field in the area D;, j = 1, 2. The actual sound pressure
is calculated by the formula Pj = Re(pje ™). The solution of the diffraction prob-
lem is reduced to finding pressures p;, j = 1, 2, which satisfy:

- Helmholtz equation [15, 16]

o> o> 8
where A = sttt is Laplace’s operator, k = w/c is the wave number,
ox: oy° oz

- boundary condition on the surface of spherical shell Ty (acoustically hard
shell):

0

—(p. + =0, 4
—(Pe+P1)|, (4)
where i is the normal to the surface Iy,

- boundary conditions on the surface of ellipsoidal shell S (acoustically soft
shell):

p2|s =0 5)

and the condition at infinity [16]:

. opo (M) .
limr | ———=-ikp,(M)|=0 6
M—w0 ( or p2( ) ( )
where M is an arbitrary point at the space.

Condition of continuity of the pressure on the open part of the spherical
shellT\T, is given by:

(pC + pl)|F\F1 = p2|r\r1 (7)

and normal derivative on the surface of the sphereI is:

0 0

ar P2

r (8)
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Initial pressure of the sound field can be represented in the form [16]:
pe(r,8) =Pexp(ikn) /r =P > f,h® (kr)P, (cosB), f, =ikdqy (9)
n=0
whereh (x) are spherical Hankel’s functions, P, (cos) are Legendre’s poly-
nomials [17], &gy, is Kronecker’s delta, P is a constant.
The pressure of the scattered sound field is represented as superposition of

basic solutions of Helmholtz equation in spherical coordinates [18, 19] taking
into account the condition at infinity (6):

pL(r,0) =P ¢y (kr)P, (coso), r<d, (10)
n=0
p2 =3 (r,0) + p (1, 601). (11)
pP (r,0)=P > x,h® (kr)P, (cos6), r>d, (12)
n=0
p(zz)(rl, 0,)=P> ynhﬁ,l)(krl)Pn (cosBy), 1 >v(6y), (13)
n=0

where jn(X) are spherical Bessel’s functions of first kind [17]. Unknown coeffi-
cients cn, Xn, Ynmust be determined from the boundary conditions.

3. Boundary conditions

Let's perform boundary conditions (4), (7), (8). For this purpose the func-
tion p(22) (r, 91) through spherical wave functions in the coordinate system with

origin at the point O can be determined using the formula connecting spherical
wave functions [18, 19]:

o0

h§ (ki )Py (cos81) = 3 Ay (hy) i (kr)Pi (cosB),  r<hy, (14)
k=0
Then
pgz) (r,0)=P> Py jn (Kr)P,(cos6), py =D YkAkn(h1), (15)

n=0 k=0
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where
k+n
Anc(hy)=(2k+1) > i " pT O RO (khy), (16)
G:‘k—n‘

b{"%90 = (nq00|50)?, (nq00| 50) is the Klepshev-Gordona coefficient [16].

According to representations (10)-(12), (15), the boundary condition (5)
taking into account the condition of orthogonality of Legendre polynomials on
the interval [O; 7| becomes:

f ihﬂ)(go)mn

" dg
&0 —kd, n :O, 1, .

d hgl) (EJO) Pn ijn (&0)

In (%0) = " dg dg (17)

g’

Let us perform the boundary condition (4) on the surface of the spherical
shell and the condition of continuity (7). Let us exclude factors c, in the resulting
equations using the representation (17), and we obtain dual equations in Legen-
dre's polynomial:

ixndihﬁ)(é (cos0) = an P, (cos0), 0<0<8y,
n;O é01: (18)
Zé(”ipn(cose):o, 0, <0<
n:OE (e:o)
Let new coefficients be
Xn:anjn(ﬁo)—i-fn,nzo,l,..., (19)
0
and a small parameter is
4i<‘;g d . d @ )
=1 — h , =0(n""), n>¢&,. 20
On +2n+ld§0 Jn (i )dio n (@o) On ( ) o (20)

As a result dual equations (18) take the form:



172 G. Shushkevich, S. Shushkevich, F. Stachowicz

i(Zn +1)(1-g, ) X,P, (cos6) = i @n+1)(F, +P,)P, (cos0), 0<0<0y,
n=0 n=0
(21)

XnP,(cos@) =0, 6g<B<m,

M

n=0

where

fo =aigdhy o (80) 1 eD, By =diciy £in (G0 @0+ (22)
0 0

Dual equations (18) are converted to infinite system of linear algebraic
equations of the second kind with the completely continuous operator using the
integral representation for Legendre’s polynomials [19, 20]:

Xn = 2 0kRnk (00)Xp = X (B +fi JRnc(®0),  n=0,1.., (23
k=0 k=0

where

1|sin(n—-k)0, sin(n+k+1)0
Rnk(GO):;|: ( ) 0 ( ) 0

n-k n+k+1

. : (24)
sin(n—k)6,
— 9 g,
n-k

n=k

To analyze boundary conditions (5) we express the function pgl)(r, 9)

through spherical wave functions in the coordinate system with origin at the
point O using formula [18,19]:

h® kr)P, (cos6) = > By (hy)jic (kr)Py (cos6y), 1 <hy, (25)
k=0
then
p(zl) (r, 6)= Pz Zpin(kr)P, (cos6y), z,=>" XpBpn (1), (26)
n=0 p=0

where
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k+n
Buc(h) =(2k+1) > (~1)®io " M%) h® (k) 27)
G:‘k—n‘

Taking into account the representation (13), (26) and boundary conditions
(5) we obtain

" zjn (ky(61))Py (cos6y ) + Z h® (koy(6y))P, (cosB)=0  (28)
n=0 n=0

We transform the relation (28) and assume that the eccentricity of ellipse is

h :«[l—bz/az <<1 a>b,then
2

4

V=-h?-h*-h8+0(h®), y(el)=z{1—h—sin2 el—h—(sinzel—
2 2

(29)

3 .4 (., 3.4 5.5 8
——sin“ 0, |——| sin“0; ——=sin" 0, +=sin° 0, | |+ O(h").
4 1) 2( b7 g (")

Now we factorize spherical functions j, (v(6y)), hg,l)(y(el))in series with re-
spect to small parameter h:

J'n(kv(91>)=jn(al)—s'”zelam(a)hz—[alj'n<a1>[5'”291_35"; 91]_

B &’ ji(g"l)sin“e J [illn (él)(Ssm 0, 3sin‘6, . sin291]_ (30)

16 4 2

2 ja(al)(Si”491—35‘”691}&13 J'?*"(él)si”ﬁ"l}&+0(h*‘)’ & =ka.

4 16 48

Similar expansion as (30) holds for the function hg,l) (y(@l)), but instead of

the function j, (&;)is the function hgl)(al) .Expansions for spherical functions
can be written as follows:

in (ky(8y)) = pgo) &)+ p(nl) (&)sin” 0, + pgz) (&)sin® 6, + pgg) (&1)sin®0;

(31)
h (ky (1)) =m{? (&) + m (&)sin? 6 + mP) (&) sin* 0, + P (¢y)sin® 0y
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where

0 (&) =in (&), PP (&) =& (h? +h* +h®) (5)/2
PP (1) = (3n" +6n° )&y Jy (&) 18+ (1* +20° )7 i (1) /8,
P (&) = —(158 jj, (&1) + 987 iy (&1) + &3 i (£1))h® / 48,

) ()=l (z), Py =-au[n?+n* 0] (2)) 12 (32)
m@ (&)=(3n" +6h6)§1(h£11) (gl))' /8+(n*+2n°)g? (h(nl) (gl))" /8

m@ (&) =—{15&1 (n ()] +92 (n ()] +éf(h9’(&1))m}h6 /48,

Let us exclude factors z, in (28) using the representations (27), (19) and ex-
pansions (31). We multiply the resulting equation by Ps(cos0)sin6d6, s = 0, 1,
2,..., and integrate from O to =, then we have:

[e¢]

Z s (&0:&1,h1)+ iynbns@l):_iki Bon(h1) ans(&), s=0,1...., (33)

= n=0 n=0
where
fns(&0.61,0p) = n(&o) anm (hy)ams (&),
dE_,O m=0
ans (&) =P €1 + PP (€)1 + P e + pP e (D, (34)
s (&) =MD )18 +mP et + m@ e + m® e,
I(O‘)—J'P (cosB)Ps(cosB)sin®8do, o=1,3,5,7 (35)
0

The values of the integrals IE]‘;‘) are given in Appendix. So we have the fol-

lowing connected system of linear algebraic equations for the unknown coeffi-
cients from Egs. (23), (33):
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Z (gn sn (90) 8ns X + Z bns (E»O 60 1)Yn - 4&0 (1) (io)Rso(eo)v
n=0 n=0 E->0 (36)
z é’SO E:l!hl Zanns(él):_iszOn (hl) ans(&), s=0,1,2, ..,
n=0 n=0 n=0
where
ns (‘iO’eO’ 1) 4'&0 Z (éO)Rsp (eo)Anp (hl)/ (2p "'1) (37)

4. Calculation of the far field

On the basis of formula:

o0

h{® (kr )P, (cos6,) =Z h(? (kr)P, (cos®), r>hy,
" (38)
B p+n
Ap(h)= > (25+1)iP"b{% j(khy)
o=|p-n|

we have representation of the function pgz)(rl,el) in coordinate system with
origin at the point O

p (r, 0 )=Piunhgl>(kr)Pn(cose), Un(hl):i,&pn(hl)yp (39)
n=0 p=0

Using the asymptotic expression for the function hgl) (kr) [16]:
h® kn~ ()" e* /kr, kr— oo (40)

we obtain representation of pressure in the far field zone:
eikr
pz(r,9)=PWG(9) (41)

where
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GO)=> ()™ X - (20) 0 + > A By, [Pa(cosO) (42)
n=0 d&-'O p=0

The function G(0) for some parameters of the problem is calculated using a
computer algebra system Mathcad [21]. Spherical functions were calculated by
means of built-in functions. Derivatives of spherical functions were calculated
by means of the recurrent formulas [17].The infinite system (36) was solved by
the method of truncation [16]. The computational experiment showed that the
truncation order for the considered parameters of the problem can be equal to
25. It provides the solution of the system (36) with accuracy 10*. Figure 2 shows
plots of the function G(8) for some values of the angle 800f thin unclosed spheri-
cal shell T'1. The parameters are equal to: hs =1.0m,a=0.2m,b=0.9a, k=15
m. Figure 3 shows plots of the function G(0) for some values of the wave num-
ber k. The parameters are equal to: h1=1.0m, d=0.2m,a=0.2 m, b= 0.9a, 6o
= 90°. Figure 4 shows plots of the function G(6)for some values b/a and parame-
ters are equal to: h; =0.7m,d=0.2m,a=0.2m, k=4 m?, 6,=90°

I I
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-
225 = 60 =120 H
eedL > beee 00=135
o - i 2 L
g Tl I~ s
2 N R . '
= i SN \
2 N
= \_ ~
2 1 S \\ o = = =
“.--- "’
12‘ P .
,,,,,,,,,,,,,

0 20 40 60 8 100 120 140 160 180

Variable 6
Fig. 2. Graph of function G(6) for some values of the angle 6o
4 I T
e e k=1
3,,-_'_’,_____ — k= 1.5 [
o Tl B -
5 25 s =
= D U I L
; M——| i T S Ll
15
1 ----- == bt KX ! R MU PSR U
0.5
0 20 40 60 8 100 120 140 160 180
Variable 6
Fig. 3. Graph of function G(6) for some values of the wave number k
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5. Conclusions

The solution of the problem of the scattering of sound field by unclosed
spherical shell and a soft prolate ellipsoid is reduced to solving dual equations
in Legendre's polynomials using the addition theorem for spherical wave func-
tions. The spherical radiator is considered as the source of the sound field locat-
ed within the thin unclosed spherical shell. The equation of spheroidal boundary
is considered in spherical coordinates. Following tasks were carried out:

— scattered pressure field is expressed in terms of spherical wave functions,

— dual equations are converted to the infinite system of linear algebraic
equations of the second kind with the completely continuous operator,

— numerical results for various values of the parameters of the problem were
computed.

The developed methodology and the software can be practically used in the
manufacture of sound screens.

Appendix

The values of the integrals 1)
Using recurrence relations for Legendre polynomials

) n(n-1) 2n? +2n-1
P ()= 2N e 0
(n=1)(n+2)

"l2n+)(2n+3) ™2 (),
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to (1 N(0-D(n-2)(n-3)
R (X)_(Zn +1)(2n—1)(2n—3)(2n—5)P“‘4(X)Jr
n(n- 1)(4n —4n-— 14) 3(2n +4n3-2n? - 8n+3)

(2n 5)(2n-1)(2n+1)(2n+3) Paa (X)+ (2n-3)(2n- 1)(2n+3)(2n+5)p”(x)+

(n+1)(n+2)(4n” +12n-6) , (n+1)(n+2)(n+3)(2+4)
+(2n ~1)(2n+1)(2n+3)(2n +7) ”+2(X)+(2n+1)(2n+3)(2n+5)(2n+7) nea (X)

and the value of the integral

2

T [
Ig}]):IPn (cos©)Ps(cos0)sinBdo =1 2n PR
0 0,s#n,
we obtain the following values of integrals
-2n(n-1) son-2
(2n-3)(2n-1)(2n +1)
4(52+s—1)
3 p—
1 = (2s-1)(2s+1)(2s+3)’ ’
-2(n+1)(n+2) sone2
(2n+1)(2n+3)(2n +5)
0,s=n,
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2n(n-3)(n-2)(n-1) con_4
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ROZPROSZENIE POLA AKUSTYCZNEGO ZA POMOCA CIENKIEJ
NIEZAMKNIETEJ KULISTEJ POWLOKI ORAZ ELIPSOIDY

Streszczenie

W niniejszym opracowaniu zaprezentowano wyniki rozwigzania osiowosymetrycznego pro-
blemu rozproszenia pola dzwickowego przez niezamknigta powtoke kulistg oraz lekko wydtuzona
elipsoide. Radiator kulisty znajdujacy sie w cienkiej niezamknigtej powloce kulistej jest zrodlem
pola akustycznego. Réwnanie granicy kulistej podane jest we wspotrzednych sferycznych. Roz-
proszone pole ci$nienia jest wyrazona w funkcji fal sferycznych. Stosujac odpowiednie twierdze-
nia dodawania i przy zatozeniu zbyt matej mimosrodowosci elipsy, rozwigzanie problemu warto-
Sci brzegowych jest ograniczone do rozwigzania podwojnych rownan wielomianéw Legendre'a,
ktore przeksztatca si¢ w nieskonczony uktad liniowych rownan algebraicznych drugiego rodzaju z
w pelni cigglym operatorem. Wyniki obliczen numerycznych sg podane dla réznych wartoséci ana-
lizowanych parametrow.
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