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Abstract. One of the determining factors in solving the problem of maintaining the gas-dynamic stability of compressors
of gas turbine engines in operating conditions is to maintain the technical condition of the flow part of the engines at a
given level with increasing operating time.

Operational experience indicates that of all the operational factors that affect the state of the flow part of the gas turbine
engine, only the impact of contamination can be more or less eliminated by performing flushing of the flow part in
operationThe study of different methods of cleaning the flowing part shows that the most important issues are the
justification of the periodicity of washing and the effectiveness of detergents, the development of ways to introduce
detergents into the flowing part, reducing labor intensity and time for washing.

This article investigates the effectiveness of special detergent mixtures for cleaning gas turbine engines from
contaminants, based on the generalization of experimental data. The washing process is considered as a result of
the manifestation of a complex of physicochemical properties of the detergent. According to Rebinder’s theory, the
washing ability is determined by two factors: surface activity and surface strength, which depend on the degree of
dispersion (colloidity) of the detergent in solution. The washing efficiency of 6 special detergents was investigated and
determined.

The technology of washing the flowing part of the gas turbine engine is developed, which regulates the method of
making the detergent composition into the flowing part of the gas turbine engine, the mode of engine operation during
washing, the choice of optimal solution temperature and duration of the washing process. A method for cleaning the
flow part of aviation gas turbine engines is proposed, which does not require preparation of the elements of the flow
part and complex tooling.

When developing the washing technology, not only the technical aspect (washing quality) is taken into account, but
also the economic one. Determine the optimal duration of flushing and its frequency for the life of the gas turbine
engine in operation on the example of the engine NK-8-2U.

The scheme of installation for washing of a flowing part of GTD is developed. The principle of operation of the
installation is as follows. Boiled water heated to a temperature of 50-800C is supplied from the aircraft tanker via a
hose to the faucet fitting. Flushing of the flowing part of the engine is carried out with alternating supply of cleaning
solution and clean water when the engine is running in the mode of cold scrolling. Removal of contaminants provides
restoration of parameters of the fan and compressors of an internal contour. After washing, the degree of compression
of the air by the fan increased by 1.4%, the compressor to 2%.
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Awnotanisi. O1Hi€r0 3 BU3HAYAIBHUX (haKTOPIB [IPU BUPIILIEHHI 3a/1a4i i ATPUMKH Ta30IMHAMIYHOI CTIHKOCTI KOMIIPECo-
PiB ra30TypOIHHUX ABUTYHIB B yMOBax eKCIUTyaTallil € MiATpUMaHHs TEXHIYHOTO CTaHy ITPOTOYHOT YACTHHU JIBUTYHIB Ha
3a71aHOMYy DiBHI IIPH 3pOCTaHHI iX HapOOITKY.

JocBia ekcrutyarariii BKa3ye, 10 3 yCiX eKCIUTyaTalliiHux (pakTopis, sSKi BIMBAIOTh HA CTaH MpotodHoi yactuuu [T/,
TUIBKH BIUTMB 3a0pyAHEHHsI MOKe OyTH 3 OUIBIIMM Y1 MEHIIMM e(DEKTOM YCYHEHHMH 3a paxyHOK BUKOHAHHS IPOMHBKH
NPOTOYHOI YAaCTHHU B eKCIuTyarailii. BUB4EHHs pi3HUX CHIOCOOIB OYMIIIEHHS! IPOTOYHOT YACTHHU MOKA3YyeE, 1110 HAHOUTBII
BKJIMBUMH ITUTAHHSMH € OOIPYHTYBaHHS IEPIOANYHOCTI IIPOMUBKH Ta e()eKTUBHOCTI MUIOUHX 3ac00iB, po3pobKa crio-
cO0iB BHECEHHS MUIOYHX 3aCO0IB B IIPOTOYHY YaCTHHY, 3HHKEHHS TPYIOMICTKOCTI Ta BUTPAT 4acy Ha IIPOMHUBKY.

VY naHiii cTarTi 10CIIHKEHO epEeKTUBHICTD CIELiAIbBHIX MUFOUMX cyMimeit juist ountiennst [ TJ1 Bix 3a0pyHeHs, Ha OCHOBI
y3arajlbHeHHsI eKCIIEpUMEHTAIbHUX JaHuX. [Ipoliec MUIMKN pO3IIsIaeThCs SIK Pe3ysIbTar HpOsiBY KOMILIEKCY (hi3HKo-XimMid-
HMX BIJIACTUBOCTEH MHUIOYOro mpernapary. BianosigHo mo Teopii PebGiHaepa MuIOuy ClpOMOXKHICTh BH3HAYE€HO 3a JIOTIO-
MOTOIO JIBOX (haKkTOpIB: IOBEPXHEBA aKTHBHICTh Ta ITOBEPXHEBA MILIHICT, SIKI 3aJIeKaTh BiJl CTENEHI AUCIIEPCHOCTI (KoJo-
{HOCTI) MUIOYOT PEYOBUHH Y po34rHi. J[0CiiKEeHO Ta BU3HAYCHO MUIOYY €(DeKTHBHICTB 6 ClielialbHUX MHIOUHX 3aC0O0IB.
Po3pobieHo TexHOI0Ti 0 MPOMUBKH TpoTodHoi yacturu [ T]], sika periaMeHTye crocid BHECCHHS MUFOYOT KOMITO3UIIIT B
npotouny yactuny I'TJ], peskum poOGOTH IBUI'YHA IIPH IPOMUBLI, BUOIP ONTUMAJILHOT TEMIIEPATypH PO3YMHY Ta TPUBA-
JIOCTI ITPOLIECY TPOMUBKH. 3alIPOIIOHOBAHO METOI /LISl OYMCTKU MPOTOYHOT yacTrHHM aBiauiitnux [ 'T]], sikuit He noTpedye
npernapyBaHHsl eIEMEHTIB IPOTOYHOI YACTHHH Ta CKJIAJHOTO IHCTPYMEHTAJIBHOTO 3a0e3IeUeHHSI.

[Ipu po3poO1i TEXHONIOTIT MPOMUBKHU BPaXOBAHO HE TIIHKU TEXHIYHMIT aCHIEKT (SIKICTh IIPOMUBKH), aJie 1 eKOHOMIYHHMIL. Br3na-
YaTH ONTUMAaJIbHY TPHBAJIICTh POMUBKH Ta 11 nepioniyHicTh 3a pecype I'T/1 B excrutyararii Ha npukia nqsuryna HK-8-2V.
Po3pobineHa cxema yCTaHOBKH JUTst TPOMUBKH 1ipotouHoi yactiuau [T/, [TpuHImn poOOTH YCTaHOBKH IOJISITAE B TAKOMY.
[inirpira o temneparypu 50-800C kun’siueHa Boza MOJAETHCS BiJ| BOIO3AIIPABHUKA JIITAKIB M0 IIIAHTY J0 MITyLEpa
3MinryBaya. [IpomuBKa MpoOTOYHOT YaCTHHM JIBUTYHA IPOBOAUTHCS 3 YEPI'yBaHHSIM 0/1adi MHIOUOTO PO3YMHY Ta YUCTOT
BOJIM IIPX POOOTI ABUTYHA HA PEKHUMI X0100Ha npokpymka. BunaneHHs 3a0pyHeHb 3a0e31euye BiJHOBICHHS 1apame-
TPiB BEHTWJISITOPA 1 KOMIIPECOPIB BHYTPILIHBOTO KOHTYpa. [Ticiisi IpOMUBKY CTYIIHb CTUCHEHHS MOBITPSI BEHTHIIATOPOM
3pocina Ha 1,4%, kommnpecopa — 110 2%.

KoarouoBi ciioBa: razoTypOiHHMI JIBUI'YH; NTPOMHBKA; MPOTOYHA YAaCTHHA; TEXHOJIOTiS MPOMHBKH; MHIOUHi 3aciO;
3a0pyIHCHHSL.

INTRODUCTION

One of the defining conditions in solving the problem
of maintaining gas-dynamic stability of compressors GTE
in the conditions of operation is to maintain the technical
state of the flow section of the engines at a given level

INVESTIGATION OF THE EFFECTIVENESS
OF SPECIAL DETERGENTS FOR CLEANING
THE GTE FROM CONTAMINATION

In the general case, the process of hard surfaces washing
consists of two operations: cleaning, which is the removal

with an increase in production.

Experience has shown that from all operational
factors that pour into the state of the compressor flow
section of GTE, only the effect of pollution can be with
a greater or lesser effect eliminated due to the running
of the washing of the flow section in operation.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

In the practice of the leading airlines, the washing
of the flow section of GTE has been widespread since
the 70s of the 20th century [3; 4]. The study of various
methods for washing the flow section [5-7] shows
that the most important issues are the justification
of the frequency of washing and the effectiveness
of detergents, the development of methods for introducing
detergents into the flow section, reducing the complexity
and time consuming for washing. Solving these issues
requires a thorough analysis of the causes of pollution
and their chemical composition.

of contaminants by some means, and rinsing smooth surfaces
with aqueous solutions. The efficiency of the washing
process depends on the characteristics of the detergents
used, solvents and special liquids, the quality of which must
meet certain technical requirements. Regarding the process
of the flow part of the gas turbine enginewashing, these
requirements can be formulated as follows.

1. High washing capacity and speed.

2. Lack of aggressiveness in relation to construction
materials and coatings.

3. Safety in use.

4. Absence of harmful effects on nature and man.

5. Ease of manufacture.

6. Low cost.

7. Possibility of utilization with minimal costs
and without environmental consequences.

8. Simplicity in the organization of washing.

9. Stability of physicochemical properties.

Nowadays, there are a large number of different
detergents that are designed for the hard surfaces,
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including metal surfaces, washing [1, p. 92], but
for a number of reasons they do not fully meet
the requirements. Therefore, before proceeding to their
analysis, it is necessary to briefly consider the mechanism
of detergent action.

Modern theory of detergent action considers
the process of washing, as a result of the manifestation
of a complex of physicochemical properties of detergent,
which includes wetting, emulsifying, foaming,
dispersing, solubilizing and stabilizing ability. Detergent
capacity of this or that detergent depends on the degree
of manifestation of each component. According to
Rebinder’s theory, the washing ability is determined by
two main factors [1, p. 94]: surface activity and surface
strength, which depend on the degree of dispersion
(colloidity) of the detergent in solution.

The speed and completeness of the removal
of contaminants from hard surfaces depend on the nature
and condition of the surface. Water hardness, temperature,
the presence of polyvalent metal ions in the contamination,
the nature and composition of detergents and a number
of other factors are also important for the detergent effect
[3, p. 165]. By their nature, detergents are divided into
anionic, cationic, ampholytic and nonionic [3, p. 167].
Anionic substances in aqueous solutions form negatively
charged ions (anions), while cations affect the solubility
of these substances.

An example of anionic substances may be the disodium
salt of sulfosuccinic acid monoester CH,COONa—
ROOOCCHSO;Na, which is the basis used for washing
the flow part of the gas turbine engine NK-8-2U. The
detergent “Aerol” and used for the sanitation of aircraft
and helicopters; CH,RCHSO,—~CHRCH,;, forming the basis
of the paste, which is recommended for rinsing the flowing
part of the engine D-30 II series [8, p. 46].
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Fig. 1. Dependence of surface activity and surface strength on
the degree of colloidal (dispersion) of the detergent in solution

The surface activity of cationic substances is due to
positively charged ions (cations). An example of such
a substance is ethanolamine soap used for external aircraft
washing R—CH,NH,, which is obtained by the interaction
of oleic acid C,;H;;COOH and monoethanolamine
NH,CH,CH,OH.
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Ampholytic compounds contain one or more
functional groups, which, depending on the environmental
conditions, may acquire the character of an anionic
(alkaline medium) or cationic (acidic medium) substance
in aqueous solution.

In the isoelectric field, they act as nonionic
substances. The dependence of the properties on the pH
value of the solution is determined by the formula

. . Alkaline
Acidic environment .
environment
RN + H,CH,COOH < RN*=H,CH,COO < RNH,CH,COO
L . nonionic anionic
cationic properties . .
properties properties
PH<4 4<PN<9 9<PH<14

Nonionic substances in aqueous solution do not
form ions. The difference in the nature of these groups
of detergents determines the scope of their application,
so to choose the most effective means it is necessary
to consider the elements of process theory and perform
a comparative analysis [4, p. 242].

First of all, the choice of detergent determines
the nature of the surface and the type of contamination.
Since we are talking about washing the compressors
of aircraft gas turbine engines, we can limit ourselves
to the consideration of blades made of titanium alloys
and steels with a surface cleanliness corresponding to
7 ... 11 class. Since contaminants can be present in three
physical states (solid, liquid and gaseous), it is of practical
importance for detergents to consider the combinations
of solid-solid, liquid-solid and gaseous-solid phases.

Contaminants are generally a heterogeneous
mixture of substances different in chemical composition
and physical properties, and can be divided depending on
the possibility of their removal during cleaning into four
main groups:

1. Water-soluble polar compounds (inorganic salts,
organic acids, some organic substances).

2. Water-insoluble inorganic compounds (cement,
dust, soot, clay, silicates).

3. Hydrocarbons (kerosene, oil, resins, asphalt,
paints, varnishes, various fats).

4. Water-insoluble polar organic compounds, mainly
fatty acids.

There are primary particles of mineral contaminants
(size up to 3 ... 5 um) and secondary particles formed by
agglomeration of primary. These are chaotically construct-
ed particles (size up to 10 ... 50 um) with large cracks, into
which solutions of colloidal electrolytes penetrate and dis-
perse these particles. Thus, diffraction patterns of contami-
nation samples taken on the compressor blades of NK-8-2U
engines [3, p. 166; 8, p. 42 ] showed the presence of oxides
and hydroxides of metals, carbon deposits, organic and min-
eral water-soluble substances, quartz, gypsum, rutile, talc,
mica, hematite. pentlandite, metallic lead, feldspars.
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The majority are primary particles with a size of 10 ...
25 um, namely 12%. The rest are water-insoluble oily-resinous
and organo-polar contaminants, which connect the contami-
nant particles into a dense mass. The presence of salts of heavy
metals, corrosion products and residual resins of lubricating
oils is also noted, which indicates the presence of a chemi-
cal interaction between the contaminants and the metal
of the blades. Therefore, consideration of the washing process
should begin with consideration of adsorption.

Adsorption occurs under the action of chemical forces
or forces acting at the interface of two phases. Therefore,
during adsorption, various processes can take place,
the end result of which is the retention of one substance
to another.

Adsorption of substances on the interface is their
main property. If molecules or ions that include one or
more groups have affinity in the phase in which they
are dissolved or dispersed, and, in addition, include one
or more groups that have repulsive forces relative to
the dissolved medium, then such molecules or ions are
able to accumulate on the interface. Surfactants have this
property. An accumulation of detergent molecules passes
on liquid-gas phase separation [4, p. 252]. As a result,
the surface tension of the water is reduced and foam may
form. On the liquid-liquide phase separation (for example
when emulsifying oil in water) hydrophobic chains are
directed to the hydrophobic drop of oil, the surface is
hydrophilized by solvating groups resulting in reduced
interfacial surface tension between two insoluble liquids.

On the solid-solid phase separation (metal particles
of contaminants), the same oriented adsorption takes
place. The thermodynamic relationship between
the concentration of solute on the surface C1 [4, p. 178],
the concentration in solution C and the interfacial surface
tension is determined by the Gibbs equation C = RC—TZ%,
where R — gas constant; 7' — temperature; ¢ — surface
tension.

It follows that with increasing degree of adsorption
(the solution is depleted of detergent) the surface tension
at the phase boundary increases. From the point of view
of the processes taking place at the phase boundary,
the following properties are of practical importance:
wetting,  emulsification,  (dispersing),  foaming,
solubilization and cleaning action.

Wetting is the displacement of any other phase by
a liquid phase from a solid or liquid body. The behavior
of adrop lying on a solid surface is determined by the forces
of surface tension. Under the action of these forces,
the boundary line moves with a simultaneous change in
the shape of the drop until equilibrium. If equilibrium is
reached at the value of the edge angle @, then the algebraic
sum of the acting forces must be zero [5, p. 25]:

-G, —0,C080+0,=0.
With a change ¢, the amount of wetting changes.
In the presence of a number of surfactants, the wetting
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rate can increase significantly. The processes that take
place in this case are quite complex, so let’s just say
that one of the functions of surfactants in detergents is
to accelerate and improve wettability. It is known that
the optimal wetting effect (minimum surface tension)
is observed only after some time after the solution
of the active substance, which must be taken into
account in the dynamic process of washing the gas
turbine engine.

Emulsions are systems in which both the dispersed
phase and the dispersion medium are in a liquid state. Only
oil-in-water emulsions in which the hydrophobic part is
dispersed in the aqueous medium in the form of drops
are important for the cleaning and cleaning action.
Emulsions can be formed spontaneously and forcibly,
by mechanical interaction or phase fragmentation. They
are characterized by low surface tension at the interface,
which is achieved by the action of surfactants. The
formation of the emulsion and its stability depend on
many factors, including the presence of various additives,
the ability of the third phase to adsorb droplets, reducing
the potential difference, etc. In the process of washing
the flow part, this process will determine the composition
and concentration of surfactants in the detergent.

The basis of dispersion, peptization and suspension
is the same process, which consists in the fragmentation
of conglomerates of contaminants and their retention in
the liquid phase.

Peptization is the transfer to a colloidal solution
of a solid (contamination) using a suitable reagent —
peptizer.

Suspension is a coarsely dispersed system
of contaminant particles in an aqueous medium. During
suspension and dispersion, conglomerates of aggregated
particles of contaminants are peptized, detached from
the surface of the blades and go into the milled state
of the detergent solution. A number of surfactants provide
spontaneous dispersion of agglomerated particles.

The  reduction of surface tension  as
a result of the adsorption of the surfactant has a crushing
and peptizing effect on the adsorbed phase. The
peptenizing mediumis held by surface forces on the surface
of colloidal particles, so that its pressure increases so much
that there is a disintegration (destruction) of the particles.
This process is one of the most important in the process
of the flowing part washing.

The process of foaming when cleaning metal surfaces
by jet or mechanical method does not increase the cleaning
effect, butoften has anegative effect, because the formation
of foam consumes part of the surfactant, and the cleaning
effect of foam in these cases is insignificant.

Solubilization — the process of dissolving in solutions
of surfactants at a certain concentration of liquid or solid
substances that are insoluble in water. Without considering
the physico-chemical aspects of this phenomenon, we
note that this phenomenon is used for the introduction
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of solvents into detergent solutions, which increase
the efficiency of removing contaminants. In addition,
in some cases, this provides stabilization of detergent
emulsions.

Detergent action is characterized by the ability
of a product to remove contaminants of different
composition. The theory of detergent action has
not yet been developed [1, p. 88; 4, p. 268]. The
end result of the cleaning process depends on many
factors: the properties of the surface to be cleaned,
the nature and intensity of contaminants, the composition
of the detergent and its concentration, the degree of water
hardness, temperature, mechanical impact and many
others. Therefore, even a brief analysis of the phenomena
occurring in the washing process gives grounds to claim
that high efficiency can be not individual detergents,
and their compositions. The use of compositions
is also explained by economic, physicochemical
and environmental reasons. Often expensive and scarce
surfactants can be replaced by cheaper compositions.
In other cases, the use of certain surfactants can cause
corrosion or environmental damage. In some cases,
the addition of mineral and organic products to surfactants
enhances their effect, and sometimes weakens.

There are few theoretical works on the composition
and application of surfactants in compositions, as well
as reviews of surfactant compositions, so consider some
aspects of this problem.

As a detergent, surfactants are used for a number
of processes. To stabilize liquid contaminants in
the volume of detergent solution is required IS,
mole of surfactant (where I',, — marginal adsorption
of surfactants, S, — the total surface area of the emulsion),
as the emulsion stabilizes only the boundary adsorption
layers [1, p.90]. The surface of the cleaning blades S, is
covered with a layer of surfactants in the amount I';S,.
Part of the surfactant (equilibrium concentration) remains
in the phase volume (C,V,). The formation of foam
consumes surfactants in quantities I,S; (S; — foam
surface). To stabilize the solid contaminants I',S; (I'y —
adsorption of surfactants on the surface of suspensions,
S, — the surface area of the suspension) is required.
The amount of surfactant adsorbed on other parts
of the flowing part can be neglected, because its area is
several times smaller than the area of the blades.Then
the total cost of the surfactants will be:

M=T,S +T,S +T,S+CJV,+TS,.

The composition may include several surfactants,
inorganic salts, organic solvents, electrolyte solutions,
corrosion inhibitors, defoamers and other impurities.

The composition depends on the properties of the con-
taminants, the surfactants used and the characteristics
of the process. Currently, a number of detergents are used
to flush the flowing part. None of these tools is optimal in
composition, which confirms their analysis.
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«Aerol» is designed to remove oily and soil
contaminants, as well as soot from the surface of the aircraft
skin at positive temperatures [5, p. 62]. Composition in
percentage:

1. Disodium ester of sulfosuccinic acid anionic
surfactant ROOCCHSO;Na-CH,COONa — 25...30.

2. Na,CO, — provides the pH of the solution within
12 ... 13.

3. Synthetic fatty acids C,-C,emulsifier — 18...20.

Aerol is an excellent detergent for washing fabrics
and removing with a stiff brush dirt from painted surfaces,
non-toxic and environmentally friendly. Can be used
without heating (25+2°C) [3, p. 171].

Pollution removal efficiency, which is evaluated
as the ratio of the mass of contamination removal
after the washing cycle to the initial (before washing):
E=—£——K.100% , when rinsing on low gas for 5 minutes
and a flow rate of 1.2 1 / min for the emulsion was
the maximum. Data on the detergency of the various
compositions are shown in table 1.

Table 1. Comparative efficiency of detergent
compositions

Detergfe Pt Lotos | Aerol | 151-K
composition
min 151-K
max 151-T | 151-P
(%) 68% 78% | 82% | 98% | 92% | 96%

The labels min and max mean the minimum
and maximum content of components in the composition,
respectively. As part of “I51-T” gas is replaced
by trichlorethylene, in the composition “151-P”
perchlorethylene. Except as indicated, the compositions
corresponded to the composition “151-K”.

Increasing the washing time to 600 seconds increases
the washing efficiency of the detergnt “Lotos” no 88%,
Aerol- 95%. Emulsions “151-K”, “151-T”, “151-I1”
provide complete removal of contaminants.

TECHNOLOGY OF WASHING THE FLOWING
PART OF THE GAS TURBINE ENGINE

The concept of washing technology should include
the method of introducing the detergent composition
into the flow part of the gas turbine engine, the mode
of operation of the engine during washing, the choice
ofthe optimal temperature of the solution and the duration
of the washing process. When developing washing
technology it is necessary to take into account not
only the technical aspect (quality of washing) but also
economic. That is, it is necessary to determine the optimal
duration of washing and its frequency for the life of the gas
turbine engine in operation [1, p. 78].

After selecting the optimal washing mode, which is
characterized by the engine rotor speed and the parameters
of the cleaning solution (spray dispersion, fluid
consumption and its chemical composition), it is
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necessary to determine the washing duration. The choice
of the optimal washing time is associated with both
the maximum cleaning and the minimum flow rate during
engine operation during washing.

In determining the duration of washing in terms
of maximum cleaning of the surface of structural elements,
the method used in [5, p. 17] was used. As the main assump-
tion in this case it is necessary to consider that deposits on
a surface of constructive elements are considered as a cover-
ing. Then the task is to determine the erosion of the coating.
Erosion is characterized by three parameters: the duration
of the latent period, the amount of mass wear after the end
of the latent period and the total amount of mass wear.

In determining the duration of the latent period, we
use the model presented in [6, p. 312], according to which
the time of the latent period of erosion is determined by
sequentially calculating the following values.

1. Impact pressure:

_ p.CW cosb
1 + pLCL/chc

where p, p_ — according to the density of deposits
and detergent solution; C,, C, — speed of sound,
respectively, for deposits and detergent solution; W —
the relative velocity of the drops of detergent solution;
0 — the angle between the vector of relative velocity
and normal line to the surface of the structural element.

2. The average pressure on the surface contamination
[7, p. 87]:

1= —
GOZP 1+wsc 17WSC1+WLC exp( Y) ,
I- VW e I+ Ve Y
Z,-7 zZ,-Z
where Ve = * : s Wi = : >
Z +Z, Z, +7Z,

72,5 Z; Zy — accordingly, dynamic total impedances (Z
= pC) detergent, dirt and substrate (structural element
of the material);
G d1nzjZ)[ 2 .
C,hel1+(Z,/Z)|1+(Z,/Z,)

dimensionless  parameter; /i, the  thickness
of the contamination; d — the diameter of the drop
of detergent solution; C, — speed of sound for the substrate
material.

3. The numbers of reflection of voltage waves in
the contamination during the impact [7, p. 125]

1

K=K -

1- VeV e .
4. Effective strength characteristics for film
contamination:
4o, (bc 1) 1
Slc = o ’
1-2p, 1+2ny,

where p, — Poisson’s ratio; b, — the value used in
the calculations is equal to 20,9; o, — average preassure
in contamination.
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5. The number of strokes per «spot» during the latent

period:
8,9(S, >
n =—-—|- .
“ d* o,

6. Number of drops per unit volume of air:

4

=

where V — volume of liquid per unit volume of air.
7. Time latent period:

q

t _ nic
“ gWcosO
8. Wear rates of mass per unit area per unit time after
the end of the latent period:

_ 4
o, = 0,04p, W;;’Se I (?j , o
le

4
a, =7, 54105pcd3quose(§°] .
Ie

In accordance with the above method, the time

of removal of contamination from the surface of the blades

of the fan of the two-circuit motor was calculated. The

calculation used the data on the characteristics of the films

of sediments (contaminants), given in [7, p. 213]. The

total time required to remove contaminants (washing

time) was determined by the formula obtained from

the equations for determining the time of the latent period
t,. and mass wear rate o,

_ 4
t=— e 1754107 d°W cos | 2L i,
gW cos© S.) 6

lc

where 8 — the thickness of the film of contamination.

Calculation of the washing time #; was performed
for a wide range of fineness of the spray of the detergent
solution (d = 1-10%..3-10° m). The average washing
time for a given range of detergent droplet diameters
and the selected range of engine operating modes was
tz=4,7 min.

Thus, given methods make it possible to determine
the optimal mode and duration of contamination.

On the backs of the blades, where in the first place
there is a disruption of the flow, the deposits are thicker
and are 5 ... 6 microns. In the area of bandage shelves,
the layer thickness increases to 8 ... 10 um. At the same
time on the troughs of the blades the thickness of the layer
of sediments did not exceed 2 ... 3 pm.

Removal of pollution provides updating
of parameters of the fan and compressors of an internal
contour. As shown in Fig. 2, after washing n*, grew on
average by 1.4%. Simultaneously with growth nt’, the air
consumption in the engine also increases.

The improvement of the low-pressure spool
and high-pressure spool characteristics as a result
of washing the flowing part is shown by the test results



EHEPTETUYHE MALUMNHOBYAYBAHHA JENE F=lepX|

of the engine in Fig. 3, 4. Increasing the parameters of the
fan and compressors of the internal circuit after washing
is accompanied by an increase in total pressure
at the nozzle cut p*..

In particular, on the batch of engines p*, increased by
0.47% on low gas with increasing ©*,, of 0,5 %.

Increasing the pressure in the flowing part
of the engine, in particular at lower modes, contributes
to an increase in the stock of the on pop operations, that
is a kind of unstable fan operation, in which case you
need to stop the takeoff of the aircraft. It is known that in
order to prevent the manifestation of this type of unstable
operation, the flight manual of this type of engine does
not allow starting the engine and taxiing the aircraft
with a passing wind above 5 m / s and crosswind more
than 17 m/s.

Analysis of research results before and after washing
of a large batch of engines NK-8-2U [3, p. 170, 8, p. 44]
allowed to establish the dependence of the increase in
fuel consumption AG,, from the degree of contamination
of its flowing part; it has a form

AGI@/' = AGh/ thx( T/T)m

where AG,, = G, — G, — increase in hourly fuel
consumption; AG,,, — hourly fuel consumption of a new
engine (or after repair); T, h — engine life; 7, h — engine
operating time (new, or after pre-washing); m is
an indicator of the degree that characterizes the growth
rate of fuel consumption when contaminating the flowing
part. According to the results of processing the entire
array of experimental data, the value of the indicator is
obtained m =0,4034.

The optimal frequency of washing of the flowing
part was determined from the conditions of ensuring
maximum economic efficiency [6, p.351]

E=0C, - Epx,
where Q — fuel savings at K washing per resource,
determined by the formula

2,2
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Fig. 2. Changing the compression ratio of the fan

Q — AGh .maxT 17 1 .
m+1 (k+D)"

C,, — price of one ton of fuel, $ / t, E,, — operating costs
for washing one engine. The optimal number of washes
per resource is determined by the results of the analysis
for the extremum of the function Q =£(K):

C m mel
K, =|-2AG, .T — -1.
opt |:E hf .max m+ 1:|

p

As shown by the analysis of changes in engine
characteristics from the influence of a single operating
factor (in this case — the removal of contamination
ofthe flowing part of the compressor), an effective method
ofestimating the growth ofbasic data ofthe engine installed
on the aircraft is the measurement of operating modes
during engine tests before and after the technological
operation. As shown by the results of bench studies
of double-circuit engines with flow mixing, the relative
increase in thrust and specific fuel consumption after
the technological operation is described by the relations:

1) in the subcritical mode of leakage from the nozzle

k-1 Kk-1

i
8P = pH 2 prr 1 .

np k-1

i
pH KT

i

2) in the supercritical mode of leakage from the nozzle

k-1 K-1
[pfjk [1)7]2
8P _ — pn 2 pn 1
5 1
— - k
D, 2 -1
K| -—— K +1
’(k-rlj (K +1)

where p; — full pressure at the nozzle section, measured
atafixed point; K;—a factor that establishes the relationship
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Fig. 3. Changing the compression ratio of the low-pressure spool
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Fig. 4. Total change of the compression ratio

between local pressure and the average cross-sectional
pressure of the inhibited flow. K| linearly depends on
the speed of the rotor of the high pressure motor within
0.98 <Ki < 1.07. u, — the flow rate of the nozzle, which
depends on its taper [2, p. 17], (%1 ;gif;lf the ratio
of pressure, which was measured in the first and second
experiments at the same modes.

The relative increase in specific fuel consumption is

equal to
8C‘num = AGh/’i Apnpa
AGy, — AGy,

AGyy,

where AG,, = — relative increase in time fuel
consumption.

When you open the tap 3, the concentrated detergen
under pressure from the cylinder 7 is displaced into
the mixer 2. The tangential introduction of water into
the mixer provides good mixing of the concentrated
detergent with water. Changing the concentration
of the concentrated detergent solution is provided by
changing the pressure drop in the displacement system
and in the water supply system, controlled by manometers
4 and 6. Changing the pressure from 15 to 0.6 MPa is
provided by the reducer 9.

The proposed method for cleaning the flow part
of aviation gas turbine engines does not require
preparation of the elements of the flow part and complex
tooling. The principle of operation of the installation is as

3bIPHNK HAYKOBUX MPALb HYK
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Fig. 5. Installation diagram for warshing the flowing part of the
gas turbine engine

follows. Heated to a temperature of 50-80°C boiled water
is fed from the tanker of the aircraft through a hose to
the fitting of the centrifugal mixer 2.

The solution formed in the system through
the filter 5 is fed to the distribution manifold (nozzle ring)
1 and the nozzles 11 of the supply of detergent solution
to the compressor. Washing of the flowing part of the gas
turbine engine is carried out with alternating supply
of detergent solution and clean water when the engine
is running in the mode of cold scrolling. At the end
of the work, the air pressure in the cylinder 10 is reduced
to atmospheric by opening of the valve 8.

CONCLUSIONS

1. Detergents are considered and the optimal
detergent composition is selected.

2. Amethod fordetermining the optimal washing time,
which takes into account the properties of contaminants
of the flow part of the GTE and detergents is developed.

3. The technology of washing the flowing part
of the GTE is developed and it is based on the obtained
data on the optimal washing time.

4. The method of calculation of periodicity
of washing of GTE during its interrepair resource is
presented.

5. The installation for washing of a flowing part
of TFE in operating conditions is offered.
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