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Abstract: Reducing the durability cost of an aircraft product is an issue either addressed at the design stage or causing significant
design modifications. Turbine preheating of a gas turbine engine (GTE) allows for the thermal stress of the rotor blades (RB) to be
reduced at the engine start without making design changes, but only by implementing the engine heating technology into the
operational process. Values of thermal stresses on rotor blades of a high-pressure turbine of a bypass turbofan engine (TFE) with
and without heating allow us to determine the change in the total HPT RB damage rate. In the concept of preheating a GTE prior to
the start in order to comply with the preheating technology, it is necessary to know the duration within which the RB will heat up to
the required temperature. Thus, the research objective, presented in the paper, is to empirically determine the HPT RB heating time,
using thermocouples and pyrometers on a full-scale body depending on the methods of air supply for heating and rotor spinning.
A distinctive feature of this work is the application of the empirical approach to determine HPT RB heating time to evaluate the
feasibility of the GTE preheating technology application prior to the start and the selection of the most efficient heating method
according to the duration criterion. Several methods of engine heating prior to the start, using different sets of equipment and the
method of supplying hot air to the turbine, were considered. The results of RB heating time measurements made it possible to
establish the method of heating with minimal time expenditure prior to the engine start.
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JKCNEePUMEHTAJIbHBbIE OL[EHKH NMPOI0JI)KUTEIbHOCTH MPOorpeBa padoumnx
JIONMATOK TYPOHUHBI BLICOKOIO AaBjeHud nepen 3anyckom TP/1
JJISI CHUSKEHMSI B HUX TEPMUYECKUX HANPSKeHU U
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AHHOTaIMs: YMEHBIICHAES CTOMMOCTH JKH3HEHHOIO LIMKJIA M3/IeNUs aBHALMOHHOW TEXHHKH — 3a[ada, peliaeMas Ha CTaJuH
MPOEKTHPOBaHMs JMOO BJIEKYyILasi 32 coOOW 3HAYMTENBbHBIE JIOPAOOTKH KOHCTPYKIMH. [IpenBapHTenbHblil ONOTPeB TypOUHBI
razotypounHoro mpuratens (I'T]I) mo3Bosser yMEHBIIHUTh TEPMOHATIPSDKEHHOCTh pabounx stonatok (PJI) mpu 3amycke mBuraTers
633 BHCCCHUA KOHCTPYKTHUBHBIX M3MeHeHHﬁ, a JIMIIb 3a CYET BHECAPCHUA TEXHOJIOIMHN ITOJA0IPEBAa ABUTATEIIA B 3KCHHyaTaIJ,I/IOHHblﬁ
Tporiecc. 3HaueHUsI TepMUYECKIX Harpspkerwni Ha PJI TypOunb! Beicokoro nasienus (TB/]) TypOopeakTHBHOTO JBYXKOHTYPHOTO
mpurarenss (TPIAJl) ¢ npumeHeHneM mojorpeBa M 0e3 HEro MO3BOJSIOT ONPENENUTh HM3MEHEHHWE CYMMAapHOH CTereHH
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noBpexxaaemocty PJI TB/I. B xonuenimu npeaapurensHoro nojgorpesa [T/l nepen 3amyckoM Uit cOCTaB/IEHUs TEXHOJIOTUU
mojorpeBa HEOOXOAMMO 3HATh BpeMmsi, 3a kotopoe PJI Harpeercss mo HeoOxommMmoil TemriepaTypbl. TakuMm oOpaszoM, 3amada
HCCIIEOBAHUS, U3JIaraéMoro B CTaThe, 3aK/II0YACTCS B OMIIMPUYECKOM olpeeneHun Bpemenu nporpesa PJI TB/I nmpu nomomm
TEpMOIap M ITMPOMETPOB HA HATYPHOM OOBEKTE B 3aBHCHMOCTH OT CHOCOOOB IOAYM BO3IyXa JUIS MOJOTPEBA M BPAICHUS
poropa. OTIMYNTENBHOH 0COOSHHOCTBIO MPOENIAHHON padOThI SBJISETCS TIPUMEHEHHE SMITMPHYECKOTO T0/IX0/a B ONpPEeICHUH
Bpemenu nporpesa PJI TBJI mist omeHKH 1iesiecoo0pa3HOCTH IPAMEHEHHSI CaMOU TEXHOJIOTUH TIpeaBapuTeNbHOro noxorpesa ' T/
mepes] 3alyckoM M BbIOOpa Hawbosiee 3(P(EKTUBHOrO Crocoda MporpeBa Mo KPUTEPUIO BpeMeHH. PacCMOTpEHBI HECKOJBKO
CIOCOOOB TOAOTPEBA JBUTATEIS IIEpe]] 3allyCKOM C TPUMEHEHHEM pPa3IMYHOro Habopa 00OpYyHIOBaHHS M CIocoba MOmadn
ropsiuero Bo3Jyxa Ha TypOuHy. Pesynbrarel m3amepeHuid BpemeHu mnporpeBa PJI mo3Bonmwim ycTaHOBUTBH CocoO Iporpesa ¢
MHMHHMAJIBHBIMH 3aTpaTaMy BPEMEHH HIepel 3aITyCKOM JBUTATEIs.

KiioueBnble ciioBa: FaBOTyp6HHHLIﬁ JABUTaTClIb, Typ6I/IHa BBICOKOI'O JaBJICHWA, pa60qa${ Jiorarka, HpCZ[BapI/ITeJ'ILHHﬁ oaorpes,
TCPMHUYICCKUEC HAIIPSKEHUSA, CTCIICHD ITOBPEKIACMOCTH.

Jns mutupoBanusi: AmetoB A.A., UnakoB b.A. DKcriepiMeHTaIbHBIE OLIEHKH MPOAOIDKATEIBHOCTH TIPOrpeBa pab0vHX JIOTIATOK
TypOHMHBI BBICOKOTO JaBJlieHUs Tiepen 3amyckoM TPJIJ] i CHIbKeHUsS B HUX TePMHYECKHX HampspkeHwuit // Haydreni Bectauk

MITYTA.2024.T. 27, Ne 1. C. 8-17. DOI: 10.26467/2079-0619-2024-27-1-8-17

Introduction

The basic details which determine the TFE
durability, as a rule, are the HPT RB [1].

The HPT preheating technology prior to the
start makes it possible to reduce thermal RB
stress due to reducing the temperature deference
of a blade airfoil during the start.

Reducing thermal stresses on the RB in non-
heated cases and with the use of the proposed
technology determines the RB damage rate [2]
during the engine start which impacts the fre-
quency of HPT inspections and the reduction of
downtime during the maintenance [3].

The heating technology is a supply of hot air,
using a ground source (engine heater), to an en-
gine core from the direction of a nozzle [4].

Presuppositions

The investigations to assess the durability of
the aircraft engine units have already been con-
ducted by the specialists of the Lul’ka Experi-
mental Design Bureau (G.P. Gogaev, E.Yu. Mar-
chukov, M.A. Bogdanov, I.A. Shubin) [5].
In their proceedings, a modern mechanism of
calculating the accumulated damage rate of the
major GTE components, considering the effect
of flight conditions to increase the engine opera-
tion time, has been presented. This methodology
assesses the accumulated engine damage rate on
the whole, preventing its premature removal.

The investigations to assess the HPT RB dura-
bility suppose modelling of the stress-strain state

with the further evaluation of acting stresses on a
full-scale blade [6]. The Doctor of Technical Sci-
ences [.Kh. Badamshin, in his investigations, was
assessing the impact of static and thermal cycle
loading on the HPT RB durability by means of the
computational methods [7], considering the heat-
ing temperature as an input parameter leaving open
the question about determining the duration of a
hot air supply to attain the required RB tempera-
ture prior to the engine start.

The problem to determine theoretically the
time of blade heating up to the assigned tempera-
ture involves an array of factors [8] to be consid-
ered, impacting the heating time, such as a loca-
tion of air supply, engine heater parameters, am-
bient temperature, thermal losses related to heat
discharge into a disk, etc. Therefore, the issue of
the empirical HPT heating time determination
prior to the engine start, considering the stated
above factors, arises.

In order to form the preheating technology, it
is crucial to experimentally obtain temperature
heating duration dependencies in conformity
with various equipment configurations.

The experimental design techniques
and conditions for its conducting

For the purpose of statistical confidence and
ensuring the maximum measurement accura-
cy [9], the experiment was conducted on various
days on a completely cooled engine at the ambi-
ent temperature of 15 °C. The measurements for
each equipment configuration were conducted
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Fig. 1. Hot air source is the engine heater
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Fig. 2. Pyrometer with a flexible cable and a recording application

five times. The temperatures were assessed in
three RB airfoil sections in the radial direction
from the root to the peripheral part.

As a source of hot air, a modern engine heat-
er' (EH), applied in operation, was used (fig. 1).
Its parameters were as follows: supplied air tem-
perature 145 °C, air flow 8000 m’/h, air outlet
diameter 300 mm.

The pyrometer” parameters, used to deter-
mine the blade airfoil temperature, are as fol-

' AEROSMART SYSTEMS. 4n official site
“AEROSMART SYSTEMS”. Available at: https://aero-
smart.ru/catalogue/ (accessed: 16.02.2023).

2 TEKKNOW. An official site JSC “TEKKNOW” .
Available at: https://www.tek-know.ru/catalog/
po-vidam-izmereniy/temperatura/pirometry/ (accessed:
20.02.2023).
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lows: the range of temperature measurement is
from —30 up to 600 °C, the spot diameter is from
1.6 mm up to 6.5 mm, the distance range to a
measured object is up to 450 mm, the basic error
margin is £1,5%. An application to record the
blade temperature, which includes the pyrome-
ter, is shown in Figure 2. A smart phone was
used as an application to record.

Conducting an experiment

In the design of CFM56-5B engine, an opera-
tional plugged (borescope) port on the engine cas-
ing’ is provided. It is practical to determine the
HPT RB temperature (fig. 3) through the port.

* Operation manual of airbus family A320 (2022). 21 p.
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Fig. 4. HPT RB temperature determination through an operational port

Table 1
Dependence of the attained temperature t on heating time t for three blade sections
Temperature ¢, °C 15 30 40 50 60 70 80 90 100
Heating time 7,01, sSeconds 0 1:42 2:39 4:46 6:16 8:34 | 11:18 | 13:03 | 15:41
Heating time T e, seconds 0 1:29 2:37 4:23 6:11 8:13 | 10:31 | 12:48 | 15:26
Heating time 7 ., sSeconds 0 1:24 | 2:31 | 4:17 | 6:06 | 8:02 | 10:25 | 12:32 | 15:07

For an access to a leading edge of the HPT
RB, a flexible cable in a set of the pyrometer,
designed to measure the temperature of metallic
surfaces, is used (fig. 4).

Let us consider the possible options of an
equipment configuration to preheat the GTE pri-
or to the start.

The equipment configuration 1: an engine
heater hose is routed towards the side opposite
from a borescope plug (fig. 5, a, b).

11

For considering the radial temperature varia-
tion, the temperature measurements of the lead-
ing edge in three HPT RB sections were carried
out: Ry, — the peripheral blade airfoil part (Rper),
R, — the mean blade airfoil section (Rpm), Riopn —
the root blade airfoil section (R;o0t) (fig. 6).

The arithmetic mean values of heating time
for configuration 1, based on the results of five
measurements, are given in Table 1. Where
T.oot — heating time measured in the root section
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of HPT RB R;, Tpean — heating time measured ing time measured
in the mean section of HPT RB R, Tper — heat-

in the peripheral section of
HPT RB Ryr.

Bxongnoe

Brixnonuoe Obtekarens
YCTPOHCTBO

YCTPOMCTBO  BBIXJIONHOI'O
YCTPOICTBO

Pyxas
noiorpesaTens

a)
Bxoxmnoe yctpoiictBo — inlet; BrixnonHoe ycrpoiictBo — exhaust outlet; O0Texarens
BEIXJIOITHOTO yCTpoiicTBa — exhaust outlet casing; PykaB mogorpesatens — heater hose

Fig. 5. Equipment configuration 1:
a — heating circuit; b — hot air supply

Fig. 6. Temperature measurement points on the HPT RB airfoil

12
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TenmouzonsauHMoHHLIH
yexoJ

BxoaHoe Brixionnoe OOTekarenb Pvkag
YCTPOUCTBO VCTPOMCTBO  BBIXJIONHOTO IIOJOTPEBATEIS
yeTpoHcTBa
a)

Bxozanoe ycrpoiicTBo — inlet; BeixionHoe yerpoiictBo — exhaust outlet; O6texaTens
BBIXJIOITHOTO ycTpoiicTBa — exhaust outlet casing; Pykas nogorpesatens — heater hose;
Termmon3omsMoHHbINA Yexoit — thermal insulation cover

b)
Fig. 7. Equipment configuration 2 with the application of a thermal insulating cover:
a — heating circuit; » — hot air supply

As the longest heating time T was observed engine heater is driven into rotation, thus, accel-
in the root section of the blade airfoil Ry erating the heating process and its uniformity.

(fig. 6), the further measurements were conduct- The arithmetical mean value of heating time t
ed in the root section of the HPT RB airfoil. for the configuration, using the cover according
For the partial prevention of thermal losses, to the results of five measurements, is given
the equipment configuration was used, in which, in Table 2. Where 7 — heating time without rotor
a cover, made from the thermal insulating mate- spinning, T ., — heating time under rotor spin-
rial, is applied, allowing for air flow leakage ning.
through clearances between an air-gas channel of For more effective flow-around of the ex-
a main duct and a hose of an engine heater to be haust unit center body, a profile plug was used in
eliminated. (fig. 7, a, b — the equipment configu- combination with a thermal insulating cover
ration 2). (equipment configuration 3), which allowed for
When the cover is used, the low-pressure ro- heating time to be shortened (fig. 8, a, b).

tor under the impact of hot airstream from the

13
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Table 2
Dependence of the attained blade airfoil temperature t on heating time ©
for the configuration with the application of a thermal insulating cover

Temperature ¢, °C 15 30 40 50 60 70 80 90 100
Heating time 7, seconds 0 1:28 | 2:33 | 3:12 | 5:36 | 6:18 | 8:32 | 9:36 | 11:30
Heating time t,,, seconds 0 1:07 1:49 2:45 4:01 4:44 6:43 7:41 8:53

b\ Tennou3onsauHOHHBIH

HEX0

CDE— =

[podunbuas
3arayluka Ha
/ oOrexaresns
Bxonnoe Boixnonnoe Obtekarens Pyxas
YyCTPOHCTBO YCTPOMCTBO  BBIXJIONHOIO MOJOTpeBaTens
yCTPOHCTBA
a)

Bxozanoe ycrpoiictBo — inlet; BeixnonHoe ycrpoiicTBo — exhaust outlet; O6texaresnb
BBIXJIOITHOT'O yCTpoiicTBa — exhaust outlet casing; Pykas mogorpesatens — heater hose;
TemnouzonsunoHHbIH yexoin — thermal insulation cover; [IpodunbHas 3armymka
Ha obtekarenb — profile plug

b)
Fig. 8. Equipment configuration 3 with the application of a thermal insulating cover and a profile plug:
a — heating circuit; b — application of a profile plug

The arithmetical mean value of heating time Summary dependencies of the attained blade
t for equipment configuration 3, based on the airfoil temperature ¢ on heating time t for the
results of five measurements, are given in Ta- various configurations are given in Figure 9.
ble 3.

14
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Table 3

Dependence of the attained blade airfoil temperature t on heating time t for the configuration with the
application of a thermal insulating cover and a profile plug

Temperature ¢, °C 15 30 40 50 60 70 80 90 100
Heating time t, seconds 0 1:17 2:02 3:06 4:48 5:45 7:01 8:34 9:22
Heating time 7,,, seconds 0 0:58 1:42 2:14 3:42 4:13 5:41 6:19 7:16
16 =
iE 5477A Ya=0,001x* +0,0699x - 1,3949
; R2=0,9976
14 _
13 4 Ys = 0,0004x? + 0,0908x - 1,5121
- ' B R =0,9959
®: »
= il £ Yc=0,0003x? +0,0814x - 1,4332
10 : R? =0,9952
Bpersa 1 AT 5 £J Yo =0,0005x% + 0,0515x - 0,9193
rpozpety ® i R? = 0,9953
7 BT _O' Lo
MUK 776 A 776 £ Ye=0,0002x + 0,0601x - 1,0402
6 i ‘ R?=0,9929
5 v
4 l ‘.
®
1 ' 64
0 &
0 10 20 30 40 S0 60 70 8 90 100
Temnepamypa F/] zpad

Fig. 9. HPT RB heating time for the various equipment configuration:

graph A — the equipment configuration with an engine heater hose routed to the side opposite a borescope plug

(configuration 1);

graph B — the equipment configuration with the application of a thermal insulating cover (configuration 2);
graph C — the equipment configuration with the application of a profile plug and a thermal insulating cover

(configuration 3);

graph D — the equipment configuration with the application of a thermal insulating cover and rotor spinning
(configuration 2 with rotor spinning);
graph E — the equipment configuration with the application of a profile plug, a thermal

insulating cover and rotor spinning (configuration 3)

Conclusion

Within the framework of the method devel-
opment to increase the TFE turbine unit durabil-
ity by reducing temperature stresses in the

15

HPT RB airfoil during the engine start by means
of RB preheating, the experimental estimates of
blade heating time up to the temperature of
100 °C were carried out.

The minimum blade heating time up to the
temperature of 100 °C is attained using the
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equipment configuration with the application of
a profile plug, a thermal insulating cover, rotor
spinning and amounts to 7 minutes 16 seconds.

Within the stated time, while using the
equipment configuration under which an engine
heater hose is routed to the side opposite from a
borescope plug, the blade airfoil temperature of
approximately 64 °C is attained.

The stated result is twice as much as the
event of the equipment configuration under
which an engine heater hose is routed to the side
opposite from a borescope plug and can be used
while developing a task card of HPT heating.

As a result of experimental data processing,
significant, by a correlation criterion [10], re-
gressional dependences [11] of blade heating
time on the required heating temperature were
also obtained. These dependencies will be used
in a mathematical model to estimate a blade du-
rability [12] variation.
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