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Abstract. At the initial stages of design, performing a complete 3D analysis of the processes occurring in the elements
of cooling systems of modern high-temperature engines can be either very costly in terms of computational processes,
or even impossible due to the lack of necessary geometric 3D models at these design stages. But already at the initial
stages of design, it is very important to determine the rational characteristics of the cooling systems of the elements
of such engines as reliably as possible, since it is often on the basis of such assessments that the most important tech-
nical and economic decisions are made that determine the final characteristics of the designed facility. Correcting the
consequences of incorrectly made decisions at this stage of design, if they are made, can be difficult and costly, and in
some cases impossible. The relevance of using the criterion equations obtained by various authors to evaluate the nec-
essary parameters is substantiated. The long-term practice of using such equations to perform an engineering analysis
of cooling systems has confirmed both the high reliability of the results obtained and the relatively low labor costs
of engineers to perform the work, which significantly reduces the iteration time required to make correct technical de-
cisions and achieve optimal configuration of various cooled elements (housings, chamber parts combustion chambers,
cooled blades, etc.) as soon as possible. A comparative analysis of the characteristics of the element of the cooling
system of a turbomachine is performed using the criterion equations obtained by various authors. There is a fairly
good agreement between the results of calculating the heat transfer coefficient when calculating using various criteri-
on equations, and the possibility of using these criterion equations in practical calculations is considered. The necessi-
ty of developing a software module using optimization approaches to find rational parameters of cooling systems us-
ing jet methods of organizing the movement of cooling air is emphasized.
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AnHoTamusa. Ha HavampHBIX 3Tamax MPOCKTUPOBAHUS BBIITOJIHEHUEC ITOJIHOTO 3D-anamm3a IIpO1ECCOB, MPOUCXOAAIINX
B DJIEMEHTAX CUCTEM OXJIAXKIACHUSA COBPEMCEHHBLIX BBICOKOTEMIICPATYPHBIX HBHFaTeHefI, MOXET OBITH MO0 OYEHH 3a-
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© Yerokhin S. K., Vokhmyanin S. M., Sakhno K. N., 2025

54



Vestnik of Astrakhan State Technical University.

Series: Marine engineering and technologies. 2025. N. 4
ISSN 2073-1574 (Print), ISSN 2225-0352 (Online)

Ship power plants and propulsion systems

CTBHEM HEOOXOAMMBIX reoMeTprieckux 3D-Mozerneit Ha 9THX 3Tamax npoektrpoBaHus. Ho yxke Ha HaYaibHBIX JTa-
Iax MPOEKTHPOBAHUS OYEeHb BAKHO MAaKCHMAJBHO JIOCTOBEPHO OINPENEINATh pallOHAIbHBIE XapaKTEPUCTHKU CHCTEM
OXJIOK/ICHUS 3JIEMEHTOB TaKUX JBUTATENeH, MOCKOJIBKY 3a4acTyl0 MMEHHO Ha OCHOBAaHHMH ITOJOOHOTO PoJia OLIEHOK
MIPUHAMAIOTCSl Ba)KHEHIIINE TEXHUKO-OYKOHOMHYECKHUE PEIICHHs, ONpPeesIoie KOHEUHbIe XapaKTePHCTHKHU TIPOEK-
THPYEeMOTro 00beKTa. VICTIpaBUTh MOCIEICTBUSA HEKOPPEKTHO IIPUHATHIX HAa JAHHOM 3Talle MPOSKTUPOBAHUS PELICHHUIH,
€CJIM OHHU OyIyT MPUHATHI, OBIBACT CI0KHO M 3aTPATHO, & B HEKOTOPHIX CIy4asx HEBO3MOKHO. OOOCHOBaHA aKTyallb-
HOCTb HCIIOJIB30BAHMS KPHUTEPHATIBHBIX YPaBHEHMIA, IIOJYUYCHHBIX PA3IMYHBIMU aBTOPAMH, JUIs OLEHKH HEOOXOIMMBIX
napameTpoB. MHOTONETHSAS NMPaKTUKA NPUMEHEHHUS MOAOOHBIX YPAaBHEHHH Ul BHINOJIHEHUS WHKEHEPHOTO aHajIn3a
CHCTEM OXJIAXKCHUS ITOJTBEPANIIA KaK BEICOKYIO HaJISKHOCTh ITOJyJaeMBIX Pe3yJIbTaToB, TAK U OTHOCUTEIHFHO HEBHI-
COKHE TPYI03aTpaThl HH)KEHEPOB Ha BBIIOJIHEHHE padoT, YTO MO3BOJISIET 3HAYNTENEHO COKPATUTh BpeMsl UTEparui,
HEoOXO0IMMOe ISl IPUHATHS KOPPEKTHBIX TEXHUUECKUX PEeNIeHHH, ¥ JOCTHYb ONTHMAIBLHOW KOH(UTYpaIuy pa3ind-
HBIX OXJIZKTAeMBIX JIEMEHTOB (KOPILYCOB, JeTajledl KaMep CTOpaHHMsI, OXJIaXJaeMbIX JIONATOK U T. 1.) B KpaTdainme
CPOKH. BBINOJIHEH CPaBHUTEINIbHBIH aHAIN3 XapaKTEPUCTUK 3JIEMEHTA CHCTEMBbl OXJIAXCHHS TYpOOMAIINHBI IPH HC-
TI0JIL30BAHUU KPUTEPHAIIbHBIX YPABHEHUH, MONYYCHHBIX PA3IMYHbIMU aBTOpamMu. OTMEYEHO NOCTaTOYHO XOpoliee
COBIAJICHHE PE3yJIbTaTOB pacyeTa Kod(dHULeHTa TeII00TAa4d NPH pacueTe M0 Pa3INYHbIM KPUTEPHAIbHBIM YpaB-
HEHHSAM M PacCMOTPEHA BO3MOXKHOCTb HCIIOJIB30BAHMS JAHHBIX KPUTEPUATIBHBIX YPABHEHUH B NPAKTHUECKUX pacye-
tax. [loquepkHyTa HEOOXOAUMOCTE Pa3pabOTKU MPOTPAMMHOTO MOYJISI, HCTIOJIB3YIONMIEr0 ONTUMU3AIMOHHEIE 01X O0-
JBI JUISL TIOMCKA PaliOHANBHBIX ITapaMeTPOB CHCTEM OXJIaXICHUS, MPUMEHSIOMNX CTPYHHBIE METOJBI OpraHH3aIliN
JBWKCHHS OXJIAXKAIOIIEr0 BO3AyXa.

KnroueBble ciroBa: TypOoMamnHa, CTpyHHOE OXJIaXIeHHE, KOI(G(QHUIMEHT TEIIO0TAAuH, BRICOKOTEMIIEpaTypHas ra-
30TypOMHHAs YCTaHOBKA, OXJIaXAaeMas ra30TypOUHHAsL YCTAHOBKA, TEIIOBOE COCTOSTHUE AeTalleit
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XapaKTePUCTHK TEIJIOOOMEHHOTO Tpoliecca B TypOOMAIIMHAX MPU CTPYHHOM OXJakaeHuH // BecTHUK AcTpaxaHCKOTO
rOCyIapCTBEHHOTr0 TexHuueckoro yuuBepcutera. Cepusi: Mopckas Texuuka u Texuojiorus. 2025. Ne 4. C. 54-62.
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Introduction

Increasing the efficiency of modern gas turbine en-
gines and units for virtually any purpose (aircraft,
transport, marine, stationary, power generation, etc.) is
closely linked to the need to increase the temperature
of the working fluid upstream of the turbine. This, in
turn, requires special attention to ensuring the operabil-
ity of components operating in high-temperature parts,
which cannot be achieved without the use of reliable
calculation methods that allow for the reliably determi-
nation of heat transfer parameters for calculating the
thermal state of the components. In the design of virtu-
ally any modern gas turbine engine, one of the most
important systems is the cooling system, designed to
cool engine components operating at high temperatures.

These cooled components can include turbine
components (cases, disks, blades), as well as combus-
tion chamber components such as liners, transition
pieces, etc. There are a wide variety of cooling meth-
ods for components operating in high-temperature
zones, but one of the most important is the jet cooling
method, which combines high efficiency and relative
ease of implementation.

For modern gas turbines, temperatures of 1 350-
1 500 K behind the combustion chamber are well estab-
lished. Almost all of them, such as the NK-14ST gas
turbines series, or the NK-14E manufactured by UEC,
the T-32 (MS5002E) manufactured by JSC REPH, and
many others, have identical or even higher working gas
temperatures before of the turbine. At these temperature
levels, the operability of the unit's components can only
be ensured with a sufficiently efficient cooling system.
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Therefore, this article is not narrowly focused on
marine applications. The information provided below
can be considered by engineers working in the design
of any high-temperature gas turbine units, regardless
of their purpose, power output, shaft speed, etc.

The jet cooling method for turbine components is
perhaps one of the most widely used in practice. The
large number of different criterion equations and the
wide variety of experimental methods used to obtain
these criterion equations make it worthwhile to attempt
a general comparison of the results obtained by vari-
ous, well-known researchers.

Currently, a significant number of papers have
been published containing experimental data, in which
the authors have derived various criterion equations
for calculating heat transfer parameters using the jet
cooling method.

This paper presents a general comparative analysis
of the calculated heat transfer coefficients for air cool-
ing a flat surface using the jet cooling method.

Jet cooling method has been studied in numerous
works by foreign [1-8] and domestic [9-11] authors.
The data discussed in this paper are based on the re-
sults described in detail in [1-9].

Designation of the options under consideration

For ease of description and notation in the figures,
the numerical notation system for the criterion equa-
tions of various authors is used, as shown in column 2
of Table 1. To perform a comparative analysis, subrou-
tines were developed to calculate the main heat trans-
fer characteristics using the criterion equations. The
software modules are developed in C#.
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Table 1

Numerical notation system for the criterion equations of various authors

Author Design_ation in_ the text Note
and in the figures

L. W. Florschuetz, D. E. Metzger, B-1 B-2 B-1 — equation (10a) [5];
C.R. Truman, i.e. [1-6] ' B-2 — equation (11a) [5]
J. L. Chance [8] B-3 —
D. M. Kercher, W. Tabakoff [7] B-4 —
L. M. Zysina-Molozhen, L. V. Zysin, B-5 B
M. P. Poliak [9]
A. F. Slitenko [10] B-6 —

A system of geometric notations describing the
main parameters of the jet cooling system components

Cooling air jets are formed in

d in the jet plate and strike the blown surface located at
a distance Z from this plate. The flow, as a crossflow
(relative to the jets), is directed along the blown plate

holes of diameter

transversely in either a corridor or a staggered pattern.
A pressure differential exists between the cavity in
front of the jet plate and the outlet section, causing the
air flow under study (flow rate m¢, Fig. 1). The loca-
tion of the measuring probe for changing the pressure
in the channel between the jet plate and the blown sur-

toward the outlet section. The holes can be arranged  face is shown in Fig. 2.
oy
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Fig. 1. Basic test model geometry and nomenclature
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2) three geometric parameters related to the orifice
diameter:

— streamwise jet hole spacing x, / d;

— spanwise jet hole spacing y, / d;

— channel height z / d.

In this paper these parameters were varied in the
following ranges (to meet requirements B-1 and B-2):

—~Rej=25-10°/7-10%

-G:/Gj=0/0.8;

— streamwise jet hole spacing x, / d = 5/15 for
an inline pattern;
— streamwise jet hole spacing x, / d = 5/10 for

a staggered pattern;

— spanwise jet hole spacing y, / d = 4/8;

— channel heightz /d = 1/3.

The criteria dependencies for B-1-B-6 were used to
develop the calculation software module written in C#.

Initial data for the software module and the re-
sults obtained

Below (Table 2) is a list of the initial data used to
calculate the parameters of the jet cooling system. The
list of results data obtained during the calculations is
given in Table 3.

Table 2

Input data list

Parameter

Note

Air flow rate at the compressor inlet

Used to estimate air rate for cooling

Cooling air temperature -

Cooling air pressure

Pressure drop at the end of the jet plate

As a percentage of the air pressure supplied for cooling

The type of hole arrangement on the jet plat Inlin

e/staggered

The diameter of the hole in the jet plate -

Streamwise jet hole spacing

Xn / d = 5/15 for an inline pattern;
Xn / d = 5/10 for a staggered pattern

Spanwise jet hole spacing

Yo/ d=4/8

Relative height of the channel

Number of holes in the streamwise direction

z/d=1/3

Number of rows of jet holes in the spanwise direction -

Heat transfer coefficient on the gas side -

Temperature of the gas from the side of the thermo-
barrier coating

Type of thermobarrier coating the s

Selected from the database of thermobarrier coatings included in

oftware module

Thickness of thermobarrier coating -

Material of the metal (cooled) surface

Selected from the database of metalls included in the software
module

Thickness of the metal (cooled) surface -

Date of calculation

Used to organize calculation result files

Results file name —

List of data obtained

Table 3

during the calculations

Calculated parameter

Note

Surface temperature of thermobarrier coating on the gas side

Distribution in streamwise direction

Temperature between thermobarrier coating and metal

Distribution in streamwise direction

Metal temperature on the cooling air side

Distribution in streamwise direction

Mean metal temperature

Cooling air temperature

Distribution in streamwise direction

Total increase in cooling air temperature

Heat transfer coefficient of the cooling air

Distribution in streamwise direction

Cooling air rate

For each of the rows in the spanwise direction

Comparison of calculation results using criterial
equations from different authors

The comparison of calculation results using criteria
equations from different authors was performed using
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the same initial data, described below. Calculations
were performed for three jet cooling variants of a gas
turbine combustion chamber transition pipe section
made of 5 mm thickness Nimonic-263.
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The number of parameters that can be varied is quite
large; however, for this case, we will limit ourselves to
considering the calculation results for only one parame-

ter: z / d — the channel height, i.e., the distance between
the jet plate and the cooled surface (Table 4).

Table 4
Designation scheme for the calculated variants
Streamwise size Spanwise size Relative channel height Designation of design options in figures
x/d y/d z/d and in the text
10 6 1 10-6-1
10 6 2 10-6-2
10 6 3 10-6-3

On the gas side, the surface of the transition piece
is coated with a thermobarrier coating with a thermal
conductivity coefficient of k = 1.15 W/(m-K). The
surface is blown by a gas flow at a temperature
of 1 500 K with a heat transfer coefficient on the gas
side o¢g = 1 500 W/(m?-K).

To provide jet cooling for the transition pipe,
a screen with n, = 5 rows of n, = 15 holes with a diam-
eter of d = 2 mm, spaced x / d = 10 along the flow, is
installed at a distance of Z (Fig. 1). The rows of holes
spanwise the flow are spaced y / d = 6 apart. The order
of the holes on the jet screen is inline. For ease
of analysis of the results, a coding system for the jet cool-
ing design variants is adopted, as described in Table 4.

16
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Pressure drop, %
o o o o .
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Cooling air is supplied from the compressor dis-
charge cavity at a temperature of 731.6 K. Cooling air
pressure at the compressor discharge corresponding to
the pressure before the jet plate, is 15.72 bar. The pres-
sure drop at the end of the last downstream row
of holes in the jet plate is 1.5% of the pressure at the
compressor discharge.

Thus, the total area of the transition piece surface
fragment cooled by jet cooling is

(n, + 1)(y / d)(ne+ 1)(x / d)d > = 23 040 mm? = 230.4 sm’.

Figures 3-5 show the results of comparative cal-
culations.

9 11 13 15

Row number of holes

10-6-1

10-6-2 10-6-3

Fig. 3. Pressure drop across the jet plate holes

As can be seen from the data in Fig. 3, the distance
from the jet plate to the cooled surface, all other pa-
rameters being equal, significantly affects the pressure
drop across the jet plate, which leads to significant
changes in cooling air flow rate, jet velocities, etc.

As test calculations for variants 10-6-1, 10-6-2, and
10-6-3 show, the heat transfer coefficients for B-6 are

significantly (2.5-3 times) higher than those obtained
from the data of the other five authors. Thus, the data
from [10] differ significantly from those of the other
authors, which, in general, correlate well with each
other. Only the calculation results from the nine litera-
ture sources [1-9] (Table 1), with the exception of B-6,
are discussed below.
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Fig. 5. Heat transfer coefficients for different z / d: a — calculated by B-1; b — calculated by B-5

Overall, good agreement can be noted between the
calculated heat transfer coefficient data obtained from
various literary sources. Obviously, the thermal state
calculation data based on these criteria equations will
be very close.

Conclusion

1. The heat transfer coefficients calculated using
data from [10] for B-6 are significantly (2.5-3 times)
higher than those obtained using data from other au-
thors [1-9].

2. The heat transfer coefficients calculated using
data from five different sources for B-1-B-5 correlate
well with each other (Fig. 4), and the temperature state
of the cooled surfaces calculated using the jet method
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from these sources will differ only slightly. Higher
values are obtained for B-5.

3. Increasing the distance between the jet plate and
the cooled surface significantly increases the pressure
drop across the first rows of holes (Fig. 3), which leads
to an increase in the jet flow velocity through them and
increases the cooling intensity under the first rows of
holes (see left arrows in Fig. 5).

4. Due to the increase in the speed of the jet flow
through the first rows of holes with an increase in the
distance between the jet plate and the cooled surface, the
flow rate (and speed) of the cross-flow of air along the
flow increases, which reduces the efficiency of the jet
effect for subsequent rows and reduces the heat transfer
coefficients under them (see right arrows in Fig. 5).
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