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INTRODUCTION

Student performance of an individual task is one of the stages
in the study ofthe discipline "Design of gas turbine units". Its purpose
is to teach the student to fulfill calculations of thermodynamic cycles
and thermal schemes of gas turbine units (GTU's), as well as teach
how to evaluate the dimensions of their main parts — a compressor,
a combustion chamber and a turbine.

After completing an individual task, the student:

— must know the thermal processes that occur in compressors,
combustion chambers and turbines of gas turbine units;

— must be able to develop the design and fulfill the calculations
of gas turbine units;

— must understand the methods of GTU's thermal modeling,
understand the methods of thermal calculation, and must know how
to evaluate the dimensions of the GTU's main parts.

The theme ofan individual task is designing a simple cycle gas
turbine unit for marine application. As the initial data usually
specified:

— output power of gas turbine unit;

— high pressure turbine inlet temperature;

— ambient temperature;

— basic gas turbine engine.

The student must choose all other parameters required for the
design by himself, while focusing on the structural scheme of the
gas turbine unit, its application and relevant recommendations.

Conditionally, the process of performing an individual task can
be divided into the following stages:

— analysis of the design and technical parameters of the basic gas
turbine engine;

— thermodynamic modeling of gas turbine unit and the working-
out ofa calculation program;



— optimization of GTU's thermodynamic cycle parameters;

— thermal calculation of gas turbine unit at nominal operating
mode;

— calculation ofthe compressor dimensions;

— calculation of the combustion chamber dimensions;

— calculation of the turbine dimensions;

— sketching of GTU's layout.

The individual task is carried out sequentially at the indicated
stages under the direct supervision of the teacher.

The performed results are formatted as a text document (report)
and publicly discussed in the audience during the defense.



1. ANALYSIS OF THE DESIGN
AND TECHNICAL PARAMETERS

OF THE BASIC GAS TURBINE ENGINE

Gas turbine engines can have a different structural scheme. They
can include a different number of compressors (from one to three)
and a different number of turbines (from one to four). These
compressors and turbines can have different designs and are
connected in different ways to each other. The design of the
combustion chamber, as well as other components of the gas turbine
unit, may also be different.

Among the initial data of an individual task from the discipline
"Design of gas turbine units", the basic gas turbine engine is indicated,
the structural scheme and design of which must be guided when
designing your own gas turbine unit. For this reason, it is necessary
to begin the fulfillment of an individual task by searching for relevant
information and analyzing it. The most important results of the study
are summarized in the first part of the report.

It should be noted that students will be offered as basic engines
the marine gas turbine engines of the leading companies in this area:
"General Electric Co." (USA), "Rolls-Royce plc" (Great Britain) and
"Zorya-Mashproekt" (Ukraine).

The fulfillment of this part of an individual task is presented in
Example 1.

Example 1

Perform the analysis of the design and technical
parameters of the basic gas turbine engine: UGT 6000
""Zorya-Mashproekt".

The UGT 6000 (Fig. 1) became the first ofthe third generation
engines created by "Zorya-Mashproekt". It was developed in
accordance with the decision of the Council of Ministers of the Soviet

5



Union, adopted in 1971, to create a 10,000 h.p. common engine
for hovercraft, hydrofoil and displacement ships.

Fig. 1. UGT 6000 (general view)

Since 1972, the UGT 6000 has been widely used on Soviet
Union and Russian Federation Navy ships. It is used on landing
and anti-submarine hovercraft and hydrofoil ships. It is also used
as a marching or accelerator engine in the combined power plants
of displacement warships and some commercial vessels.

The industrialuse of UGT 6000 began in 1993. It is often used
in gas pumping units of compressor pipeline stations. UGT 6000
is also used to drive electric generators.

The UGT 6000 (Fig. 2) consists of a two-spool gas generator
and a free power turbine.

The gas generator includes two axial-flow multistage compressors
(respectively, low pressure compressor 2 and high pressure
compressor 3), which are rotated by two axial-flow turbines (low
pressure turbine 6 and high pressure turbine 5), as well as a tubo-
annular combustion chamber 4.
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Fig. 2. UGT 6000 (cross-section):
1 —inlet guide vanes; 2 — low pressure compressor; 3 — high pressure
compressor; 4 — combustion chamber; 5 — high pressure turbine;
6 — low pressure turbine; 7 — power turbine; 8 — output flange;
9 —gearbox; 10 —electric starter; 11 — frame

The low pressure and high pressure compressors has 8 and
9 stages, respectively. The reverse-flow combustion chamber has
10 flame tubes.

The high pressure turbine and the low pressure turbine are single
stage ones. The power turbine, depending on the modification,
can have 2, 3, 4 or 6 stages. The rotation of the power turbine is
clockwise or counterclockwise.

The lubrication system is made circulating, under pressure
(forced).

The engine is started by an 70 kW electric starter. Engine control
1s remote, automatic.

The time between overhaul is 20,000 hours. The total service
life is 60,000 hours.

The main technical parameters of UGT 6000's different
modifications are shown in Table 1, service parameters — in Fig. 3.
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Fig. 3. The output power (a) and efficiency (b)
of UGT 6000 versus ambient temperature

Table 1
The main parameters of UGT 6000's modifications
Parameter Modifications'
DT71 | DV71 | DP71 | DM71 | DC71

Output power, kW 6500 | 6360 | 7350 | 7350 | 7350
Efficiency, % 31.5 31.5 32.0 32.0 30.0
Air mass flow, kg/s 31 31 32 32 32
Pressure ratio 16.5 16.5 16.5 16.5 16.5

High pressure turbine inlet 1290 1290 1290 1290 1290
temperature, K

Exhaust gas temperature, K | 703 698 713 713 743
Power turbine rotational - ¢, | 3000 | 7000 | 10000 | 4750

speed, rpm

Weight, ton 3.5 4.5 3.5 3.1 3.5

Dimensions, m:
Length 3.8 4.6 3.2 2.8 3.4
Width 1.3 1.8 1.7 1.7 1.7
Height 1.6 1.7 1.8 1.8 1.8

"' DT71 — engine modification for gas pumping units; DV71 — engine
modification for electricity generation; DP71 and DM71 — marine non-
reversible engines; DC71 — marine reversible engine.

2 Engine modifications for gas pumping units can also have power turbine
speed of 5200, 5700 or 10000 rpm.
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2. THERMODYNAMIC MODELING
OF GAS TURBINE UNIT AND THE WORKING-OUT
OFA CALCULATION PROGRAM

2.1. Features of GTU's thermal calculation

2.1.1. Structural schemes of marine gas turbine units
For use on ships, two structural schemes of GTU have become
most popular (Fig. 4).

]
B

Fig. 4. The structural schemes of marine GTUs:

C — compressor; CC —combustion chamber; CT — compressor turbine;
PT — power turbine; G — reduction gear; L —load (consumer); LPC —low
pressure compressor; HPC — high pressure compressor; HPT —high
pressure turbine; LPT — low pressure turbine

The first structural scheme realised in such marine GTUs as:

—LM500, LM1500, LM2500, LM2500+ and LM2500G4 of
"General Electric Co.";

— TF40 and TF50 of "Vericor Power Systems Inc.".



The second structural scheme realised in such marine
GTUsas:

— "Olympus", "Tyne", "Spey" and MT30 of "Rolls-Royce plc";

— UGT 3000, UGT 6000, UGT 15000, UGT 16000 and
UGT 25000 of "Zorya-Mashproekt".

For further modeling, we choose the second structural scheme,
because that scheme is more complex.

For this structural scheme, we will use some indexes: k1 —low
pressure compressor; k2 — high pressure compressor; ¢1 — high
pressure turbine; 2 — low pressure turbine; 3 — power turbine.

The cycle in the thermal diagram, that corresponds to this
structural scheme, is shown in the Fig. 5.

Fig. 5. Cycle of GTU with two-spool gas generator
and free power turbine

This cycle consists of the following processes:

process (1, , —1) take place in GTU's inlet casing;

process (1-2.1) — in low pressure compressor;

process (2.1-1.2) —in intersection between LPC and HPC;
process (1.2-2) — in high pressure compressor;

process (2—3) —in combustion chamber;

process (3—4.1) —in high pressure turbine;
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process (4.1-3.2) — in intersection between HPT and LPT;
process (3.2—4.2) — in low pressure turbine;

process (4.2-3.3) — in intersection between LPT and PT;
process (3.3—4) — in power turbine;

process (4-1, ) —so-called "cooling process".

2.1.2. Determination of air and gas pressure in GTU

We will determine the pressure in different parts of the GTU
using pressure coefficients. These coefficients consider the
pressure losses due to friction in the transitional parts ofthe GTU.

Pressure coefficient generally defined as

— Pout .
Pin
Consider the pressure change along the flowing path of gas
turbine unit.
1) We have ambient pressure P ,,,,»
(for example, p,,,,=0.101 MPa).
2) Pressure at point 1 (at the LPC inlet)

pl = pambvinl 2
where v, —inlet casing pressure coefficient (0.98-0.99).
3) Pressure at point 2.1 (at the LPC outlet)

Po1 = PiT = PampN it k1 s

where 7y —LPC pressure ratio.
4) Pressure at point 1.2 (at the HPC inlet)

P12 = P2V = Pamp VitV Tk

where v, —compressor intersection pressure coefficient (0.99-1.00).
5) Pressure at point 2 (at the HPC outlet)

Pr = DPi2Tr = Pamp Vit ViV Tz 5

where 1, , — HPC pressure ratio.

v
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6) Pressure at point 3 (at the combustion chamber outlet)
P3s = PrVee = PampYitViVee Ui Tz s
where Vv . —combustion chamber pressure coefficient (0.96-0.98).
7) Pressure at point 4.1 (at the HPT outlet)

_DPs _ Tl
- - pambvinlvkvcc 2
Ty /

Pa

where 7t,; —HPT pressure ratio.
8) Pressure at point 3.2 (at the LPT inlet)
T, T
p3.2 = p4.lvtl = pambvinlvkvccvtl 2 >
t1
where v,; and v,, — turbine intersection pressure coefficients
(0.99-1.00).
9) Pressure at point 4.2 (at the LPT outlet)

_ P32 _ T
Pir = =P VinViVee Vi >
Tctz Tctlntz

where m,, —LPT pressure ratio.
10) Pressure at point 3.3 (at the PT inlet)

_ _ Tl
P33 = PsrVio = PambVitViVee ViiVir :
aT
11) Pressure at point 4 (at the PT inlet)
_ Pz _ TS
p4 - - pambvinlvkvccvtlvtz
T3 UNUTPUTE
or
_ Pamb
Pa= ’

v ex
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where m,; — PT pressure ratio; v, — exhaust casing pressure
coefticient (0.98-0.99).
From the last equations it follows that

T _ Pamb

TV

pambvinlvkvccvtlth
ex
and

VinrViVeeVaVia Ve T o = T T T

cc ' tl

2.1.3. Determination of compressor and turbine efficiency
Ifthe number of stages of the axial-flow compressor z; is more
than 5, the efficiency of compressor can be estimated by the formula

(Fig .6)

ny —1
e =—"n

n;g.vt.k _ 1

where m = %; k — specific heat ratio; n, , —efficiency of single
compressor stage.
The efficiency of single axial-flow compressor stage is 0.89—0.91.
Ifthe number of stages of'the axial-flow turbine is more than 5,
the efficiency of turbine can be estimated by the formula (Fig. 7)

—m Mg,
1—7[1 1t

N =——"t—,
e

where m = %; k — specific heat ratio; n, , —efficiency of single

turbine stage.
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The efficiency of single axial-flow turbine stage usually is
0.86-0.90.

14



Inreal conditions, turbines of the GTUs have a number of stages
from 1 to 3 and the previous formula cannot be used.

During the thermal calculation of GTU you must take such values
of'turbines efficiency:

for HPT = 0.86-0.88;

for LPT = 0.88-0.90;

for PT =0.90-0.91.

2.1.4. Determination of specific heat

The working fluid in the GTU’s compressor is air, in the GTU's
turbine — gas.

2.1.4.1. Determination of specific heat for air

During the thermal calculation of GTU we need to determine
specific heat of constant pressure for air.

Specific heat depends on temperature. During the calculation we

T,

out

will use parameter ¢ = f(T,,). Thatis the specific heat of air

pa|
T

n

for process that goes from temperature 7, to temperature 7, .
The specific heat is determined for medium temperature of'this process:

— 7-vl.l’l + TOM[

T, 3

Next determination of specific heat can go in several ways.

The 15 way: by using Table 2.
(You need to interpolate values ofthat table.)
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Table 2
Specific heat of air and gas (when using liquid fuel')

. Gas
Ty, Air a=1 a=3 a=5
K | e KIKGK | ¢ o kIKGK | ¢y o kIKZK | ¢,y o kI/kg/K

273 1.0035 1.055 1.0215 1.0173
373 1.0102 1.0801 1.0383 1.0299
473 1.0245 1.1095 1.0550 1.0467
573 1.0446 1.1388 1.0801 1.0718
673 1.0684 1.1723 1.1053 1.0969
773 1.0923 1.1974 1.1304 1.1220
873 1.1149 1.2309 1.1597 1.1471
973 1.1354 1.2560 1.1806 1.1681
1073 1.1538 1.2853 1.2057 1.1890
1173 1.1702 1.3062 1.2225 1.2057
1273 1.1844 1.3272 1.2351 1.2225
1373 1.1970 1.3439 1.2518 1.2351
1473 1.2083 1.3607 1.2644 1.2476
1573 1.2179 1.3732 1.2769 1.2560
1673 1.2267 1.3855 1.2853 1.2644
1773 1.2346 1.3983 1.2937 1.2769

I Table 2 is calculated for fuel whose chemical composition was determined
by averaging the parameters of the most common types of liquid fuel used in
gas turbine units.

The 2" way: by using graph.
Using the data from table 2, we can draw the graph of specific
heat. Using the graph, we determine the specific heat

T,

out

Cpa | =S(T).

T

n
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The 3" way: by using approximating formula.
Using the data from table 2, we can get approximating formula.
Using the formula, we determine the specific heat for air:

T,

out

Cpa | :f(Tm):

T

n

=0.917747497558594 + 0.000268046831479296 - T, —
—4.88794533737291- 10’8'Tme.

2.1.4.2. Determination of specific heat for gas

Marine gas turbine units operates on liquid fuel (diesel fuel, etc.).
Gas for GTU’s turbine is the product of combustion of that fuel.

Specific heat of that gas depends on excess air coefficient in
the combustion chamber o. Therefore, for gas:

T,

out

Chg |T = f(T,,q).

in

Next steps of determination of specific heat are similar to the
previous one.
Approximating formula for specific heat of gas:

T,

out

Cpg L =f(Tp,0) =

= 1.00549757480621 + 0.000384173501515761 - T,
~0.0556742288172245 - o
~6.81171030691985 - 108 - T, - T, +
+0.00784802157431841 - o - ot -

—0.0000133457979245577 - T, - o

17



2.1.5. Determination of gas constant

Gas constant for air
R ;= 0.287 kl/kg/K.

Gas constant for turbine gas R, = 0.288-0.290 kJ/kg/K
and depends on excess air coefficient . Approximating formula for it:

R=f(o)=
=10.291471034288406 — 0.00253063812851906 - a. +
+0.000602589745540172 - o - o —
—0.000049502617912367 - o - o - a.

2.1.6. Determination of specific heat ratio

Specific heat ratio both for air and gas determined as

2.1.7. Determination of cooling air consumption

To increase the service life, the blades and disks of turbines of
modern GTUs are air-cooled. Cooling air is taken from the
compressor of the same GTU and is supplied to the turbine through
special channels and tubes. For cooling, the turbine blades have
internal cavities. After cooling the blades, the air enters the flowing
path and mixes with the gas stream.

Without cooling, the turbine blades can withstand the maximum
temperature

T =1073-1123 K.

perm

18



Ifthe gas temperature before the turbine is less than permissible
(I3 < T, ), then the blades do not need to be cooled.

If 75 > T )¢y » then number of cooled rows of turbine blades:

zlgTPﬂ

n = T3
cool Ig [1_(0,11...0.15)].

Number of cooled rows of turbine blades n.,,, cannot be
bigger than the total number of turbine blade rows. HPT and LPT of
many GTUs (UGT 6000, UGT 10000, UGT 15000, UGT 25000)
has single stage, then the total number of blade rows in that turbines
is 2 (one row of stationary nozzle vanes and one row of rotating
blades).

Specific cooling air consumption can be estimated by formula

(700 +1) (7“3—Tperm) (7”3 ]0.25
p, Ve 1) NEAR

cool __

G
gcool :__akb En

Gk 2 (T;Jerm - 7—;001 cool
where G,,,, — cooling air consumption, kg/s; G, — air mass

flow through the compressor, kg/s; T, — gas temperature before
turbine, K; 7, — permissible blade metal temperature, K;

T.,,; —cooling air temperature (consider equal to the air temperature

after the compressor 7', ), K; g — coefficient (if 75 - T,,,, <100,
then a = 1.7; if 73-T,,, >100, then a =1.4-1.3); k,=
=1.05-1.10 — heat transfer coefficient at the ends of the blades;

g, = 0.020-0.025 — model air consumption; 3, = % — turbine
k

consumption coefficient; G, — gas mass flow through the turbine,
kg/s.
19



2.2. Stages of GTU's thermal calculation

2.2.1. Calculation of GTU's compressors

1) Choose the ambient parameters. For standard conditions:
— ambient pressure p .. =0.101 MPa,

— ambient temperature 7', =288 K.

2) Pressure at point 1 (at the LPC inlet)

pl = pambvinl 2
where v,

1 — Inlet casing pressure coefficient (0.98-0.99).
Temperature at point 1 (at the LPC inlet)

Tl :Tamb'

3) We accept with next clarification the value of total
compressor pressure ratio

Tckz.

4) Choose the HPC pressure ratio:

T2 =/ Tks >

but
Ty < 4.4-4.6.
5) LPC pressure ratio:
Tkx
T =
Tkl

6) We accept with next clarification the value of specific heat
ratio for process in LPC:

' =1.40.

20



7) Parameter

=1
mal = 01’ .
al
8) Efficiency of LPC
mg
nkl - mal ’
Tcl?ft.k _l

where 1, , —efficiency of single compressor stage (0.89-0.91).
9) Actual temperature rise in LPC

1
AT} = Tl(nffl —1)n—.
k1

10) Temperature at point 2.1 (at the LPC outlet)

11) Medium temperature in LPC

1
T ZE(T1 +Ty1).

12) Determine the specific heat ofair in LPC
Cpal = f(Tml)-
and specific heat ratio for process in LPC

C
_ pal
kal -

b
Cpal _Rair

where R, = 0.287 kJ/kg/K — gas constant for air.

21



After this, we repeat the calculation from point 7 to point 12

using new value of specific heat ratio (&, instead of £}, ).
13) Pressure at point 2.1 (at the LPC outlet)

P21 = Py
14) Pressure at point 1.2 (at the HPC inlet)
P12 = P2iVi»

where v, —compressor intersection pressure coefficient (0.99-1.00).
Temperature at point 1.2 (at the HPC inlet)

T1.2=T2.1-

15) We accept with next clarification the value of specific heat
ratio for process in HPC:

kéZ = kal :
16) Parameter
-1
Mg = a2’
a2
17) Efficiency of HPC
%)
47 =1
Nk2 Z—ZZ .
Tcl?i/.k _1

18) Actual temperature rise in HPC

1
ATy =T, (TCZEQ _1)_-
Nk2
19) Temperature at point 2 (at the HPC oulet)
22



20) Medium temperature in HPC

1
Ty :E(Tl.z )

21) Determine the specific heat of air in HPC
Cpa2 = ST, m2)
and specific heat ratio for process in HPC

Cpa2

k,y)=—""—.
‘ Cpa2 — Rair
After this, we repeat the calculation from point 16 to point
21 using new value of specific heat ratio (%, instead of &, ).
22) Pressure at point 2 (at the HPC outlet)

Py = P12, -
2.2.2. Calculation of GTU’s combustion chamber

23) Pressure at point 3 (at the combustion chamber outlet)
p 3= p 2vcc 2
where v . —combustion chamber pressure coefficient (0.96-0.98).
24) Determine the specific heat of air:

7 1,

¢pa | =f(T,) and c,, | =f(T,),
293 293

where 75 —HPT inlet temperature (initial data for work).
25) Determine the specific heat of "pure" gas:

I

Cpg | =S (T 0=1).
293
23



26) Choose the fuel parameters: calorific value of fuel O and
stoichiometric coefficient L.

For standard liquid fuel O , = 42915 kl/kgand L, = 14.78 kg/kg;

for natural gas: O, = 50032 kJ/kgand L, = 17.18 kg/kg.
27) Relative fuel consumption

T, T,

3
Cpa | (T3-293)—c,, | (T,—293)
_ 293 293
gr 7 I )
ancc_ Cpg | (LO+1)_cpa | LO (T3_293)
293 293

where — combustion chamber efficiency (0.985-0.995).
28) Excess air coefficient in the combustion chamber

1
o= .
grly

2.2.3. Calculation of GTU's turbines

29) Specific cooling air consumption for HPT

1 L-T,. 025
&eoot1 =4k, 8, B (nmlél - )X ((T3 —pT )) X[TT} ] )

perm cool cool

where T',,,,, = 1073-1123 K — permissible blade metal temperature
forHPT; T, = T, —cooling air temperature, K; g —coefficient
(if I35 —T,,,, =100, then a =1.7; if T3 -7, >100, then

o= 1.4-1.3); k;, =1.05-1.10 —heat transfer coefficient at the ends
24



of the blades; g,, =0.020-0.025 — model air consumption;

By = g—’l ~ 0.90 —simplified value of HPT consumption coefficient.
k2

Number of cooled blade rows for HPT:

zlgTPﬂ

n = T3
o g [1-(0.11...0.15)]

You must remember that:

— the maximumvalue of 7., ,  for single-stage HPT is 2;

—if T3 <T ¢, » then HPT blades do not need to be cooled.
Then ncopl.l : 0 and 8cooll ~ 0. )

30) Simplified gas temperature at the LPT inlet

AT
T, ~T, —-0.9—/*2

31) Specific cooling air consumption for LPT

(ncool.2 + 1) % (7;'2 _T;)erm) X[ 7;'2 ]0'25 ,

2 (T -T T

perm cool ) cool

_ '
gcool.2 - akh 8 Bt2

where T, = 1073-1123 K — permissible blade metal temperature

for LPT; T,,,; = T, — cooling air temperature, K; a — coefficient
(f 755 = Tpepmy <100, then a = 1.7; if T3, ~T),,, >100, then

a = 1.4-1.3); k;, = 1.05-1.10 — heat transfer coefficient at the ends
of the blades; g, =0.020-0.025 — model air consumption;

Br = % ~ 0.98 —simplified value of LPT consumption coefficient.

k1
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Number of cooled blade rows for LPT:

21ngﬂ
T3,
Nepold = v .
cool. lg[l_(o,ll...O.IS)]

You must remember that:

— the maximum value of n,,; , for single-stage LPT is 2;

—if T35 <7, » then LPT blades do not need to be cooled.
Then n

cool2 — 0 and 8cool2 ~ 0. ) .
32) Combustion chamber consumption coefficient

cc

G’CC =
G

=02 —8cool.1 ~ &cool2 —-0.011,

G . .
where oy, = —*2 ~0.99-1.0 — HPC consumption coefficient.
k1

33) HPT consumption coefficient

_ (1 + g/ )acc‘
a’kZ

t1

34) LPT consumption coefficient

By = BiOs + 8oy +0.006.
35) PT consumption coefficient

Biz =B + &eoor2 +0.004.

36) Exhaust casing consumption coefficient

Ber =Bz +0.004.
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37) Medium gas temperature in HPT
= T3 - 09% 9
N,
where 1n,; = 0.86-0.88 — HPT efficiency.
38) Determine the specific heat of gas for process in HPT:
Cpegl = f(Tmlﬂa)

39) Specific heat ratio of gas for process in HPT

T

ml

k cpgl

gl ’
cpgl - Rgas

where R, = 0.288-0.290 kl/kg/K — gas constant for turbine gas.
40) Power balance ratio for HPC and HPT

_ pa2
C, =1t
tlcpglnml

where 1,,; = 0.99-0.995 —mechanical coefficient for HPT.
41) Actual temperature drop in HPT

AT, =C,AT,.
42) Simplified gas temperature at the HPT outlet
Ty =T5 = AT
43) Determine the specific heat of gas for process of mixing
cooling air with gas flow in HPT:
Cpgml = STy, 00).

44) Determine the specific heat of air for process of mixing
cooling air with gas flow in HPT:

Cpaml = f(Til)
27



45) Gas temperature at the HPT outlet (considers reducing
temperature of gas during mixing with cooling air)

T;L] — OLkZl“))tl T! + Cpamlgcool.l
Cpgml(a‘kZBtl +gcool.l)

cool *

(akZBtl + gcool.l ) *

46) HPT pressure ratio

kg

T = Iim, Fal )
! I, —AT,

47) Pressure at point 4.1 (at the HPT outlet)

)4
P41 ==

T
48) Temperature and pressure at point 3.2 (at the LPT inlet)
T3, =T, and p3; = py,.
49) Medium gas temperature in LPT
AT,

21%2

where 1n,, =0.88-0.90 — LPT efficiency.
50) Determine the specific heat of gas for process in LPT:

Cpg2 :f(Tm27(x)-

T,=T,,—09

9

51) Specific heat ratio of gas for process in LPT
Cpg2

pg2= Rgas

kg»

C
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52) Power balance ratio for LPC and LPT
C _ cpal

=L

Bthpgzan

where 1,,, = 0.99-0.995 —mechanical coefficient for LPT.
53) Actual temperature drop in LPT

Ath = ClATkl .

9

54) Simplified gas temperature at the LPT outlet
T30 =T, —AT,

55) Determine the specific heat of gas for process of mixing
cooling air with gas flow in LPT:

Cpegm2 = STy, 0).

56) Determine the specific heat of air for process of mixing
cooling air with gas flow in LPT:

Cpam2 = f(Tiz)

57) Gas temperature at the LPT outlet (considers reducing
temperature of gas during mixing with cooling air)

T _ Bt2 ' Cpamchool.Z
42 42 cool *
(BtZ +gcool.2) Cpgmz(BtZ +gcool.2)
58) LPT pressure ratio

kg

- :( oM, ]kgz_l
2 - .
T3.2nt2 - AZz
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59) Pressure at point 4.2 (at the LPT outlet)

p
Par=—""— e

T2
60) Temperature and pressure at point 3.3 (at the PT inlet)
I33=T45and pyy=p,,v,,

where v, —turbine intersection pressure coefficient (0.99-0.995).
61) Pressure at point 4 (at the PT outlet)

Pamb
P4 = a2
Vex

where v, —exhaust casing pressure coefficient (0.98-0.99).
62) PT pressure ratio

_ P33
Tct3 - _-

Pa
63) Simplified medium gas temperature in PT

ATy + ATy,
4 .

64) Determine the specific heat of gas for process in PT:
f( m3» O(')

65) Specific heat ratio of gas for process in PT

m3_T33

Cpg3

rg3 _Rgas

kg3

c

66) Actual temperature drop in PT

30



1
AT =T 1- [ Nis»

X
23
T3

where 1,5 =0.90-0.91 — PT efficiency.
67) Temperature at point 4 (at the PT outlet)

Ty =T;5-AT;.
68) Medium gas temperature in PT
AT

T3 =T3.3—2n :
3

2.2.4. Calculation of GTU's efficiency
69) Specific power
N\'p = Cpg3A7;3Bt3vinlnm3 s

where 1,3 = 0.99-0.995 —mechanical coeficient for PT.
70) Specific air mass flow through LPC

N,

e
9
N,m,

where n, =0.97-0.98 — reduction gear efficiency; N, — output
power of GTU (initial data for work), kW.
71) Air mass flow through LPC

G,=G, Vv

kl.sp Vinl +

72) Air mass flow through HPC

kl.sp =

sz = leakz .
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73) Air mass flow through combustion chamber
G.=G,0,.
74) Fuel consumption
G, =3600-G. g, .
75) Gas mass flow through HPT
G,=G,B,-
76) Cooling air consumption through HPT
Geor1 = G 8eootr -
77) Gas mass flow through LPT
G,=G,B, -
78) Cooling air consumption through LPT
Geoor2 = G180tz -
79) Gas mass flow through PT
G;=G,B,;-
80) Gas mass flow through exhaust casing
G, =GP, -
81) Specific fuel consumption
Gr

geZT'

e

82) GTU’s efficiency

= 3600
© 8.0



2.3. Working-out of a calculation program

During completing an individual task, the student must use the
stages of GTU's thermal calculation, described in chapter 2.8, to
working-out a calculation program. This program is compiled using
software (Microsoft Excel, MathCad, etc.), which is learned by the
student and which is available. The compiled calculation program
should be debugged and ready for use.



3. OPTIMIZATION OF GTU'S THERMODYNAMIC
CYCLE PARAMETERS

The efficiency of the gas turbine units depends on:

— COMpressor pressure ratio T, ;

— HPT inlet temperature 7'

— efficiency of compressor 1, , combustion chamber n_ . and
turbine 1, ;

— mechanical coefficient 11, and gear efficiency M, ;

— pressure losses in transitional parts of GTU.

The dependence of GTU's efficiency on the most parameters is
simple. If we want to increase the efficiency we must increase:

— HPT inlet temperature 7',;

— the efficiency of compressor 1, , combustion chamber and
turbine 1, .;

— the mechanical coefficient ), and gear efficiency ) ;
and we must reduce pressure losses in transitional parts of GTU.

But the dependence of GTU's efficiency on the compressor
pressure ratio is not so simple. An increasing of that parameter
first causes an increasing of GTU's efficiency, and then a decreasing
of efficiency. There is an optimum for compressor pressure ratio ;" Y
at which the GTU's efficiency takes the maximum value n,** (Fig. 8).

In the previous chapter, we analyzed the formulas for GTU's
thermal calculation. And we know that the compressor pressure ratio
is initial data for that calculation. Therefore, if in the beginning of
calculation we accept the value of compressor pressure ratio closely
located to its optimal value, then at the end we get the value of GTU's
efficiency almost maximum. On the contrary, if we accept the value of
compressor pressure ratio located far from its optimal value, then we
get the value of GTU's efficiency very small.
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Efficiency of GTU

opt
Tks

Compressor pressure ratio

Fig. 8. The efficiency of GTU versus compressor pressure ratio

This is the reason for optimizing the parameters of the GTU's
thermodynamic cycle. During this optimization, we must fulfill several
thermal calculations of GTU with different initial values of compressor
pressure ratio. Based on the calculation results, a graph of the GTU's
efficiency versus the compressor pressure ratio is drawn. Using this
graph, the optimum value of compressor pressure ratio ;" "is
determined.

Near the optimum value, the graph is very gentle and small
deviations from the optimum do not lead to a large decrease in
efficiency. For this reason, for the further calculation of GTU, the value
ofthe compressor pressure ratio 7, s istakenslightly less than optimal.

Smaller values of compressor pressure ratio reduce the number
of compressor stages and therefore reduce its complexity, size and
weight. Also increases the reliability ofthe compressor.

But the equation

N >mn, =f(m5)>n0 ™ —0.005
must be fulfilled. Efficiency reduction don't exceed 0.005.
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The fulfillment of this part of an individual task is presented in
Example 2.

Example 2

Perform the optimization of GTU's thermodynamic cycle
parameters for such initial data:

— output power of gas turbine unit N, =7 640 kW;

— HPT inlet temperature 7', = 1500 K;

— ambient temperature 7', , =288 K;

— basic gas turbine engine: UGT 6000 '"Zorya-
Mashproekt".

At first, we must enter the initial data in the calculation program.
Considering the structural scheme and technical parameters of
UGT 6000, we set values of the varied parameters (Table 3) and enter
that values in the calculation program also.

Table 3
Values of the varied parameters

Parameter Value
1. Ambient pressure p,,, , MPa 0.101
2. Inlet casing pressure coefficient v, 0.99
3. Efficiency of single compressor stage m, , 0.90
4. Compressor intersection pressure coefficient v, 0.99
5. Combustion chamber pressure coefficient v, 0.96
6. Calorific value of fuel O/, kikg 42915
7. Stoichiometric coefficient L, kg/kg 14.78
8. Combustion chamber efficiency n,, 0.985
9. Permissible blade metal temperature 7,,,,, , K 1100
10. Model air consumption g, 0.022
11. HPC consumption coefficient o, 0.995

36



Table 3

Parameter Value
12. HPT efficiency n,, 0.88
13. Mechanical coefficient for HPT and LPT n,,, (n,,,) 0.995
14. LPT efficiency n,, 0.89
15. Turbine intersection pressure coefficient v, 0.995
16. Exhaust casing pressure coefficient v, 0.99
17. PT efficiency n,, 0.91
18. Mechanical coefficient for PT n,,; 0.99
19. Reduction gear efficiency n, 0.98

Using the calculation program, we perform several GTU's
thermal calculations with different initial values of the compressor
pressureratio 7, (from 10 to 32). The values of GTU's efficiency 1,
obtained during the calculations are entered in Table 4.

Table 4

Results of GTU's optimization
Ty 10 11 12 13 14 15 16 17
m, | 0.324 | 0.331 | 0.338 | 0.344 | 0.349 | 0.353 | 0.356 | 0.360
L7 18 19 20 21 22 23 24 25
M, | 0.362 | 0.364 | 0.365 | 0.366 | 0.366 | 0.367 | 0.367 | 0.366
T 26 27 28 29 30 31 32
n, | 0.365 | 0.364 | 0.362 | 0.360 | 0.358 | 0.355 | 0.352

Based on the optimization results, we draw a graph of the
dependence of GTU’s efficiency on the compressor pressure ratio

(Fig. 9).
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Fig. 9. The dependence of GTU's efficiency
on the compressor pressure ratio

We can see that max1mum efficiency n,** = 0.367 is achieved
with a pressure ratio 7;”" =23.5. But from a designing point of view
for further thermal calculation of GTU at nominal operating
mode we choose the value of the compressor pressure ratio
T, » = 21. Inthis case, the efficiency of GTU will be

e = f(mpz) =0.366.

The efficiency difference is very small

An, =™ —n, =0.367 — 0.366 = 0.001,

but the value of pressure ratio was reduced significantly (from 23.5
to 21). We know that smaller values of compressor pressure ratio
reduce the number of compressor stages and therefore reduce its
complexity, size and weight. Also increases the reliability of the
COMPIessor.
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4. THERMAL CALCULATION OF GAS TURBINE
UNIT AT NOMINAL OPERATING MODE

Thermal calculation of GTU at nominal operating mode is carried
out in order to find the values of parameters and consumptions of the
working fluid for its main parts: compressors, combustion chamber
and turbines. These data are needed to fulfill the calculations of the
mass-dimensional characteristics ofthe gas turbine unit, as well as the
thermodynamic calculations of these parts. Also at this step the
parameters of GTU’s efficiency and specific power are determined.

The fulfillment of this part of an individual task is presented in
Example 3.

Example 3
Perform the thermal calculation of GTU at nominal
operating mode for initial data and calculation results of
Example 2.
The results ofthermal calculation are summarized in Table 5.

Table 5
Thermal calculation of GTU at nominal operating mode
Parameter Formula Result
1. Ambient pressure p,,.; Accepted 0.101
MPa
2. Ambient temperature .
T Initial data for work 288
amb > K
3. Inlet casing pressure
. 0.98-0.99 0.99
coefficient v;,;
4. Pressure at point 1 (at the
0.100

LPC 1nlet) pl , MPa pambvinl

5. Temperature at point 1 (at
the LPC inlet) 7}, K

Equalto T, 288
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Table 5

Parameter Formula Result
6. Compressor pressure ratio
Tix See Example 2 21
7. HPC pressure ratio 7, ATs » but w, <4.4-4.6 4.50
. s
8. LPC pressure ratio m, — 4.667
T
9. Specific heat ratio for In the first approximation is equal
. , 1.40
process in LPC £, to 1.40
k-1
10. Parameter m, - 0.286
kal
11. Efficiency of single !
compressor stage 1M, 4 0.89-0.9 0.90
T 1
12. Efficiency of LPC ny, EN 0.877
it -1
13. Actual temperature rise m,, 1
in LPC AT}, K e 1)11_“ 181.7
14. Temperature at point 2.1
T, +AT 469.
(at the LPC outlet) 15 1, K LM 697
15. Medium temperature in 1
LPC T, K E(T1 +Ty,) 378.8
16. Specific heat of air in
LPC ¢,,,, ki/kg/K J @) 1.012
17.G tant of air R,
as constant ot &t Kair» Equal to 0.287 0.287
kJ/kg/K
18. Specific heat ratio for Cpal |
process in LPC k ¢ou Ry .396
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Table 5

Parameter Formula Result
1f [Ka — ke >0.01, then
19. Check of result al 0.003
k., =k, and you must return
to step 10
20. Pressure at point 2.1 (at 0.467
the LPC outlet) p,,, MPa Pt )
21. Compressor intersection
. 0.99-1.0 0.99
pressure coefficient v,
22. Pressure at point 1.2 (at 0.462
the HPC inlet) p,,, MPa PoiVi :
23. Temperature at point 1.2
(at the HPC inlet) T, , K Equal to T, 469.7
24. Specific heat ratio for In the first approximation is equal 137
process in HPC £, to k, :
kl,—1
25. Parameter m,, — 0.270
kuZ
g —1
26. Efficiency of HPC 1, m,, 0.879
st -1

27. Actual temperature rise m, 1
in HPC AT,,, K 7ol 1)E 267.9
28. Temperature at point 2
(at the HPC outlet) 7,, K Ti2+ATy, 737.6
29. Medium temperature in 603.6
HPC T,,, K —(1,+1,) :
30. Specific heat of air in r 1062
HPC c,,,, ki/kg/K S(Tn2) :
31. Specific heat ratio for Cpa2 1370
process in HPC &, Cpar — Ry )
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Table 5

8r

T, T.
om. . —|c ‘S(L +1)—c ‘3L (T 7203)
Mee ; 0
I P8 503 0 P4 03 }

Parameter Formula Result
1f [F2 =Ka2f ¢ g1, then
32. Check of result a 0.0003
k., =k,, and you must return
to step 25
33. Pressure at point 2 (at the 5
HPC outlet) p,, MPa PioTs 079
34. Combustion chamber
. 0.96-0.98 0.96
pressure coefficient v,
35. HPT inlet pressure p;, MPa P>V, 1.996
36. HPT inlet temperature 75, K Initial data for work 1500
T2
37. Specific heat of air ¢, | , r - L+293 1043
293 I, _T) :
kJ/kg/K
T
38. Specific heat of air ¢ , T, +293
P pa 2|93 f(T, =222 1.119
kJ/kg/K
39. Specific heat of "pure" gas
T, 75 +293
Cre |  KI/kg/K fT,= ;%= 1) 1.235
293
40. Calorific value of fuel O, Accepted 12915
kl/kg
41. Stoichiometric coefficient "
Ly, ke/kg Accepted .78
42. Combustion chamber
. 0.985-0.995 0.985
efficiency n,,
I L
43. Relative fuel consumption “pa | 13297y, | (=299
293 293 00229
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Table 5

Parameter Formula Result
44. Excess air coefficient in 1 2953
the combustion chamber o gLy ’
45. Permissible blade metal
temperature for HPT T perm » 1073=1123 1100
K
46. Cooling air temperature
. .K Equal to 7', 737.6
If 75 =T )y <100, then a = 1.7;
47. Coefficient a if 75 =T, >100, 1.30
then ¢ = 1.4-1.3
48. Heat transfer coefficient at 1.05-1.10 1.05
the ends of the blades &, D :
49. Model air consumption g, 0.020-0.025 0.022
50. Simplified value of HPT |
consumption coefficient B}, Equal t0 0.90 0.90
51. Number of cooled blade Zlg$ 5
rows for HPT n,,,, 3
1g[1-(0.11...0.15)]
. k ' (ncool.l + 1)
52. Specific cooling ak, g, B T, x
air consumption for 025 0.0534
HPT gcool.l1 XM{LJ
(Twperm _Cnnl ) 71mnl
1'You must remember that:
— the maximum value of n_,,,;; for single-stage HPT is 2;
—if I3 <T,,, , then HPT blades do not need to be cooled. Then 7, ; =0
and 8cooll ~ 0.
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Table 5

Parameter Formula Result

53. Simplified gas tempe- ATy,

rature at the LPT inlet 775,, K T3-09- 1379.4

54. Permissible blade metal
temperature for LPT T K 1073-1123 1100

perm>

If 5,-T,,, <100, then a = 1.7;

perm =
55. Coefficient a if T35 =T, > 100, 1.30
then ¢ = 1.4-1.3

perm

56. Simplified value of LPT

consumption coefficient {3}, Equal to 0.98 0.98
Tperm

57. Number of cooled blade 21g 7
rows for LPT n,,,;,» 32 2

1g[1-(0.11...0.15)]

+1
. . . ak, g, B M X
58. Specific cooling air 2 0.0398
consumption for LPT g,,,»> (7,-T,,,) ( T, ]O»ZS :
W N32 T Tperm ) [ T,

(T =T )\ To

59. HPC consumption
0.99-1.0 0.995

coefficient oy,

60. Combustion chamber

consumption coefficient o, k2 = 8eool.1 ~ Eeoot2 ~0-011 0.891

61. HPT consumption (I+g,)a,,
. —_— 0.916
coefficient f3, o,
62. LPT consumption 0.006
coefficient B,, Btz + &uoors + 0 0.971
2You must remember that:
— the maximum value of n_,,;4 for single-stage HPT is 2;
—if ,'<T,,, , then HPT blades do not need to be cooled. Then n,,,, , =0

and 8cool2 = 0.
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Table 5

Parameter Formula Result
63. PT consumption coefficient
B[3 Btz + 8coo12 T 0.004 1.014
64. Exhaust casing consumption A
coefficient B, B3 +0.00 1.018
65. HPT efficiency n, 0.86-0.88 0.88
66. Medium gas temperature in AT,

T,-0.9— 1363.0

HPT 7,,,K } 2n,
67. Specific heat of gas for
process in HPT ¢, , kl/kg/K ST 1.253
68. Gas constant of turbine gas
Ry, > KI/kg/K 0.288-0.290 0.288
69. Specific heat ratio of gas Cpal 1208
for process in HPT kg ¢ —Ro .
70. Mechanical coefficient for
HPT 1, 0.99-0.995 0.995
71. Power balance ratio for Craz 0.930
HPC and HPT ¢, ACetMlon .
72. Actuak temperature drop in
HPT AT, K C,AT,, 249.2
73. Simplified gas temperature T _AT
at the HPT outlet 73 ,, K 375 1250.8
74. Specific heat of gas for
process of mixing colling air ,
with gas flow in HPT ¢, ,,,, J(T4500 1.234
klJ/kg/K
75. Specific heat of air for
process of mixing colling air ,
with gas flow in HPT ¢, » AU L.177
klJ/kg/K
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Table 5

outlet 7,,, K

Parameter Formula Result
o '
AZBH T:t_] +
76. Gas temperature at the (0B + Zevor) 1220.5
HPT outlet 7,,,K Cpam8cool.1 '
Cpamt (Bt + oo 1) !
ky
. T kg1
77. HPT pressure ratio T, L1 TR 2.485
TSnt] - AZ]

78. Pressure at point 4.1 (at D
the HPT outlet) p,,, MPa T, 0.803
79. Temperature at point 3.2
(at the LPT inlet) 73, , K Equalto 73, 1220.5
80. Pressure at point 3.2 (at Eaqual t 0.803
the LPT inlet) p;,, MPa AUaLLO Pas '
81. LPT efficiency n,, 0.88-0.90 0.89
82. Medium gas temperature AT,
. T,,-09—L
inLPT 7,,,K 12709 2n,, 128.7
83. Specific heat of gas for
process in LPT ¢, ., f(T,,,a) 1.212
kJ/kg/K
84. Specific heat ratio of gas Cpg2 1312
for process in LPT k,, Cpar —Ryus )
85. Mechanical coefficient 0.99-0.995 0.995
for LPT n,,, o :
86. Power balance ratio for Cpal 0.865
LPC and LPT Cl Bt2cpg2nm2 )
87. Actual temperature drop CAT 157.1
in LPT AT,,,K 1k )
88. Simplified gas
temperature at the LPT T, — AT, 1063.4

46




Table 5

Parameter Formula Result
89. Specific heat of gas for
process of mixing colling air ,
with gas flow in LPT STy, 00) 1.199
Cpamn » KI/kg/K
90. Specific heat of air for
process of mixing colling air ,
with gas flow in LPT S(Ty,) 1.148
Cpam2» KI/kg/K

—Pe gy
91. Gas temperature at the (Biz + &eoot2) 1049.3
LPT outlet 7,5, K Cpam28coot 2 '
Cpgmz (BZZ + gcnnll) o
L7
92. LPT pressure ratio T;, [ PP ]kgz_l 1.930
Ts.zntz - AZZ
93. Pressure at point 4.2 (at D3 0416
the LPT outlet) p,,, MPa T, :
94. Turbine intersection
pressure coefficient v, 0.99-0.995 0.995
95. Temperature at point 3.3 Equal to T
(at the PT inlet) 7y ;, K quatto 1y, 1049.3
96. Pressure at point 3.3 (at
the PT inlet) p;;, MPa PazVy 0.414
97. Exhaust casing pressure
coefficient v, 0.98-0.99 0.99
98. Pressure at point 4 (at Damb 0.102
the PT outlet) p,, MPa Vo ‘
99. PT pressure ratio T3 Ps3 4.059
Py

100. Simpliﬁed medium gas o AT, + AT}, 936.9
temperature in PT 7, 5, K 33 4 ‘

47



Table 5

Parameter Formula Result
101. Specific heat of gas for 7
process in PT ¢,,,3, kI/kg/K STz 0) 1.173
102. Specific heat ratio of Cpg3 1325
gas for process in PT kg; €3~ Ryus :
103. PT efficiency n,3 0.90-0.91 0.91
104. Actual temperature 1
drop in PT AT,;,K Ly 1= Uz 278.0

T3 e

105. Temperature at point 4
(at the PT outlet) 7, K T3 = AT 7714
106. Medium gas AT,
temperature in PT 7., K Tss 21,3 896.6
107. Mechanical coefficient
for PT 1,5 0.99-0.995 0.99

m
108. Specific power N, , ¢, ATB LV, e 324 1
kW-s/kg
109. Reduction gear
efficiency 1, 0.97-0.98 0.98
110. Output f GTU
Vo e Initial data for work 7640

e’

111. Specific air mass flow N,
through LPC Gy, , , kg/s N,m, 24.1
112. Air mass flow through G v 238
LPC le N kg/s Kl.sp Zinl :
113. Air mass flow through G 237
HPC G, , kg/s 1% :
114. Air mass flow through
combustion chamber G,,., G, o, 21.2

kg/s
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Table 5

Parameter Formula Result

115. Fuel consumption G ,, 3600-G. g, 1749 8
kg/hr ]
116. Gas mass flow through G e
HPT G, , kg/s 2B '
117. Cooling air
consumption through HPT G oot 1.3
Gcaal.l ’ kg/s
118. Gas mass flow through

G, B, 23.1
LPT G,,, kg/s
119. Cooling air
consumption through LPT Gt 0.9
Gcool.Z > kg/ S
120. Gas mass flow through

G,.B;s 24.2
PT G5, kg/s
121. Gas mass flow through
exhaust casing G,, , kg/s G 243
122. Specific fuel G, »
consumption g, , kg/kW/hr Ve 0.229

. 3600
123. GTU's efficiency m, 20 0.366
B
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5. CALCULATION
OF THE COMPRESSOR DIMENSIONS

The function of the GTU's compressor part is to increase the
pressure of the working fluid (atmospheric air). The compressor is
driven by the power from the turbine of the same GTU.

The gas turbine units use the compressors ofhigh efficiency and
mass flow. These are such types of vane compressors as:

— axial-flow compressors;

— centrifugal-flow compressors;

— axial-centrifugal-flow compressors.

Currently the dominant type of GTU's compressor is an axial-
flow multistage compressor. The use of the remaining types is limited
only by some narrow fields of application in which the use of an axial-
flow compressor is undesirable for one reason or another.

Consider the determination of the main dimensions of the GTU's
compressor part based on axial-flow multistage compressors.

First of all, the radial and axial dimensions of low pressure
compressor (LPC) and high pressure compressor (HPC) will be
determined. The number of compressors stages and the speed of their
rotors will be estimated also. As a result of these calculations, data
will be obtained to sketch the layout of GTU's compressor part.

When designing the GTU and sketching its layout, the dimensions
of’compressor transitional parts (inlet casing, front casing, intersection,
rear casing) are determined, focusing on the design of the existing
marine GTUs. During designing care should be taken to ensure that
the direction of the flow line has no sharp fractures. Sudden changes
in the flow direction caused by significant fluctuations of the medium
diameters of the parts lead to increased losses of pressure and, as
a consequence, to decreased efficiency ofthe GTU.

The dimensions of the GTU's compressors are calculated
sequentially, starting with LPC. The scheme of low pressure

50



compressor is shown in Fig. 10. The steps for calculating LPC
dimensions are given below.

11 R H M-H i . H ]%J 12.1
y T
D, D,y
D,
" ' m.im.z.l
L, |

Fig. 10. The scheme of low pressure compressor

1) The following parameters were determined during thermal
calculation of GTU at nominal operating mode:

— air mass flow through LPC G,;

— temperature at point 1 (at the LPC inlet) 77;

— pressure at point 1 (at the LPC inlet) p,.

2) Specific heat of air at the LPC inlet is determined depending
on the temperature 7;:

¢ pal = f (Tl ) .
3) Specific heat ratio for air at the LPC inlet

k.= cp al
“ Cpal — R ’
where R, = 0.287 kJ/kg/K — gas constant of air.
4) Circumferential velocity at outer diameter of the LPC inlet is
equalto:

Uy 1 = 270-340 m/s.

(If we calculates HPC, then u,, ; , =240-340 mv/s.)
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5) Axial velocity at the LPC inlet
Ca = (0.45...0.55) u

out.1*
6) Specific flow velocity at the LPC inlet

c

— al

Cal :
2k ;
[y 0

al

7) Gas-dynamic flow density function at the LPC inlet
1

_ =
g0, ) =2, | Kty _Ka=ly2 |
‘ a2 hg +17 6

8) Required flow area at the LPC inlet

P GuT,

! ky+1

a

2 kal_l kal 6
—*— prg(k )10
(kal +1 Rair '103 1 “

9) Diameter ratio for LPC is equal to:

— D
dy =—m1 = 0.45-0.55.

out.1
(If we calculates HPC, then d,, =0.70-0.85.)
10) Outer diameter at the LPC inlet



11) LPC rotor speed

Ny = 60”014[.1
nD

out.1

(The LPC rotor speed must be less than HPC rotor speed. The
equation 7y < n;, must be executed.)
12) Inner diameter at the LPC inlet

Dyy1 = Dy 1ds.
13) Length ofthe first stage blades
ly = 0.5(Dyyr.1 = Dipy)-
14) Medium diameter at the LPC inlet
Dyt = 0.5(D g1 + Djy1)-

15) The following parameters were determined during thermal
calculation of GTU at nominal operating mode:

— pressure at point 2.1 (at the LPC outlet) p; ;

— temperature at point 2.1 (at the LPC outlet) 7', ;.

16) Specific heat of air at the LPC outlet

CpaZ.l :f(TZ.l) .
17) Specific heat ratio for air at the LPC outlet

C
i pa2.l
a2.l

Cpa2.1 _Rair .
18) Axial velocity at the LPC outlet

caa1 = (0.90...0.95)c,, .
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19) Specific flow velocity at the LPC outlet

_ Ca2.1

Ae =

a2.l °

' 2k

\/az'l Ry 1oy 10°
kaZ.l +1

20) Gas-dynamic flow density function at the LPC outlet

1
1 _1 ka .1_1
q(kcuzl) = A, . kao.1 + (1_ k2.1 }\‘20 21] 2 .
' . 2 kaZ.l +1

21) Required flow area at the LPC outlet

GuyToy

kapa+1
2 ka2.1_1 kaz 1 6
= paaqhe,, )10

(kQZI +1 Ral‘r 103 2.1 Ca21

Fy, =

22) Choosing the compressor stages layout. For LPC this is a
layout with a constant outer diameter D,,, = const. Then outer
diameter at the LPC outlet:

D D

out2.1 — Your1

(For HPC we choose a layout with a constant inner diameter
D, = const and inner diameter at the LPC outlet D,, , = D;, | ,.)
23) Inner diameter at the LPC outlet

) 4
Doy = \/Doutl.l —;le :
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(For HPC we calculate outer diameter at the LPC outlet

/ 5 4
Dout,2: Din.2+;F2')

24) Length of'the last stage blades
Iy =0.5 (Dout.2.1 = Dja1 )

25) Medium diameter at the LPC outlet
Dyt = 0.5(Dyyrng + Dyt )-

26) The LPC pressure ratio 7;; was determined during thermal
calculation of GTU at nominal operating mode.
27) Pressure ratio of single LPC stage is equal to:

Ty, = 1.20-1.30.

(ForHPC w,, = 1.15-1.20.)
28) Number of LPC stages (round to integer value)

7, = g1y .
lg Ttk
29) Medium LPC diameter
30) Medium length of LPC blades
L =0.5(0 +151) -

31) Ratio

}\'k = %
lmk

32) Coefficient §, = f(A,) is determined using Table 6.
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Table 6

Values of coefficient 5,

M| 4 [ S| 61718191011 ]12[13]14)15]| 16|17 [>18
6%0.9111.021.12|1.21{1.29|1.37|1.47|1.54|1.60(1.65|1.71|1.75|1.81|1.85|1.88

33) Axial dimension of single LPC stage
bst,k = Sklmk :
34) Axial dimension of LPC main casing (without length of inlet
casing, front casing and rear casing)
Liy = zZpibg -
35) Axial dimension of inlet casings for "Zorya-Mashproekt"
engines is
L;,; =(0.35...0.40) D
36) Axial dimension of front casing
Ly ~(0.30..0.35) D
37) Axial dimension of intersection between LPC and HPC
L i #(0.30...0.35)D,, 21 -

The calculation of the HPC is carried out according to the same
formulas considering the comments made earlier.

The fulfillment of this part of an individual task is presented in
Example 4.

out.1*

out.1-

Example 4

Determine the main dimensions of the GTU's compressor
part for initial data and calculation results of Examples 2 and 3.
From the analysis of the basic gas turbine engine UGT 6000, we
know that the GTU's compressor part consists of an inlet casing, front
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casing, low pressure compressor, intersection, high pressure
compressor and rear casing.
The calculation of LPC, inlet casing, front casing and intersection

is summarized in Table 7.
Table 7
Calculation of LPC, inlet casing, front casing and intersection

Parameter Formula Result
1. Air mass flow through
LPC G,,, kg/s Table 5 23.8
2. Temperature at point 1 l
(at the LPC inlet) 7, K Table 5 288
3. Pressure at point 1 (at l
the LPC inlet) p,, MPa Table 5 0.100
4. Specific heat of air at
the LPC inlet ¢, f(T) 0.991
kJ/kg/K
5. Gas constant of air |
R, kI/kg/K Equal to 0.287 0.287
6. Specific heat ratio for ¢ pal
air at the LPC inlet £, c —R 1.408

pal air
7. Circumferential velocity
at outer diameter at the Accepted 270
LPC inlet u,,, ,, m/s
8. Axial velocity at the
LPC inlet Ca s m/s (0.45...0.55) Uy 135
9. Specific flow velocity at Cal
the LPC inlet 4, J 2ka_p 1103 0.434
a1

10. Gas-dynamic flow 1
density function at the 2z kg +1 1 kg —1 22 Fa~l 0.632
LPC inlet g(%, ) “l 2 b +1%
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Table 7

Parameter Formula Result
_ GuyTi
11. Required flow area at [ 0.158
the LPC inlet £}, m? \/( 2 J’m-l ka0 108 15
ky+1 R, 103 1T
12. Diameter ratio for
LPC ‘?1 Accepted 0.50
13. Outer diameter at the 4F 0.518
LPCinlet D,,;, m Ttil _ 312 ) ‘
60uout 1
14. LPC rotor speed n,,, rpm — 9962
T[Dout.l
15. Inner diameter at the —
LPC inlet D,,;, m Dyy1dy 0.259
16. Length of the first stage
blades [1 ,m O'S(Dout.l _Din.l) 0.129
17. Medium diameter at the 0.5 (D D )
LPC inlet D,,,, m >\ Four1 + Piny 0.388
18. Pressure at point 2.1 (at bl 4
the LPC outlet) p,,, MPa Table 5 0.467
19. Temperature at point 2.1 bl 4
(at the LPC outlet) T, ;,K Table 5 69.7
20. Specific heat of air at the
LPC outlet ¢,y , kI/kg/K AR 1.033
21. Specific heat ratio for air Cpa2.1
at the LPC outlet £, , Cpar1 —Ra 1.385
22. Axial velocity at the
LPC outlet c,, . mis (0.90...0.95)c,, 121.5
. . Ca2.1
23. Specific flow velocity at
the LPC outlet A, 2ky2 R T -10° 0.307
Ca21 air *2.1
kypq+1
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Table 7

Parameter Formula Result
24. Gas-dynamic flow e
density function at the X ko 1| kg =1 22 Kpzi 1 0.466
LPC outlet g(A, ) Rl ) ko +1 ¢
25. Required flow area at GuTor
the LPC outlet F, ,, m? Fap 141 0.059
' bt One, )-10°
I R, 007 Paiqlie,,,
l2a6y.oii)mpressor stages Accepted D,,, = const
27. Outer diameter at the Equalto D
LPCoutlet D,,,,,, m qualto Doy g 0.518
28. Inner diameter at the ) 4
LPC outlet D, ,,, m D _;Fm 0.439
29. Length of the last stage
blades £, , m 0.5(Dpus2.1 = Dint) 0.039
30. Medium diameter at 0.5 (D D )
the LPC outlet D, ,,, m D\our 21 ¥ Pinaa 0.479
31. LPC pressure ratio 7, Table 5 4.667
32. Pressure ratio of single
LPC stage 7, Accepted 1.25
33. Number of LPC stages
dtoi 1 lgmy,
(round to integer value) — 7 (6.90)
ZK 1g Tt k
34. Medium LPC diameter
Dmk ,m 05(Dml +Dm2.l) 0.434
35. Medium length of LPC
blades /,, , m 0.5(+1,) 0.084
. D
36. Ratio A, mk 5.14
lmk
37. Coefficient gk f(h;) (see Table 6) 1.04
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Table 7

Parameter Formula Result

38. Axial dimension of

single LPC stage b, , m Ot 0.088
39. Axial dimension of
LPC main casing Ly, , m Ziabsu 0.614
40. Axial dimension of
inlet casing L;,;, m (0.35...0.40) Doy 0.207
41. Axial dimension of

(0.30...0.35)D,,,, 0.181

front casing L , m

42. Axial dimension of
intersection between LPC (0.30...0.35) D, 5. 0.180
and HPC L, ; ,m

The calculation of high pressure compressor and rear casing is
summarized in Table 8.

Table 8

Calculation of high pressure compressor and rear casing

Parameter Formula Result
1. Air mass flow through

Table 5 237
HPC G, , kg/s able
2. Temperature at point 1.2
(atthe HPC inlet) T, , K Table 5 469.7
3. Pressure at point 1.2 (at the
HPC inlet) p, ,, MPa Table 5 0.462
4. Specific heat of air at the
T
HPC inlet ¢, kI/kg/K UCUEY 1.033
5. Gas constant of air R ;. ,
Equal to 0.287 0.287

kJ/kg/K
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Table 8

Parameter Formula Result
6. Specific heat ratio for air at €pal 2 .
the HPC inlet £, , Cpata —Ray 385
7. Circumferential velocity at
outer diameter at the HPC Accepted 240
inlet u,, |, , m/s
8. Axial velocity at the HPC
. (0.45...0.55) uy 1 108
inlet ¢,y ,, m/s o
9. Specific flow velocity at Ca12
the HPC inlet 2., 2kax 1103 0273
" koo +1 '
10. Gas-dynamic flow density BN
function at the HPC inlet o+ (1 kyp -l 2 J:|kw—l 0.418
q(}LCM) 2 kga+1 7"
11. Required flow area at the — GuaTia
. 0.066
HPC inlet F;,, m’ ki +1]M E RI?1TA1203 P2 g, ) 10°
12. Diameter ratio for HPC
- Accepted 0.70
dy;
13. Outer diameter at the 4F,
. = 0.406
HPCinlet D, ,,, m nil - dfz )
60
14. HPC rotor speed n;.,, rpm Hour12 11290
TCDout.l.Z
15. Inner diameter at the HPC _
Dyyi12d)5 0.284

inlet D,,;,, m
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Table 8

Parameter Formula Result
16. Length of the first stage
blades /,,, m 0.5(Dyur12 = Dini2) 0.061
17. Medium diameter at the
HPC inlet Dm.l.2 ,m O'S(Dout.l.Z +Din.l.2) 0.345
18. Pressure at point 2 (at the
HPC outlet) p,, MPa Table 5 2.079
19. Temperature at point 2 (at
the HPC outlet) T, K Table 5 737.6
20. Specific heat of air at the
HPC outlet ¢,y , ki/kg/K S (D) 1.089
21. Specific heat ratio for air Cpa2 1358
at the HPC outlet £, Cpar —Ray '
22. Axial velocity at the HPC
outlet ¢, . ms (0.90...0.95)c,, 97
23. Specific flow velocity at Ca2
the HPC outlet A, \/ 2kyr R, T, 10’ 0.197

“ kg +1
1
24. Gas-dynamic flow density o+ ko —1 =
function at the HPC outlet | m2— I—Lk% 030
=2 kyp 176 307
q(re)
GiaT>
25. Required flow area at the L
2 ek,
HPC outlet F,, m’ 0 +1] ey Pl 10° | 0025
26. Compressor stages layout Accepted D, =const
27. Inner diameter at the HPC Equal to D 0.284
in1.2 .

outlet D,,, , m
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Table 8

casing L., m

Parameter Formula Result
28. Outer diameter at the , 4
HPC outlet D,,,,, m Di, 5 + ;Fz 0.336
29. Length of the last stage
blades [2 ,m O'S(Dout.Z _Din.Z) 0.026
30. Medium diameter at the 0 (D
HPC outlet D,,, , m S\ D2+ Di"~2) 0.310
31. HPC pressure ratio 7, Table 5 4.583
32. Pressure ratio of single
HPC stage 7, , Accepted 1.185
33. Number of HPC stages lgm;,
: — 9(8.97)
(round to integer value) z,, lgm,,,
34. Medium HPC diameter
D, ,m 0.5(Dy12+ D) 0.328
35. Medium length of HPC
blades 7,,, m 0.5, +1) 0.043
. D
36. Ratio A, i 7.55
lmk

37. Coefficient 5, f(A;) (see Table 6) 1.42
38. Axial dimension of single -
HPC stage b, , m Otlm 0.062
39. Axial dimension of HPC b
main casing L,,, m Zk2Ost.k 0.555
40. Axial dimension of rear

(0.35...0.40)D,,,, » 0.162
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6. CALCULATION
OF THE COMBUSTION CHAMBER DIMENSIONS

The function of GTU's combustion chamber is to heat the working
fluid by burning hydrocarbon fuel.

In the combustion chambers of gas turbine units, the burning of
fuel (liquid or gaseous) is carried out directly in the air flow coming
from the compressor. The chemical energy of the fuel is converted
into heat and transferred to the working fluid, which then moves to the
turbine part of the GTU.

Depending on the type of fuel used, the application and structural
scheme of'the gas turbine unit, various types and layouts of combustion
chambers are used.

By connecting with other parts of the gas turbine units, the
combustion chambers are divided into external and built-in combustion
chambers.

In turn, by design the built-in combustion chambers can be divided
into:

— annular combustion chambers;

— multiple combustion chambers;

— tubo-annular (can-annular) combustion chambers;

— individual combustion chambers.

And according to the working fluid movement, the built-in
combustion chambers can be straight-flow or reverse-flow ones.

Consider the calculation of the reverse-flow tubo-annular
combustion chamber. The choice of'that type of combustion chamber
is explained by the fact that this type is dominant for "Zorya-
Mashproekt" gas turbine units. Therefore, reverse-flow tubo-annular
combustion chamber will be part of gas turbine units for most individual
tasks.

Calculation ofthe combustion chamber is performed using statistics
on existing designs of GTU's combustion chambers.
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The scheme of reverse-flow combustion chamber is shown in

Fig. 11
Z

cc

oul

D

out.1.2

Fig. 11. The scheme of reverse-flow combustion chamber

A reverse-flow combustion chamber in a gas turbine unit with an
axial-flow compressor is located above the outer casing of the high
pressure compressor. After this compressor, air passes through its
rear casing. Then it rotates at 180° and enters the annular space
between the casings and flame tubes of the combustion chamber.
Before entering the snout, there is another turn of the air flow by 180°.

As aresult, we have a very strong vortex air flow in the annular
space, which provides a uniform distribution of dilution air between
the flame tubes. To ensure this, the medium diameter of the flame
tubes installation is calculated as geometric.

The steps for calculating the reverse-flow tubo-annular combustion
chamber dimensions are given below.

1) The following parameters were determined during thermal
calculation of GTU at nominal operating mode:

— fuel consumption G ;
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— calorific value of fuel O ;

— stoichiometric coefficient L ;

— combustion chamber efficiency n,,.;

— pressure at point 2 (at the HPC outlet) p,;

— air mass flow through combustion chamber G, ;

— temperature at point 2 (at the HPC outlet) T',.

2) Heat load on the combustion chamber working volume for
marine GTUs is equal to:

0, =700-1000 kJ/m*/hr/Pa.

3) Combustion chamber working volume (internal volume of the
flame tubes)

_ Gfoncc
Qv )] 106

4) Number of flame tubes 7 ; is accepted with further clarification
(instep 18). Ina first approximation, it is taken equal to the number of
flame tubes of the basic gas turbine unit.

5) Internal volume of the single flame tube

i
6) Coefficient of flame tube non-cylindricity is equal to:
a =0.70-0.75.
7) Relative length of the flame tube
=34
8) Diameter ofthe flame tube

4vy

/ St
dgy=3—=—.
J nla

Vi
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9) Flame tube length
lp=dgl.
10) Circumferential clearance between flame tubes
8=(0.10..0.20)d ;.

11) Medium diameter of'the flame tubes installation

_ dﬁ+6

D =—2"" .
. (180°J
Sin
Ny

12) Primary combustion air excess coefficient is equal to:

o, =12-16.

13) Air mass flow through the snouts of all flame tubes

_ a,. GrLy

pr 3600

14) Air mass flow through the gap between casing and flame
tubes

Gep = Gee =Gy
15) Cross-section area of all flame tubes
Fy = %d }, ng.
16) Summary cross-section area of the combustion chamber
F,.=(22.25)F.
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17) Diameter of the combustion chamber inner casing

F
Dl'n :Dm _ﬁ'

m

18) At this step, we must check the layout of the combustion
chamber with the compressor part of GTU. Our combustion chamber
is reverse-flow and is located above the high pressure compressor.
Therefore, the diameter of the inner casing ofthe combustion chamber
must be higher than the outer diameters of this compressor:

D,,>D,, , and D;,>D,, .

out.1

If'this check is not performed, we need to re-accept the number
of flame tubes in step 4. An increase in the number of flame tubes
leads to an increase in the diameter of the combustion chamber inner
casing.

When you checking the layout ofthe combustion chamber, it must
be remembered that the equation D,, >> D, , isalso not desirable.
The number of flame tubes should be chosen as the minimum for the
correct combustion chamber layout.

19) Diameter of the combustion chamber outer casing

F

Dout = Dm +ﬁ.

m

20) Combustion chamber length
Ly =(L1..12)1,.

The fulfillment of this part of an individual task is presented in
Example 5.
Example 5
Determine the main dimensions of the reverse-flow tubo-
annular combustion chamber for initial data and calculation
results of Examples 2—4.
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We know that the basic gas turbine engine UGT 6000 has
10 flame tubes. But your initial data and designing results are not
completely identical with the basic engine. For that reason we must
perform several calculations of combustion chamber for different values
of . After calculations, we will choose the number of flame tubes most
optimal for layout of our gas turbine unit.

A series of combustion chamber calculations are summarized in

Table 9.
Table 9
Calculation of the combustion chamber
Parameter Formula Result
1. Fuel consumption G ,, kg/hr Table 5 1750
2. Calorific value of fuel O, Table 5 42915
kl/kg
3. Stoichiometric coefficient
4. Combustion chamb
ombustion chamber Table 5 0.985
efficiency .,
5. Pressure at point 2 (at the
HPC outlet) p,, MPa Table 5 2.079
6. Air mass flow through Tabl 1o
combustion chamber G, kg/s able 5 '
7. Temperature at point 2 (at
the HPC outlet) 7, , K Table 5 737.6
8. Heat load on the combustion
chamber working volume O, , Accepted 900
kJ/m3/hr/Pa
9. Combustion chamber GO Mee
working volume V', , m? 06 0.0395
s Qv Py 10
10. Number of flame tubes 7, Accepted 8 |10/12|1416
11. Internal volume of the Vi 2IEI A& &
. —_— Sl Q| S| 2| @
single flame tube v, , m’ " SIRSIRSIRSIRS
: St olololol o

N
O



Table 9

Parameter Formula Result
. i t
12 Coe.fﬁm.el.lt of flame tubes Accepted 0.7
non-cylindricity a
13. Relative length of the flame
- Accepted 3.5
tubes /
14. Diameter of the flame tube . 4v. P E 5 § E %
dp-m nla Sl eS| s sl S
- AN V]| &N © [l
15. Flame tube length /;, m dyl S 3 F R R
' Sl oo o] o
. . —| N| oo >~ \O
16. Circumferential clearance (0'10"'0'20) d, SR
between flame tubes 6, m Py I Il )
d,+0o
17. Medium diameter of the ‘ 180° Al 3 gl T
flame tubes installation D,,, m sin( j IS I IS
n.
1
18. Primary combustion air
excess coefficient o, Accepted 1.5
19. Air mass flow through the
a,. GrL
snouts of all flame tubes Gpr, —pr ) 10.8
ke/s 3600
20. Air mass flow through the
gap between casing and flame G =G, 104
tubes G, , kg/s
21. Cross-section area of all T o, 128233
5 2din —| Q|| | =
flame tubes F,, m g A = = = =]~
f S| S| sl s s
22. Summary cross-section area 2l gl 2l gl
of the combustion chamber (22.25)F, NIEIR A
F,m? S|l s|S|ls|s
23. Diameter of the combustion F, RIg g 5lE
. . D, ——— el T =
chamber inner casing D;, , m nD, Sl Sl s =
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Table 9

Parameter Formula Result
24. Diameter of the combustion D+ F,
chamber outer casing D,,,, , m " mD,

25. Combustion chamber

ongth 1 (1.1..12)l,

0.551]0.626
0.512]0.674

0.4820.722
0.457]0.768
0.438|0.814

From Table 9 we can see that an increase in the number of flame
tubes 7, (row 10) leads to an increase in the diameter of the
combustion chamber inner casing D,, (row 23).

Choose the value of n;, = 14. This value satisfies the equations:

Din > Dout,l,Z (0407 > 0406)
and

Din > Dout,l,Z (0407 > 0336)

The number of flame tubes was chosen as the minimum for the
correct combustion chamber layout.
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7. CALCULATION OF THE TURBINE DIMENSIONS

The function ofthe GTU's turbine part is to produce the mechanical
energy of rotation.

The turbine is a heat engine in which the potential energy of the
working fluid is converted into mechanical energy ofthe rotor. The
potential energy is characterized by an enthalpy, which is functionally
dependent on the pressure and temperature of the working fluid. The
pressure of the working fluid in the gas turbine units increases in the
compressor part. The temperature of the working fluid increases in
the combustion chamber. And we know that the working fluid in GTU's
turbine part is the product ofhydrocarbon fuel's combustion.

In the majority of gas turbine units, axial-flow turbines are used;
in low power GTUs, radial-inflow turbines are sometimes used.

Consider the determination of the main dimensions of the GTU's
turbine part.

We accept that GTU's turbine part consists of three axial-flow
turbines: high pressure turbine, low pressure turbine and power turbine.
The dimensions of'the turbines are calculated sequentially, starting with
HPT. The scheme of axial-flow turbine is shown in Fig. 12.

Dml | Ll - Dm2

>
< »

Fig. 12. The scheme of axial-flow turbine
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The calculation of all turbines is carried out according to the same
formulas considering the some features. The steps for calculating the
dimensions of axial-flow gas turbine are given below.

1) The following parameters were determined during thermal
calculation of GTU at nominal operating mode:

— gas mass flow through turbine G, (accordingly, G,;, G,, and
Gi3);

— turbine inlet temperature 7', (accordingly, 73, 75, and T3 3);

— turbine inlet pressure p; (accordingly, p;, ps, and p;3);

— excess air coefficient in the combustion chamber ¢ .

2) Specific heat of gas before turbine

cpgl :f(Tlaa)'

3) Specific heat ratio for gas before turbine

ky = _ “pet
¢ pgl ™ Rgas

where Rg,; = 0.288-0.290 kJ/kg/K — gas constant of turbine gas.

4) Medium diameter at the turbine inlet D,, | is accepted with
further clarification in step 26.

For HPT D, , is approximately equal to medium diameter of the
flame tubes installation.

For LPT D,, , isapproximately equal to medium diameter before
HPT.

For PT D, ; is some more than medium diameter of LPT.

5) Turbine rotor speed 7, is accepted based on the GTU's design
features.

For HPT n, is equal to the rotor speed of HPC.

For LPT n, is equal to the rotor speed of LPC.

For PT n, is equalto the rotor speed of load (consumer).
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6) Circumferential velocity at the medium diameter of the

turbine inlet

74

nD,, n,
60
7) Axial velocity at the turbine inlet
¢, = (0.30...0.40) u; .
8) Specific flow velocity at the turbine inlet

U =

— Cal

har = 57 .
\/gl Ry Ty -10°

gas
kg +1

9) Gas-dynamic flow density function at the turbine inlet

1
ko +1 ko —1 kg =1
40hy) = e, | | 1= 500 |
2 kg +1

10) Required flow area at the turbine inlet

G, T,
kgl
2 k 171 k 1
gt Ry 10
11) Length ofthe first stage blades
p--h
an,l



12) Outer diameter at the turbine inlet

Dout.l - Dm.l +ll .
13) Inner diameter at the turbine inlet
Djy1 = Dyy =1

14) Number of turbine stages z, is accepted according to the
basic gas turbine engine.

For example, such engines of "Zorya-Mashproekt" as UGT 3000,
UGT 6000, UGT 10000, UGT 15000 and UGT 25000 has single-
stage HPT and single-stage LPT. If your basic gas turbine engine is
one of them, then you must accept z,; = 1and z,, = 1.

Depending on the application, the number of stages of a power
turbine z,3 can be from 2 to 6.

15) The following parameters were determined during thermal
calculation of GTU at nominal operating mode:

— turbine outlet pressure p, (accordingly, p4 1, P4, and py);

— turbine outlet temperature 7', (accordingly, 7'y, T4, and 7'4).

16) Specific heat of gas at the turbine outlet

Cpg2 =f(1,).
17) Specific heat ratio for gas at the turbine outlet

Cpg2

pg2 _Rgas

c

kgr

18) Axial velocity at the turbine outlet
Car = (1.00...1.05)c,, -
19) Specific flow velocity at the turbine outlet

— Ca2
Ca2 *
2k
\/ &2 R T,-10°

gas
kgy+1
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20) Gas-dynamic flow density function at the turbine outlet

1

k,,+1 k,,—1 kyr=1
q(}\‘c 2) = 7\40 g2 1- 82 7\‘20 .
‘ 2l 2 kgy +1 2

21) Required flow area at the turbine outlet

F2 = Gt\/?z

kyy+1

2 K™l kg2 6
3 p2 q(kcuz)'lo
[kgz +1 R, 10

22) Choosing the turbine stages layout. The most popular is the
layout with a constant medium diameter D = const. For power
turbine, the layout with a constant inner diameter or the layout with

a constant outer diameter can be adopted also.

We accept the layout with a constant medium diameter for all

three turbines. Then medium diameter afier turbine:

76

Dm.Z = Dm.l'

23) Length of'the last stage blades

F,
12 = .
ﬂ:Dm.Z

24) Inner diameter at the turbine outlet
Djy5 = Dya =1y
25) Outer diameter at the turbine outlet

D ut? = Dm'z +12.

o



26) At this step we must check the equation

D2 >35.
)

If'this equation is not fulfilled, then the turbine has an unacceptably
big length of the blades. Therefore, we must to return to step 4 and
increase the medium diameter of the turbine D, ; . (An increase in the
medium diameter D, ; improves the fulfillment of this equation.)

27) Medium diameter of turbine

D,,=05(D,,+D,,).
28) Medium length of turbine blades
l,; =050 +1).
29) Ratio

30) Coefficient 5, = £(),) is determined using Table 10.

Table 10
Values of coefficient §,

Ml4a|5|6]| 7891011 |12]13]|14[15[16|17|=18

ol

0.62]0.77|0.91|1.05[1.17(1.27|1.37|1.46/1.53]1.60(1.66|1.71]1.74|1.79|1.82

31) Axial dimension of single turbine stage
by = gzlm.r

32) Axial dimension of turbine main casing
L= zby,.
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33) Axial dimension of intersection between LPT and PT for
"Zorya-Mashproekt" engines is

L, ~(0.35..0.40) DT
34) Axial dimension of rear bearing casing for power turbine
L, ~(0.30..0.35) DT

The fulfillment of this part of an individual task is presented in
Example 6.

Example 6

Determine the main dimensions of the GTU's turbine part
for initial data and calculation results of Examples 2-S5.

From the analysis of the basic gas turbine engine UGT 6000, we
know that the GT U's turbine part consists of three axial-flow turbines:
single-stage high pressure turbine (HPT), single-stage low pressure
turbine (LPT) and three-stage power turbine (PT). There is no
intersection between HPT and LPT.

Turbine rotor speed 7, for HPT is equal to the rotor speed of
HPC (11290 rpm). For LPT #, is equal to the rotor speed of LPC
(9962 rpm). For PT n, = 7300 rpm.

Allthree turbines has the layout with a constant medium diameter
D, =const. The medium diameter D, , for HPT (0.585 m) is
accepted some smaller than medium diameter of the flame tubes
installation (0.588 m). HPT and LPT has the same medium diameter
(0.585 m). The medium diameter for PT D,,; = 0.760 mis accepted
with further clarification.

The axial dimension of intersection between LPT and PT L;,,,
and the axial dimension of rear bearing casing for PT L,, are
determined according to recommendations for "Zorya-Mashproekt"
engines.

The results of the calculation are summarized in Table 11.
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Table 11
Calculation of GTU's turbine part

Result

Parameter Formula HPT | LPT | PT

1. Gas mass flow through

turbine G, , kg/s Table 5 21.7 1 23.1| 242
2. Turbine inlet

Table 5 1500 | 1221 | 1049
temperature 7, K
3. Turbine inlet pressure

Table 5 1.996(0.803]0.414
P> MPa
4. Excess air coefficient in
the combustion chamber Table 5 2.953(2.953(2.953
o
5. Specific heat of gas at
the turbine inlet ¢, ,; , f(T,0) 1.27311.229]1.196
kJ/kg/K
6. Gas constant of turbine
gas R kJ/kg/K Accepted 0.288]0.2880.288

gas >
7. Specific heat ratio for Cpgl 12921 1306|1317
gas at the turbine inlet k €po1 — Rous : : ‘
8. Medium diameter at the
turbine inlet D, |, m Accepted 0.58510.585(0.760
. Turbi t
9. Turbine rotor speed n,, Accepted 11029 9962 | 7300
rpm
10. Circumferential
velocity at medium nD,, n,
diameter at the turbine 60 346 | 305 | 290
inlet u;, m/s
11. Axial velocity at th
e veloetty at the (0.30...0.40) u, 121 | 107 | 102
turbine inlet c,;, m/s
Cu
12. Specific flow velocity Y .
at the turbine inlet A, g g 1103 0.173/0.169(0.173
al gas *'1
kg +1
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Table 11

Parameter Formula HPT RIfls,l,lrlt PT
13. Gas-dynamic flow TR %r'
density function at the "ca{igz {"7/(; H"%G.H “ J0.273[0.266|0.272
turbine inlet g( )
. G/\/E
14. Required flow area at T 0.03930.09590.1
the turbine inlet F,, m? \/[A zﬂ]k"' - kf'mz pate )00 [ 095901757
15. Length of the first al
stage blades J;, m D, | 0.021{0.052(0.074
16. Outer diameter at the D /
turbine inlet D, |, m o1 T 0.606|0.637|0.834
17. Inner diameter at the D /
turbine inlet D, |, m 1 — 0.564(0.533(0.686
18. Number of turbine A d ! ! 3
stages z, ceepte
19. Turbine outlet pressure
1y, MPa Table 5 0.803(0.416(0.102
20. Turbine outlet
el Table 5 1221 | 1049 | 771
temperature T, , K
21. Specific heat of gas at
the turbine outlet ¢, f(T,,a) 1.229(1.196|1.135
kJ/kg/K
22. Specific heat ratio for Cpe2
gas at the turbine outlet kgz Cper — Reas 1.306]1.31711.340
23. Axial velocity at the
turbine outlet ¢, , m/s (1.00...1.05)c,, 127 | 112 | 107
. . Ca2
24. Specific flow velocity Y
at the turbine outlet A SR R T, -10° 0.20110.19110.212
“ kgy +1 5%
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Table 11

Result

Parameter Formula HPT1LPT | PT
25. Gas-dynamic e
flow density function | kg +1 . kgo —1}3 kel
at the turbine outlet el 2 kgy +1 0.31510.29910.329
q(r.,,)

G,\T,
26. Required flow — I
area at the turbine 2 ket kg Pra(h. )-10° 0.0761{0.1521]0.5025
outlet F,, m? kg +1 Ry -10° 7770
12a7};0'f11tlrb1ne stages Accepted D,, = const
28. Medium diameter
at the turbine outlet Equalto D, 0.585]0.585|0.760
D,,,m
29. Length of the last F, A1 511
stage blades /,, m nD,,, 0.04110.083 10.
30. Inner diameter at
the turbine outlet D,,-1, 0.544(0.502|0.549
Dy, m
31. Outer diameter at
the turbine outlet D,,+1, 0.626|0.66810.971
Dout.Z > M
D
If =%2<35,th
32. Check of result =3, then o]+
you must return to step 8
33. Medium diameter
of turbine D . m 0.5(Dy,1+Dy5) 0.585{0.585]0.760
m.t >
34. Medium length of
turbine blades /, ,, m 0.5(4, +1,) 0.031]0.068|0.142
m.ta
D
35. Ratio 2, l—"” 18.6 | 8.7 | 5.3
m.t
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Table 11

Result
Parameter Formula HPT | LPT | PT

36. Coefficient 3, f ) 1.82 | 1.24 | 0.82
37. Axial dimension of _
single turbine stage b, , m Sl s 0.057{0.084|0.117
38. Axial dimension of
turbine main casing L,, m Ziby 0.0570.08410.350
39. Axial dimension of
intersection between LPT (0.35...0.40) D17 0.234
and PT L;,,,m
40. Axial dimension of rear Pr

(0.30...0.35)D,,,;» 0.291

bearing casing for PT L,,, m
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8. SKETCHING OF GTU’S LAYOUT

At the first stages of designing a gas turbine unit, in order to
determine its main sizes, the dimensional calculation and layout are
carried out.

First of all, the radial and axial dimensions of compressors,
combustion chamber and turbines are determined. During this
calculation, the number of stages of compressors and turbines, the
speed of their rotors, and the number of flame tubes in the combustion
chamber are estimated. As a result, we obtain data for performing the
layout of GTU and can draw a longitudinal section ofits flowing path.

The radial and axial dimensions of the transitional parts of the
GTU (the inlet casing, the front and rear compressor casings, the
intersections between the compressors and turbines, etc.) required
for the layout are usually determined based on the existing designs of
gas turbine units.

When designing, it is necessary to ensure that the direction ofthe
midline of the working fluid in the gas turbine unit is as smooth as
possible. Sudden changes in the flow direction in the GTU due to the
difference in the diameters of components lead to increased pressure
losses and, consequently, to a deterioration in the efficiency ofthe gas
turbine unit.

An example of layout of'a gas turbine unit is shown in Fig. 13. All
axial and radial dimensions necessary for sketching were determined
in the previous parts of the work. Figure contains only the most
important dimensions that was used.

The total length of the gas turbine unit is determined as the sum of
the axial dimensions of its components:

Loy =Ly +Lp+Lgy+Lipyp + L+

+ L. +Ly+ L+ Ly + L+ Ly,

&3



Fig. 13. The layout of gas turbine unit

Recall that the layout shown in Fig. 13 assumes the presence of
a two-spool axial-flow compressor, a reverse-flow tubo-annular
combustion chamber, and three axial-flow turbines in a gas turbine
unit. Intersection between the 1st and 2nd turbines is absent. Such
a layout is typical, for example, for most of the marine gas turbine
units of "Zorya-Mashproekt", which are used, as a rule, as the basic
gas turbine units for this individual task.
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