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DESIGNATION LIST

DTRD = ATPA = turbofan engine
; TJE = TPA4 = turbojet englne
E VD = B4 = high-pressure
A TVD = TB4 = turboprop engine
GTE = [TA = gas turbine englne
DTRDF = ATPA® = turbofan englne with afterburner
KPD = HNA4 = efflclency
{ ETsVM = 3UBM = electronic digital computer
¥ LP = HL = low-pressure
RJE = MNBPJ = ramjet
] TJEW-AB = TPAd = turbojet engine with afterburner
AMC = ®CH = afterburner mixing chamber
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PREFACE

The scientific-technical collection submitted to the readers'
attention unites thematically a group of articles dedicated to the
different aspects of an Iincrease in efficiency of contemporary
[DTRD = turbofan engine] (ATPA) with a high bypass ratio.

They include theoretical studies of different methods of
improvement of the thermodynamic cycle of DTRD and of the optimum
selection of operating conditions parameters, as a result of which
specific fuel consumption decreases. To these methods on one hand
one ought to relate the use of high bypass ratlos on the basis of
the forced operating conditions according to parameters (temperature
of the gas before the turbine, the compression ratio of the
compressor) of the cycle of engine; on the other hand - the
application of heat recovery in DTRD with high bypass ratio on the
basis of a high-temperature cycle with a low compression ratio.

A comparative efficlency of these two alternative methods to
a considerable degree vill be determined by design perfectlon and
specific welght, and operational reliability of the accomplished
power plants.

A series of articles 1s qdqedicated to the methods of the
experimental and theoretical investigation of DTRD with the booster-

mixing chambers and to the creation, for this purpose, of original

experimnental installations.

FTD-MT-24-661-73
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Finally, a series of articles i1s dedicated to the extremely
acute and actual problem of contemporary civil aviation - to the
problem of a reduction DTRD noise at large bypass ratio values.

In these articles the basic physical characteristics of the
noise of aviation [GTE = gas turbine engine] ('TA) and the mechanism
of noise formation at the basic sources (reactive jet, compressor,
fan) are examined; the range of bypass ratios 1s determined, in
which the noise of fan turns out to be predominant; the methods

of calculation of the nolse of reactive jets and compressor are
examined.

Furthermore, 1n these articles are examined: the role and
place of full-scale experiment in acoustic studies, posasible
schemes of the open stands created for this purpose, the enumeration
of studles which can be executed on such stands.

The published articles are a summarization of several
scientific investigations made in the Department for the Theory
of Alrc.aft Engines [RKIIGA] (PHMUIA) during 1968-69.

The present scientific-technical collection is of interest

to speclalists who work in the area of aircraft engine construction,
and also to the graduates and students of aviation [VTUZ's] (BTY3).

From editor
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AN ENERGY STUDY OF THE EFFICIENCY OF TURBOFAN
JET ENGINES AT SUBSONIC SPEEDS OF FLIGHT

A. L. Klyachkin, A. Ya. Dantsyge

In this article the results of the calcu-
lated study of the effect of operating condi-
tion parameters and the bypass ratio on the
efficlencles of useful action of prospective
non-boosted DTRD at the subsonic speeds of
flight are examined.

The physical interpretation of the
obtained laws 1s glven, and recommendations
regarding the development of DTRD parameters
which provide its best cost-effectiveness are
als. glven.

It is known that the efficiency of a DTRD as any jet engine,
it 1s estimated at three efficiencies: effective (ne), thrust (nR)

and total (no), where
N =% + TR (l)

At a fixed flying speed total efficiency [KPD] (HKMNA) uniquely
determines the specific fuel consumption that follows from the

relationship:

A V
Cy_‘ =.8.43 -I_—';—n:' (2)

The advantage of non-boosted DTRD over the turbojet engine
according to cost-effectiveness 1s explained by the fact that
the introduction of the secondary circult during the optimum or
close to optimum energy distribution between contour retards the
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RGN RSN

R

R Y

e A

o dnki:




oo g e b s i wit Bl R g it bt Loy i Adbdiaity P G d b pa S st i i b L L AL T R R Epi ol ok Sttt e, CL SRR Cdil s b i 2 cod' S L gt g

outflow of gas from the jJet nozzles of the contours. Thus, the.
thrust engine efficiency substantially increases. However, in

E this case the added losses of energy are introduced during its
transfer from the first contour to the second, as a result of
which the effective efficlency 1s lowered.

Thus, total efficiency increases (and consequently, the cost-
] effectiveness of a DTRD 1is increased) when an increase in the
thrust efficiency substantially predominates a reduction in the
effective efficlency, or when as a result of the development of
the DTRD parameters both efficlencies increase: effective and
thrust.

The evaluation of the effect of the development of the
operating condition and bypass ratio parameters on the efficiency

g L

of prospective DTRD 1s of considerable interest. This evaluation
makes 1t possible to obJectively establish the prospects for an
improvement in the cost-effectiveness of DTRD in the coming years.

Effect of the Parameters of Operating
Conditions (n: and T§) and Bypass

Ratio (y) on the Efficiency of (n
ng and no) DTRD

e)

Figures 1-U4 depict the results of the calculations according 4
to the study of the effect of the parameters of operating conditions
(n:, Tg) and bypass ratio (y) on the specific parameters (Ryn and
C. ), and also on efficilency (ne, R no) of turbofan engine for

YA
standard subsonic design conditions (M0 = 0.8 and H = 11 km). g

In these calculations the parameters of the DTRD changed over

H
a wide range of the values: ?
3
Ts* = 1200—1800°K;
7t = 20---70;
y = 0+ 20,

FTD-MT-24-661-73 2




il rpar Lt S o ai

A R, N T A

i e D - M

Co | 1,06: Hettenr. .- -
(Y| St | . .
Wfﬂ; PGy ol i ey

_u% + =R R S
L. = I R o T
! RS

-
'

k- & -

|

|..- St s et

I_

FTD-MT-24-661-73 3

gl LTI VLT

i sl e oo
1
= -
1

specific parameters of the DTRD (y
KEY: (1) DTRD; (2) kg/kg+h; (3) kg/kges.
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(55

= 0.5).

Fig. 1. The effect n: and Tg on the

specific parameters of the DTRD (y
KEY: (1) DTRD; (2) kg/kgeh; (3) kg/kges.

Fig. 2. The effect ﬂ: and T§ on the

= 10).
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Fig. 3. The effect n: and T§ on the

specific parameters of the DTRD (y = 20).
KEY: (1) DTRD; (2) kg/kg h; (3) kg/keg s.
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Fig. U. The effect of the parameters of the operating conditions
with y = 0.5 and y = 10 on the efficiency of the DTRD.
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The followlng improved values of the particular efficiencies
and loss factors of the main centers of prospective! triple shaft
DTRD were accepted.

,‘l. = 0089; ’mnm' =T (l‘..ll. = 01G7:
T = Teicw® = Nyma®* = 0,92; .
0 =10, 2,*=097, 3, =099 ¢, =099

In the calculation the air bleed from the high pressure
compressor for the cooling of turbine blades [VD] (BA) was also
g considered, which comprised, dependent on the level of the
temperature of gases Tg, from 4 to 10%.

In Fig. 4 in coordinates n, and ng (with the applied hyperbolic
grid of the isolines N, = const) represented the total effect of
nH* and T% at fixed values of y (y = 0.5 and 10) on the efficlency
of DTRD. Such a coordinate system makes 1t possible to estimate
in demonstrative form how development (change) of the parameters
of engine simultaneously affects the three efficiencies.

We see that an increase of the bypass ratio from 0 [TJE] (TPA)?
to 10 and more in the entire range of parameters of operating
conditions sharply increases the total efficlency because of the
predominant increase in the thrust efficiency with an insubstantial
reduction in the effective efficliency. A change of T§ and n: with
y = const in dependence on the numerical value of the 1nitial
parameters of engine affects its efficiency differently.

'Taking into account the possibility of an improvement in the
hydraullic and gas-dynamic perfection of the air-gas flow area of
the engine.

21r. Fig. U4 y = 0.5, 4
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From Fig. 4 it is possible to make an important conclusion.

It 1s advantangeous-to produce increase n: only up to a value of Ne
which differs little from the maximum (ne MaKc). If with low
bypass ratio the increase of n: over n:(

Newmanc
increase Ngs then with large y a similar increase of n: leads to
a drop of UP Thus, an approach to the selection of the computed
value of ﬂ: at large values of y should be analogous to that

made at high pressure turbines,

) still can somewhat

Another conclusion is that increase of Tg, as a rule, makes
the cost-effectiveness of DTRD worse at all values of y in question,

with the exception of very high values of n: (~70).

Q2% N I |

. D5-as9. p-asr M-8, H-tlew
e L Dp=Q92, Cgp=10 — lLip=1200K Xu~20
i 609 Yoc099 — —— Ty BOOK T 70
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Fig. 5. The effect of bypass ratio on
the efficiency of DTRD.
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Figure 5 shows the effect of bypass ratio (for fixed values
of T§ and n:) on the efficlency of DTRD. We see that an increase
of y from C to 20 sharply increases thrust efficiency from 0.34-0.U44
to 0.83-0.90, i.e., more than 2 times. Effective efficlency in
thls case initially decreases somewhat from 0.51-0.62 to 0.43-0.52,
i.e., to approximately 20%; it is characterlstic that in the range

of values y = 4-20 effective efficiencies virtually retain an
invariable value,

The totel efficiency of a DTRD with an increase.of y
continuously grows from 0.21-0.23 to 0.37-0.43, i.e., almost to
80-100%, whereupon it is especially intense using the high
parameters of operating conditions (T% = 1800°K and n: = 70).
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Fig. 6. Fig. 7.

Flz. 6. The temperature effect of the gas before the turbine
¢n the efficlency of DTRD.

Flg. 7. The effect of the compression ratio of the compressor ;
on the efficlency of DTRD.
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Figure 6 shows the temperature effect of the gas before the
turbine (for a series of fixed values y and n:) on englne
efficiency. We will see, that an increase Tg continuously lowers
thrust efficiency (losses with outlet velocity grow). It is
characteristic that a drop in the thrust efficiency, as a rule,
compensates for an increase in the effective efficliency. 1In
summation, with an increase of Tg the total efficiency falls with
tre exception of high values of y (y = 10) and n: (ﬂ: = 70°);
however, even in this case the economic value of Tg (to which
corresponds the maximum of total efficiency and minimum CyA) does
not exceed a value of 1400°K.

Finally, Fig. 7 depicts the effect of the compression ratio of
compressor n: (for a series of fixed values y and Tg) on the
efficiency of DTRD. From this figure it follows that with an
increase of n:, dependent on the level of parameters y and T%,
effective efficlency can be changed differently: with low y and
Tg it continuously grows; with large y and low T% it continuously
falls. Curves n, can have a maximum on n:.

The total efficiency of the engine with an increase of n:
increases at high values of Tg and has a maximum with n: =z ko,
when Tg = 1200°K.

Conclusions
During an observed high level of the efficilency of units of

prospective DTRD, calculated for the large subsonic speeds of
flight, to provide for the best cost-effectiveness of the engine:

1. It 1is advantageous to increase the bypass ratio of engine
to values of y = 10-15, whereupon the larger, the higher the i
accepted level of T§ and n:.
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2. It 1s inadvisable to increase the temperature of the gas
before the turbine in cruising flight over values of 1400°K.
This 1s profitable, however, from the viewpoint of an increase
in the specific thrust of a DTRD, 1.e., for reduction in the
overall dimensions and weight of engine,

et

3. It 1s advisable to continuously increase n: (up to
ﬂ: = 70-100) only at high values of gas temperature before the
turbine (when T§ > 1400-1500°K). When y = 10 and T% = 1200°K the

economic value of n: does not exceed a value of 35-40.

§ 4. The realization of a DTRD with parameters of operating
' conditions in cruilsing flight (M0 = 0.8; H= 11 km); T% = 1400°K;

ﬂ: = 40 and y = 10 makes it possible to create a third generation
DTRD with specific fuel consumption C 0.50-0.52 kg/kg*h at ;
values of efficiency M) = 0.38-0.40; "R 0.82-0.84;, ng = 0.46-0.48. 1

n ne
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{ APPROXIMATION OFf THE BASIC THERMODYNAMIC
1 FUNCTIONS USED FOR THE CALCULATION OF
GAS TURBINE ENGINES

M. P. Budzinauskas, V. P. Labendik

In this article equations are presented | 3
whlch approximate the thermodynamic functions ‘!
used for the calculation of gas turbine engines,
and the procedure of thelr application 1is

presented. Tables &are presented which make 1t 1
possible to estimate the accuracy of the approx- 9
imation of the basic thermodynamic functions.

Principal Notations E

T - temperature
AT - change in temperature 5
T = ;% - relative temperature §
i1 - enthalpy ) q
S - entropy ]
AS - change 1n entropy ‘ }
m - compression ratio (expansion) 3
m. - the relative consumption of fuel 3
Euc = combustion completeness coefficlient ?
Hu - fuel heating value ;

& - the excess alr ratio




¢ =

the specific heat at constant pressure
universal gas constant

thermal equivalent of work
Naperian base

® > /O
1

Indices

Superscript:

* - stagnation parameter
n - order of approximation

Subscript: ]
3
1 - the beginning of process (entry to compressor) :

2 - the end of the process (compressor outlet)
3, 4 :
and 5 - the parameters at the entry to turbine, turbine exhaust i
and 1n the section of jet nozzle %
A - dynamic :
H - compressor E

T - turbine

¢ - afterburner

Jet nozzle

alr

combustion products (gas)
adiabatic

Contractions

[GTE] (FTA) - gas turbine engine i
[(DTRD] (ATPA4) - turbofan engine : i

(ETsVM] (3UBM) computer - electronic digital computer




At present gas turbine engines hold the ruling position in
aviation. 1In accordance with this the front of the scientiflc
work in the region of study of these englnes was cousiderably
expanded. The complexity of GTE of latter generations makes thelir
calculations more laborious. It 1s loglcal, that the acute
necessity of the rapid and precise thermodynam'c calculation of
these englnes arises. For the acceleration of calculations,
computers are beling ever more widely applied. The necessity of
more precise methods of thermodynamic calculation 1s especilally
strongly percelved in the case of investigation high-temperature
DTRD with high compression ratios and bypass configuration. This
problem 1s no less acute durlng studles of engines for supersonic
aircraft.

One ought to consider the method of calculation of gas turbine
engines, based on the application of thermodynamic tables, most
adequate fcr accuracy and simplicity. Such tables on the basis of
the newest data on the specific heat of gises were complled in
1956 by V. M. Dorofeyev. The tables give the thermodynamic
functions for alr and combustion products of standard kerosene.

The method of calculation of DTRD by application of tables of
thermodynamic functions can be easily used also for machine
calculation, however in thls case it 1is necessary to encumber the
memory unit of the computer by a large quantity of tabulated data.
The subsequent selection of these data and their unavoidable
interpolation substantially complicate the program and increase
calculation time. It 1s completely understandable that such an
approach 1s acceptable in the case of applying larze computers of
the "Minsk-22" type.

In the case of the application of small-scals ‘omputers of
the type of "Promin'" etc., it is necessarv <!t cr to simplify
procedure with a loss of accuracy, or to sca:rch for adequate
methods of approximation of thermodynamic functions by equations.
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The proposed method for the calculation of GTE is based on-
approximation by polynomials of the basic thermodynamic functions.
Such an approach maximally decreases the necessity to have large
immediate access memory, since the relatively small quantity of the
initial values and coefficlents 1s easily introduced directly from
a console.

During the calculation of the processes of compression and
expansion for a GTE it 1s necessary and sufficient to have the
following analytical expressions of thermodynamic functions for
air (a = =) and pure combustion products (a = 1)

i=f(T); T=g¢() and AS=H(AT;T),

and for the calculation of combustion chambers (basic and booster) -
cofunction f(T#).

The analytical expressions of thermodynamic functions 1 = f(T)
and T = @(1) were ©btalned by means of the approximation of the

tabulated dat polynomials of the form:

i=al 46T+ c4-dT ‘ (1)
and

T=1i'+ 30 + A3, (2)

Appruximation of thermodynamic functions by polynomials of the
fourth degree makes it possible to attach equations to five points
of the tabular values of these functilons.

The coefficients of equations (1) and (2) were determined at
reference polnts by the solution of systems of linear algebrailc
equations of the fourth order relative to these coefficients. The
solution of the systems of equations was carried out on the
"Promin'" computer. The values of the coefficients of equations
(1) and (2) respectively for air and combustion products (a = 1)
are given in the following table:




Table 1.

Coeffi-

clents o b c q

. =10 -7 -4

Ar -0.10353-10"19]0.35002-10"7 |-0.15931-10"*|0.24089
a4 = ©
Combustion  |-0.71294-10"11{0.21554-10"7 | 0.12027-10""]0.24163
products
a=1.0

Coeffi-

clents a B y .

Alr 0.90875-10"% [-0.7331-107% | 0.5910-1073 |4.1765
a:m
Combustion 0.25872-10"8 |-0.12449-10"2|-0.1451-1072 |4.1613
products
a = 1.0

Equation of the adlabatlic curve 1is

\)
'J'!=e‘4

b

(3)

in coordinates of m, and S gives the simple dependence of the

compression ratio (expansion) on a change of entropy, and in the

last analysis on the temperatures of the beginning and end of the

processes of adiabatic compression or expansion.

Let us find dependence of AS on the temperatures of the

beginning and end of the adlabatic processes

14
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In accordance with the form of the equation 1 = f(T), the
dependence of the true values of specific heats on the temperatures

is written by the equation
¢, =AT" 4+ BT+ T+ D (5)

As a result of the integration of expression (4) taking into
account equation (5) we obtain, that

.\S‘:.'-; (Ts* — T,’)+g(T,’—T,’)+c(T,-- Tx)+D'“';::' (6)

It 1s not difficult to demonstrate that the coefficients A, B, C
and D unambiguously depend on the coefficients of a, b, c and d
of equation (1).

Actually,

T
i=aTé+bTP 4 T4 AT = fc‘,dT.
Y

After replacement of cp in integrand by its value from equation (5)
we obtaln the equality,
. . A, B c
UT"+‘bT’+CT+d7=—4r‘+§'r‘+21‘2+DT.
from which it follows that
A=4da; B=3h; C=2 and D=d.

Then expression (6) is finally written:
4 3] .. T,
AS=a(ly -T2 + 5b (T2 T/ +26(T,— T+ dIn % (7)
1

i.e., they obtalned thermodynamic function AS = Y(AT; T), which
makes it possible to determine adiabatic compression or expansion
ratio by equation (3) when the temperatures at the beginning and

end of these processes are known.,

Equations (3) and (7) can be utilized directly for determining
the dynamic compression ratio "A at the input device of the engine
and the expansion ratio of gas in the turbilne, n:, since the
initi21 and final temperatures for these processes are unambiguously

15




determined. It is somewhat more complex to determine the
temperature at the end of the process of compression in compressor
and the thermodynamic temperature in a jJet nozzle, since in
these cases, as a rule, they are known as w: and npc. Let us show
how to use equations (3) and (7) to determine the temperature at
the end of the adiabatic process of compression (Tgan) in the
example of the calculation of a compressor. If n: is given, then
according to equation (3) we determine a change in entropy ASH.
Further for determining temperature Tgag with the assigned in
advance accuracy cquation (7) we solve by the method of successive
approximations. 1In the first approximation of-TgéA, we find
according to the formula

Baaal

T =T+ ras’

where
L *=10257* (r %2 _|).

That found 1n the first approximation of Tgén we substitute in
modified equation (7), which we will rewrite:

F= ;'" (Taaa®* = 1*M + ;b Ty —T*) 4 2¢ (Taaa"— V") (8)
where '
= A8 —dlg Fan® (9)
F=AS—-dln Tu: -

From expression (9) we find the new value of temperature Tsan’

A e 5
sS, —F

Tﬂu' = Tl' e" ‘ "'
The found value of Tsag we again substitute in (8). The process of
approximation 1s continued, when the difference ngg'ngg_l) in
absolute value does not become equal to or less than the preassigned
value (for example 0.1°).
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The thermodynamic temperature T5 in jet nozzle 1s analogously
determined, 1if wpc is known.

For determining the relative consumption of fuel m_ both in
basic and afterburners 1t is most convenient to use the formulas
given in [1]:

a) basic combustion chamber

— b — i
m'-f“H“—f(T")-]-i," (10)

b) afterburner

L, it L m (T — [T,
1 e Eouc H, "f(Ty‘)""lz.

(11) i

where the enthalpies ig, 1%, in and i; are determined for the

approximate temperatures on air.

The values of functions f(T*) in expressions (10) and (11) are
‘ ziven in the table located in [1]. The tabular values of functions
3 of f(T*) are approximated with a sufficient degree of accuracy by
; the equation

e e i

F f(T)=AT + BN 4.CT 4, (12)
z where A = -0.33025+10" " |
é B = 0.25084.1073 ;
4 C = 0.35186 (
D = -17.533. |
;

To evaluate the accuracy of the approximation of the basic
thermodynamic functions by equations (1), (2), (7) and (12), in the
following tables precise (tabular) and computed values of these

functions are given.

17 .




Table 2.

: | |Determined by formulas (11, 1
b keal/kef {, kf:ll/kst' i=fT) T= r M _
é 100 «-10 h ke T ’ Te
3,16 18,50 ' 48557 203,16
103,16 45,53 100,57 96,5:8 | 10050 | 402,87 | 402,88
603,16 145,76 15358 .| 1451 | 15391 | 60273 | 60289
803,16 97,02 | 21014 197,01 | 21003 | 803,80 | 803,98
1003,16 2067 269,27 250,18 | 269,04 | 104,31 | 10046
1203,16 I 604 | 33085 [ 30805 | 33079 | 12032 | 12036
103,16 | 36280 . 394,43 26322 | 394,65 | 14003 | 1403,7
1603,16 4064 ! 159,58 421,08 | 460,01 | 16003 | 16006
18.3,16 1944 5B 478,34 | 525,82 | 18105 | 18042

The comparison of precise values of the basic thermodynamic
functions with the values of these functions, calculated from
i formulas (1), (2), (7) and (12), shows that in the temperature
? range in question (see Tables 2, 3 and 4) the deviation of the
calculated values from their precise values does not exceed 0.5%.
Keeping in mind, that tabular (precise) values of the basic
thermodynamic functions in question are determined with an accuracy
of 0.5% (see V. M. Dorofeyev's work "Thermodynamic Tables for the
] Calculation of Gas Turbine Engines"), then it is evident that the 3
error obtained during the calculation of these functions according j
to formulas (1), (2), (7) and (12) does not exceed the limits of g
accuracy of the avallable tables of the basic thermodynamic é
functions. ]

% Good convergence of results of the approximation of thermo-

dynamic functicns by the equations presented above makes it possible .
i to apply formulas (1), (2), (7) and (12) with a sufficient degree ] Q
' of accuracy for the thermodynamic calculation of gas turbine engines.
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Table 3. AS = ¢(AT; T2), where AT = T -7 , and T¥_ = 203.16°K;

. ° 2 le
Tlr = 403.16°K.
1
F AT 200 | 4v0 | 600 | 800 | 1000 | 1200 | 1400 | 1600 | 1800 ; 2000
! — 7 4
;s.x&-r}.;u.- « epad F, rzﬁ) z Iu,lsm 0,26352 | 0,33699 0,39648 0.44619!0.490-12 u.sessb!o,m 0.59170'0.0\2325
| —_—lh B L. . SN PR DU RO ORI .
b 1) 87| T3 ' ' 3
i AS, shaafse cepad| 1 F R 0,107190,18764 | 0,25333 [0,30928(0.5R81410,40185/0,44054(0,47603/0,50848
As'hg.-%;)x.r “epad) | 2o (016420 ] 0,26340 | 033650 |0,3%62000,4466010,19050/0,52890 0.56260’0.&'1.'1:;0,61560
= LS : l pooms
S L=
AS, axaifse » epao| T l 2 {00720 o.mso}o.zsa-zo 0.30900,0.&58'20i0,4mﬁolu.«owr».1745 0,5042
. Al = v L. - ! 3
(3) 3
KEY: (1) kcal/kg'deg; (2) Precise values; (3) According to f
formula (7).
1
Table 4.
T*°K [ 400 | 600 ! soul 10.0. uoo‘ MO Pol6e0 | IR0 | 2000
: | i | %0 | 3
(1) e ] o N I B :
f(T*) Tontnide snavenun | 161,23 | 276,68 | 407,60 552,02 i TOR30 | 876,11 ' 10520+ | 1236,32| 1425,4h
E —= o)
i /('['-) Paceu. no dopuy-| 161,23 | 276,76 | 407.60 | 532,14 | 708,84 | 876,10 | 10524 [ 12360 | 14254 4
I-_ 2) e (1M | i _
I KEY: (1) Precise values; (2) Calculation according to formula (12).
i
[
i Bibliography

b Mapros Ho 1L, baxyaes B. M. Pacwer sucorno-vaopocinny ss-
Paxiepie ik I yplopearTisuds asnrateach. Ofoponrins, M., 1960,

2 Tafamud Tepuoimaivconnn csoi e 1asnd. Boecowsisi acnaoreaun.
ookt wietigy 1 Focsrepronetar, M. 19054,




METHOD FOR THE CALCULATION OF DTRD
WITH HEAT RECOVERY

M. P. Budzinauskas

The work gives the procedure for approximate
computation of the parameters of efficiency of
DTRD with heat recovery in the first duct.

Principal Notations

T - temperature
- pressure

=~ T
!

enthalpy

A1 - change in enthalpy

- heat

- rate of flow of gas (air) stream
- flight speed

bypass ratio

- compression (expansion) ratio

- flow rate per second

€9 QO a3 < < o a
I

- velocity coefficient
g - coefficlient of completeness of combustion
Hu - fuel heating value
- specific heat at constant pressure
Lo - quantity of alr theoretically necessary for complete

combustion of 1 kg of fuel




R - universal gas content
k - adiabatic index

Indices é
Superscript:
% - stagnation parameter
Subscripts:
I - parameter in the first contour of engine
II - the parameter in the second contour of engine

2, 3, 4 - the parameters in characteristic cross sections of 3
engine (see Fig. 1) 4

8 - parameter for air f
r - parameter for gases or pure combustion products ?
p - regeneration §
T - fuel -
pc - Jet nozzle
Abbreviations ]

[DTRD] (ATPA) - turbofar engine 3
(TVD] (TBA) - turboprop engine
[KPD] (KPA) - efficlency

Introduction

The successful solution of the proolem of creation of an
alrcraft of large passenger capacity and flying range within the
framework of acceptable profitableness requires an essential
reduction 1n the specific fuel consumption of the power plants. %
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The selection of engine type first of all affects the level
of specific fuel consumption, however, for a passenger aircraft
the possibilities of such a selection are limited. In practice,
selection falls exclusively to DTRD.

A reduction in the specific fuel consumption of DTRD may be
attalined by an increase in the compression ratio of air in the
first contour of an englne with a simultaneous 1ncrease in its
bypass ratio and gas temperature in front of the turbine. The
transfer to higher gas temperatures in front of the turblne makes
it possible, to a great extent, to malintain sufficliently high
values of the specific thrust of the englne.

The possibilities of reduced specific fuel consumption by
increased efflclency of the baslic engine comporents are very
limited, and, at the present time, exhausted to & great extent.

Besldes the mentioned factors which faclilitate an increase
in the cost-effectiveness of DTRD, the so-called regenerative
method cof reduction in the specific fuel consumption, which is
widely applied for stationary gas-turbine power plants, is of
great interest. Successful attempts at the application of a
regenerative cycle for TVD are known, [1], [2] and [3].

The essence of regenerative cycle consists in the fact that
the preheating of alr entering the combustion chamber, the heat
of the gases which escape from the first contour of the DTRD is
partially utilized. Thus, the degree of the preheating of air

In the combustion chamber, and, accordingly, also fuel consumption
is reduced.

The schematic diagram of DTRD with heat recovery 1s depicted
on Fig. 1. The reaction gases of the basic contour are guided to
the heat exchanger arranged directly after the turbine where part
of the heat 1s given up to the compressed air which enters the

22
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combustion chamber from the compressor. Reaction gases, in
turn, passing through the heat exchanger, are cooled.

s 50
Vi [ lliee s S0 I Gl ) ?‘;'_.._:.}

- S T 3 st

I -
h 2 20 J] [ 24 .

_ » o
a) E
[ -]

Fig. 1. Schematic diagram of a turbofan
engine with heat recovery.
KEY: (1) Heat exchange.

Method of Calculation

The gas-dynamic and thermal design of DTRD, which work on a
regenerative cycle, 1s performed into two stages. Durlng the
first stage the parameters of gas in the baslc sections of the
turbo-compressor part of the engine and the relative consumption
of fuel (mT = GT/GBl) are calculated according to the usual
procedure with the use of the well-known equations and formulas
of the theory of turbofan engines [4]. The findings are accepted
as initial and utilized in the second stage for determining the
basic parameters of DTRD with heat recovery.

The regeneratlve cycle 1s considered given, if, besldes the
basic ini*tial parameters and the coefflicients of the particular
losses of the usual cycle of a DTRD the degree of regeneration of
heat np is known and total pressure losses o; along alr and gas
circuits of the heat exchanger are known.

By the degree of regeneration of heat is meant the relationship
of the actual preheating of air Tsp-Ts in the regenerator to the
theoretically possible preheating Tﬂ-Ts, i.e.,

To,* - T*

W T
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The total pressure losses along the air and gas circuits of
the regenerator are estimated by the total pressure recovery
coefficient.

3,° = "up.-qm’.n (2)

where o = p% /p% - the total pressure recovery coe cient in
h ; TP Sp/ ; the total ffici i

the air circuit of the regenerator system; o# P = pnp/pn - the

total pressure recovery coefficient in the gas circuit of the
regenerator.

|
|
!
|
|

On the basls c¢f the findings of calculating the turbo- :
compressor portion of the initial DTRD, the further calculation
of the parameters of efflclency of an engine with heat recovery
is conducted from the determination of the relative fuel ’
consumption mTp(mrp = GTp/Gl’ where GTp 1s conducted the fuel

consumption per second of a DTRD with heat recovery).

For determining the relative fuel consumption let us write

the equation of energy for two cross sections (at compressor and a

E the combustion chamber outlet) of the first contour of a DTRD. a
i

g (1 + Mep — mou) llt = (l - mu:.\) iﬂ‘ + (- mou) Aip. + §
-E + (l . mou) U + Myp iov 's
; where ;
2 1
m a— go_‘_‘ A .;

A —
1

The latter equation is solved 1in conjJunction with the equation
of heat balance in the combustion chamber of the englne

e
25,

5!(”“”’!]‘):(‘ "ma,u)qr
Bearing in mind, that ’

(M+L)m,
+ My, — My,

l':n0 + [ =t (’!+!")T"£_ Iy,

l—+ ml' — My,

h*=l
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where igr and 1§a - correspondingly the total enthalpies of air
and pure combustion products at the entry to turbine; after simple,
but bulky transforms we will obtain

rp - T
ml’=(l . mul‘l) m, (l : rp*-- T:

From expression (1) it follows that

Ty - Tt = (1" — Ty*) v,

Then finally

mey=(1- ,\,)(l T.n..) (3)

For determining the specific thrust of the first contour of a
DTRD with heat recovery we find the exhaust gas velocity from the

nozzle of this contour:

/ |
] — -2 —~
k X —1
CM" = ;f‘" ll’ 2g kw:"l I?r T‘p' ( —k-) ‘ (u)

T - e r
“pelip

The temperature Tﬂp can be found from the equation of heat
flow through the heat-transmitting surfaces of the regenerator.

Coe (VA m T, = To¥) = Cpp (1 — m,  JMT, * — T3,

Since
r’p:? — T.)* = (T‘* - th).
then
To' =T~ (T*—T,%, (5)
where

=G (l ),

C, \T¥m,




i ey o

Finally, the degree of expansion of gases in the jet nozzle
of the first of a DTRD with heat recovery we find according to the
formula:

Fpctp” == 8p° -+ By, (6)

In formula (6) ";cl 1s the degree of expansion of gases in the
Jet nozzle of the first contour of the initial DTRD.

The specific thrust of the first contour of a DTRD with heat
recovery will be

Then the specific thrust of a DTRD with heat recovery is
written:

Ry_nlp + ,\'R"“

erv‘_'—_“r_i_j‘_“' (7)

Finally, the specific fuel consumption of a DTRD with heat ;
recovery 1s determined from the formula: ;
C,. = 36002 .

= L |

Thus, formulas (3-8) at glven values of n, and o; make 1t
possible to accomplish the successive calculation of the basic
parameters of the efficiency of a turbofan engine with heat
recovery according to the avallable data of initial DTRD.
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STUDY OF THE EFFICIENCY OF A DTRD
WITH HEAT RECOVERY :

M. P. Budzinauskas

In the article are glven some results of 3
the investigation of the baslc technical and 1
economical indices of DTRD with heat recovery
and long-distance main-line aircraft equipped 3

by engines of this type.

Principal Notations

] T% - Zas temperature before the turbine
3 n: - the compression ratlo of air in compressor ]
g n; - the compression ratio of air in ventilator
{ y - a bypass ratio ,
3 n: - compressor efficiency
n; - the efficiency of ventilator
n: - the efficiency of turbine
n, - regeneration effectiveness! 1
0; - total pressure recovery factor in air and gas cilrcults
of the regenerative system
ogx - total pressure recovery factor in input device

1See page 23 of this collection.
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O = total pressure recovery factor in combustion chamber

EKC - completeness of combustion coefficient

vpc - the velocity coefficient of jet nozzle

CyA - specific fuel consumption

Ryn - specific thrust of the engine

aper = Gper/GaI - relative weight of the regenerative system,
where Gper - welght of regenerative system;

. GaI - the flow rate per second of the air
through the first contour of the engine
H - flight altitude
‘ M - Mach number of flight
Indices
Superscript:
* - stagnation parameter
Subscript:
I - parameter in the first contour of engine
_ IT - parameter 1n the second contour of engine
] 3k - economic

Contractions

[DTRD] (ATPA) - turbofan engine
[GTE] (r'TA) - gas turbine engine

s Introduction

The creation of subsonic main-line aircraft with a flying
range of up to 15,000 km 1s possible in the presence of highly
economical engines. The specific fuel consumptlion of such engines
at a cruice setting (H = 11 km and M = 0.8) should be found within
the limits from 0.5 to 0.53. Such a high cost-effectiveness of a
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DTRD can be achieved either by an increase 1n the compression ratio
of air in the first. contour of the engine with a high bypass ratio
and gas high temperature before the turbine or by use of a DTRD with

heat recovery.

In thlis article are given some results of the investigation
both of DTRD with the heat recovery and the long-distance main-line
alrcraft equipped with these engines.

The regenerative system of a DTRD with heat recovery always
includes a heat exchanger (see Fig. 1 in the foregoing article).!
For a transport GTE heat exchangers both of the recuperative type
and periodic action with a rotating matrix ("rotating") are used.
The "rotating" heat exchangers differ by the great compactness of
the heat-transmitting elements, however the large weight of
auxiliary parts impedes a creaticn of sufficiently light (engines)
for application in aviation constructions. Furthermore, the
presence of seals 1n the heat exchangers of this type limits the
possibllities of use of elevated temperatures and compression
ratios of the cycle, and the unavoldable overflow of air into
engine cavity after the turbine lowers the effect of heat recovery.
Thus, during selection of the fundamental characteristics of the
regenerator np and op, the use of tubular construction of the
recuperative heat exchanger was proposed with the cold air duct
within the tubes. The studles of recent years of regenerators of
this type [1], [2] and [3] show that they can be made sufficiently
lightly and compactly. From work [3] it follows that it is
virtually possible to obtain a degree of heat recovery of np = 0.75,°
in thils case the coefficient of retention of total pressure o; of
approximately 0.914 in the air and gas ciprcuits 1is obtained.

The values n_ and o* were stated as the basis of the calculation
of a DTRD with heat recovery.

13ee page 23 of this collection.
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In this article the results of the investigation of DTRD with
T§~= 1600°K over a wide range of change in the remaining operating
conditions parameters (":I = 5-20, y = 2-10) are represented, with
flight conditions H = 11 km and M = 0.8. Thus were accepted the
following values of the coefficients of partial losses:

It = 0198; ’uc. = 0,%; sue =0,99;

Tt =085 1,7=08% 7.*=09l 3q=3pan= 0,99.

The determination of the parameter of DTRD efficiency of the
regenerative cycle was carried out according to the methods given
in the foregoing article.!

Results of the Study of DTRD with
Heat Recovery

Figures 1-4 depicts the calculated dependences of the specific
fuel consumption of a DTRD on the compression ratio of air in the
second contour n; and on the bypass ratio y at different values of
W:I. The presented graphic dependences make 1t possible to
visually estimate the possibilities of a reduction in the fuel
consumption during heat recovery and to optimize engines according

to compression ratios in contours.

The comparison of those dependences given in Figs. 1-4 for the
simple and regenerative cycles of a DTRD (using identical operating
condition parameters) shows that, in the first place, the cost-
effectiveness of the engine substantially improves from heat
recovery; 1in the second place, in the case of applying heat recovery
£,77 ler values of economic compression ratios in the second contour
ar - obtained.

1See page 23 of this collection.
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Fig. 1. Dependence of Cyﬂ on m¥ and

y with n*I 2205000

KEY: (1) DTRD without heat recovery;
(2) DTRD with heat recovery
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Fig. 2. Dependence of C on n; and
y with w¥ yAa

KEY: (1) DTRD without heat recovery;

I=10

(2) DTRD with heat recovery.
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KEY: (1) DTRD without heat recovery;
(2) DTRD with heat recovery.
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Fig. 4. Dependence Cy,q on m_ and
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y with T 20.

KEY: (1) DTRD without heat recovery;
(2) DTRD with heat recovery.
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For example from the graphs of Fig. 2 1t is obvious, that
with y = 2, the reduction of C A because of heat recovery is

31.5%, and with y = 10, Cyn drops to 25.7%.
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‘Fig. 5. Dependence of Cyn"a 5 and

* -
Ryn on w¥_. (Results of the opti

mization of a DTRD with heat recovery

for Cyﬂ).

KEY: (1) DTRD with heat recovery.
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The results cf the optimization of the DTRD regenerative cycle

according to specific fuel consumption depending on the compression
ratio in the first contour and on the bypass ratio are given 1in
Fig. 5a. These graphic dependences were constructed according to
the data presented in Figs. l-U4 by selection of minimum values of
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Cyn dependent on y and ":I' The economic values of compression
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