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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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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
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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
[
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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

|
|
|

Cyn dependent on y and ":I' The economic values of compression
ratio in the second contour (Fig. 5c) correspond to these minimum
values of Cyn' Furthermore, Fig. 5 depicts the corresponding
values of Ryn(c)'

The analysis of the results of the optimization of engilnes
for CyA shows that the economic values of “:I rependent on y are
located in the interval of 10-13. The exclusively flat minimum
of these dependences makes 1t possible to consider that for all
values of y (from 2 to 10) W:I ok = 10. To select lower values
":I 1s 1nexpedient, since this leads to a sharper reduction of

RyA (see Fig. 52). ] 4

hear- sttt s Sl Sy
e

The obtalned minimum values of C q for englnes with heat 11
recovery with ":I = 10 (see Fig. 5a) in cruising flight and also
possible to achieve for DTRD, that work on a simple cycle, by a
very considerable increase in the compression ratio of the first
contour compressor.

Figure 6 depicts a dependence of C and Ryn on n: for a

yA I
simple DTRD. The comparison of the graphs presented in Fig. 5a and

]
: b shows that, for example, with y = 10, the level of cyn of a 3
3 simple DTRD becomes the same as of the engine which works on i

3

regenerative cycle, only when the compression ratio N:I = 58, but

i s

with y = 8, the identical specific fuel consumptions will be when
":I = 65, The fact that the compared engines have virtually
identical specific thrusts (see Figs. 5S¢ and 6) is remarkable.

b i

3 ll ! ¥
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Fig. 6. Dependence of C _and R _ on ":I
for a simple DTRD. yA YA

The reduction of CyA both by heat recovery and by an lncrease
in the compression ratio ":I unavoidably leads to an increase in
the specific weight of the engine. 1In the first case the specific
welght of the engine increases due to the welght of regenefation
system, and in the second - due to a galn in weight of the turbo-

supercharger and enrine block.

The approximate estimate of the specific weight of the compared
engines (having identical CyA)’ shows that a simple DTRD, with
7® = 58 and y = 10, has a specific weight up to 16% greater than

M1

* = Y = ) =] -
a DTRD with heat recovery (nHI 10; y 10 and Gper Gper/GI 26).

Results of the Study of DTRD Equipped
Ailrcraft wilth Heat Recovery

The study of the efficiency of long-distance aircraft equipped
with DTRD with heat recovery is of great interest. These studies
were carried out on the assumption that the operating conditions
parameters of the englnes were selected from the condition of ensuring
minimum fuel consumption in crulsing flight. DTRD with heat
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recovery, that have Tg = 1600°K, ":I = 10, n: = 1,69 and y = 10
(see Fig. 2) correspond to the condition of a minimum CyA'

The studles of the parameters of alrcraft efficlency were
carried out according to the methods given in work [4].

Since, at present, reliable data on the structural
efficlency factor of heat exchangers with the increased degepee of
heat regeneration are lacking, during the calculations the relatlve

weight of regenerator (G r) was varied within the limits from

4,0 to 26.

pe

As one would expect with an increase of the relative weight
of the regenerator the basic parameters of the efficiency of the
alrcraft studied deteriorate somewhat. For example, with increase
C from 4.0 to 26, the takeoff weight and the prime cost of

per
transport with a glven flying distance respectively increase by

0.5 and 4.0 percent,

In the following table are presented the results of the
study of the basic parameters of the efficlency of alrcraft equipped
both simple DTRD and those with heat recovery. In thls case the

relative welight of the regenerator was taken as Eper = 26.

From the comparison of the data presented in the table, it 1s
apparent that according to the basic 1ndices (Gaan and a), aircraft
which have DTRD with heat recovery are indisputably more profitable,
than alrcraft equipped with simple DTRD. For examnle, because of
the applicatlon of heat recovery, Gaan for alrcraft Nos. 1, 2, 3
and 4 descends to 2.1, 10, 3.7 and 10.7 percent. In this case the
prime cost of transport eorrespondingly drops to 1l.44; 9.75; 3.34
and 10.4 percent. A more noticeable reduction both of takeoff
welght and prime cost of transport is observed for long-distance

aircraft No. 2 and No. 4.
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Table.
~
~ areal:cren aren|aveaiatea|aren' 1reafnren
(2) (3)6e3 (4)c | ces | ¢ , Ges | ¢ | Bey | ¢
INokavarean "pere- ‘pcre- pere- | pere- | pere- | pere- | pere- | pee-
L s ep | uep. | wep. | wep. ! uep. | wep. | rep. | wep.
(5] Naneocrs L (xv) | Boon &cop 13000 | so ! ronu | 8o 15000 | 13000
g |

1) Cavarer \___:\1'_'__, i3y M2yl (5) B8 4l (3) M 8 )

(6)]Uncan naccaxnpos : | )

(n) 2000 60 1IN, S0 Sl 20 ] #5
(TN Bt vee ca- i

woaera G T4 T I 162 | 240 | 282 2721 248

(8)] Kowvepucckan na- | 49 K 11251 125 W 3 125 | B
rpyvana G s 75 0078 wunl) 0077 1 0,207 v,216 1 0,0921 0,108

AT K

(9){Cuppan veranonka [ 100" ok L 4o | 12 | o] 167 | 09| 16

(e L ao7  T071 | 00771 w8 ] 00791 0072 | 00771 B0
(10} ] Cemmcronuncts l '
L BO3OR @ ) ] '
RLCHEY ‘&m|ﬁﬁi!m%‘wm>53nsmu|&wiﬂmi

KEY: (1) Aircraft; (2) Indices; (3) Turbofan
without regen; (4) Turbofan with regen;

(5) Distance L (km); (6) Number of passengers
(n); (7) Alrcraft takeoff weight G

Ban’
(§) Freight load GH T/EH; (9) Power plant
G /& 3 (10) Prime cost of transport A,
ElaT ey
£op/t km.

In conclusion it should be noted that at present on .the way
to practical implemeatation of DTRD, that work with a
regeneration cycle, the main obstructions are the unsatisfactory
performing characteristics, reliability, and structural efficiency
factor of existing small-scale heat exchangers.

Conclusions

1. The studles carried out show the posslibility in principle
and the advisability of the creation of DTRD with heat recovery.
When T§ = 1600°K; N:I = 10, np = 0.75, and os = 0.914, such engines
will have Cyn = 0.5 kg/kg*hr.




2. In comparison with simple DTRD, the minimum specific fuel
consumption for DTRD with heat recovery 1is reached with
substantially lower compression ratios of air in the first contour
(":I * 10). For an optimum DTRD with heat recovery for C r lower
compression ratios are also pequired in the second contour (see
Figs. 1, 2, 3 and 4).

3. The application of DTRD with a regenerative cycle, makes
it possible to raise the efficiency of long-distance main-line
aircraft even with the low structural efficiency factor of the
regeneratlion system. The prime cost of transport in the case of
applying engines with heat recovery, depending on the calculated
flying range, drops from 1.44 to 10.4 percent (see table).
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EFFECT OF THE S™“LL DEVIATIONS OF OPERATING
CONDITIONS AND . LIGHT CONDITIONS PARAMETERS
ON THE SPECIFIC PARAMETERS OF DTRD :

E V. P. Labendlk

In the article the application of a method
of low deviations 1r examined for the analysis
of the efficlency and cost-effectiveness of a
twin-shaft DTRD.

: Working formulas for the calculation of
f coefficients of the influence of operating j
conditions and flight conditions parameters 3
1 on specific engine characteristics are given.

3 As an example the values of coefficients of

Influence are given with concrete data in

connection with twin-shaft DTRD and the results

of the calculation are analyzed.

Introduction

When selecting the basic operating conditions parameters of .
the proJected engines it requires finding thelr optimum relationship
for the assigned flight mode, and for this 1t is necessary to know
how and to what degree the glven parameters in the range in question

affect the efficlency and the cost-effectlveness of the engine; a
change 1n which of them causes the greatest effect. 1In other tasks
it is required to obtaln specific engine characteristics with the
same initial parameters, but for several distinct flight conditions;

Sl gt . ™ A it
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at other values of the loss factor, efficiency and so on. 1In thils
case 1t 1s necessary to calculate a serles of variants which differ
by a small change in the initial values.

These results can be obtalned, and without resorting to
repeated, sufficiently bulky calculations of the engine by the
usual methods. As a simpler and more demonstrative method of
solution 1t 1s convenlent to use the method of small devliations.

When using this method it 1is necessary to conduct the gas-
dynamic calculation and to determine the operating conditions
parameters only for the initial system in question. The use of
relationships of the low deviations method actually means the
linearization of the initial equations of the process which
conslderably simplifies the analysis of the dependences between
the increments of the connected parameters.

The system of fundamental equations 1in small deviations is
obtained by differentiation of the usual equations of [GTE] (I'TA)
operating conditions. The solution of the qulte complex system
of the latter 1s reduced to the solution of a system of linear
equations, which substantlally reduces the volume of calculation
work. Independent from the complexity of the problem, the number
of varlables, and the nature of the connections between them, a
solution can be obtained in the form of an explicit analytical
dependence, which allows study 1in general form,

The limiting value of parameters changes, with which the use
of a method of small deviations 1s possible, 1ls determined by the
value of permissible error of the final result. The relative
changes of specific thrust and speciflic fuel consumption, connected
with the deviation of any parameter by 10-15%, are almost exactly
defined as the product of a relative change of the given parameter
by the numerical value of the coefficient of influence [1]. The

total values 6Ryn and cSCy'Q during a change 1n several parameters

are defined as the algebralc sums of the corresponding partial

increases.

bo -
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The calculation of the numerical coefficients of influence
in general solutions turns out to be sufficliently simple. 1In all
cases the range of applicability of the method of small deviations

is expanded with an increase in the initial values of ﬂ:, n:, Tg, etc.

§ 1. Equations of Operating Conditions
of the Basic Elements of DTRD in Small
Deviations

Let us compose the fundamental equations of the process in
the elements of a twin-shaft DTRD with separate exhaust from jet
nozzles with complete gas expansion, and with air bleed due to

compfessor on the cooling of high-pressure turbine. 8

Let us assume

- @
T =Ry i

We will designate coefficients of influence for the entire

e e s

engine in terms of K, for the low-pressure [LP] (Hl) stage and
the ventilator - A, and for the [VD] (BA) stage - B with

corresponding indexes.,

The specific thrust of a DTRD 1s equal to

{ - R_\',ll + Yy R,\'.xll
; Ry, = o = e

Logarithmizing and differentlating thls expression, we obtain

the connection between the relative increases:

dR" ‘IR)I.\I ll R’.‘"
e B e + Voo — .
R)’l l‘)y.ll +y Ry.\ll ) R_\'.!l + ypy.xll
Ry.lll 1 ) ;
+‘Ry,\l +yR),\ll a ! +)’ dy. o (l) !
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x = § etc.
Let us introduce designations ARyA/RyA dRyA/RyA Ryn’

Then equation (1) 1s written in the following form:

é 3.‘?,.: Kl"'l")'ll +(l . K|)5Rn" +(l —Kl K“)"yv (la)

j where
K .-_--___k__’?"' ;
% ! I"_\-.\l"f‘y yall
ek
Ky 1+y

Specific thrust of contour I is:

c,—V 1 T e T
Ryxl:: '—"'g—"' =g’(7pc l 2"107.0!"!’-‘ ).
Correspondingly, after logarithmic operation and differentiation,

this expression 1n small deviations will take the form:

0 1
SRyu= 5 Ka( B0 + 3T + K, 3r,,)) — (K, — 1)2V. (2)
where 3
: %4
Ky=-S =47
: .‘»’Ry.nl +6'Rynl
L 0,25
3 ‘—-Cl("u:l'
E Brpa =0n, 4 80, + 39, — 3, %, (3)
i 3r, = 3.5K,3M + 2o, % (4)
0,4M?
K= 13 0m

The temperature of gas after the turbilnes 1s - 3

T*=T,"— ‘l:""'. = T (1 — 5000 )

118
By similtude we obtain the expression:

J TO:E: =3 TJIA* - Au (Al 61:,,,,‘ + "‘rlnu‘)' ( 5 )
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where
r _ilyy___ 025
: "rvu‘ ﬂ—n:‘_”w— 1’
AT, * ]
AG— T‘. __l,____._ I
[]
.I‘“l n'ﬂ‘

Taking into account air bleed for the cooling of a VD turbine,
gas temperature after it will be:

For Tnag’ let us write the equation in small deviations

T =K3TY+(1— K2 T2+ K.'%m,, (6)

where

T I R T v R TURLAN Ve IV e

’ 7“ ‘*' = 1.-"' m' x m

- 2 AON s BN, W . ~ 0;
= my
L!."‘.‘ . ' ‘
118° 1

A TJM*’ = 8T}|. — BG(BI 517,"* + 37},..')- ( 7 )

Touw = Ta* -

ATy e

Coefficlents B5 and B6 are analogous to A_. and A6 Y

5

_Cpm(Ts* - TA*)(l _mu!)_ ]
= ReH
"»M,: Kb":Tn*—(Ku—])srﬂﬂ (8)

t m

where

K;\ ==z Tn.

The temperature of alr after compressor contour I is

* * Lll * 3ul* g :
Tyt =Tyt + jole =T, (l+ ) |

»
Tix1
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In small deviations thils expression will be written:

87" =87+ K\ (Kp 87y* — in,*), (9)
where
K, = ] L,, 0,286::,,*0-**_
' = n_,‘“-"“——l 0
AT * 1
K]u— T .
n ]+nul
?‘Tlﬁ:=aT||+K\":‘W=Kn;’H+Kv"’M' (10)
where
288 6.5 '
Ko=1--Z== -y° when H < 11 km;
KH = 0 when H > 11 km.

Specific thrust of contour II is
1 R et
Ry, =g' (Foan | 20107, % ey — V).

The expression for R in the low deviations takes the form:

yall
. 1 . . 5 .
Ry =g Ay QiFpen + 4T + A S %) (A 131 (11)
Coefficlents A3 and Au are analogous to K3 and Ku:
o “pell = = 3i5Kv iM + aqll.+ a".-.*: ( 12)
3 T._."'E: = Tl:?' + Am' ‘.A.Q i .'.:“":# =l "hxll*); ( 13 )
b, ..
“V=M4 ;31.
t3 (14)
The specific fuel consumption of a DTRD
m
ya = 3600 5 ——
ynl+y RyAII
8Cpy=tm, AR, — K,iy. (15)

4y
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§ 2. The Derivation of the Generalized
Coefficlients of Influence of the
Parameters on the Désign

Conditions for R and

: yAa
! Cy'u of a DTRD

: .
ﬁ Let us find dependences GRyAI’ GRygII’ 61’{y'Q and GCyA on Sn“,
1 Sy, 6T§, SM, 6H on &n*, So%* and Gwpc.

We begin the solution of the system of equations with
compilation of the equations of the balances of power on the
shafts.

For the low-pressure stage

L, +m)=L,,+yL,.
"'LIHA=K"'.',‘IHI+" - Kll));’Lxll'*'(l - KII)"’yv (16)

where

Ls
Kn=ratm)y’

For the high pressure stage the equation of the power balance
takes the form:

Luu= "vu(l + m, - mul"

My tm,, (17)

Mgy

"Ly = ilyes + TT’"

The coefficient during GmT 1s sufficiently low, therefore we
disregard the second term.

After substituting in (16) the expressions for GLTHA, SL,
and GLHII and in (17) for <SLMIM1 and GLTBA, it is possible to
determine the required changes in values ﬂ#BA and "¥Hn from these
equations, dependent on the change in the remalning parameters of

A

the engines.
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] ]
The further obtained expressions, G"Tan and GHTHA, are

substituted in (3), (5) and (7) with the replacement 6n' = §qt

KHA HIT
] = . __ “
and 6“" 6"KI GHKH

After substitution of (10) in (9), (9) in (8); (7), (8), and
(9) in (6); (6) in (5); (3), (4), and (5) in (2) and some trans-
forms, let us find the dependence GRyaI on a change in the initial
parameters:

“Ryn= Ky zp — ;‘Kn(l — Ky) Kigty —

— Kol Akt Aoy — B[ g+ B0 + Ko o mt +

R 1 B8
+ %K-‘(l - Kll)Klt"'a-n"f"z'K'{K‘(l N ’T‘:) +

4+t + K) KK (1 — K) — BGK:le}B“-I. =

- K,,[A,.,n CK U+ Ky = KKy — K;f"’]r,r,“‘c I

KB 1 K B (1 4 Ki) B et +

] s ’
*}‘.__TK‘!B:""IIH + K,‘§‘51‘m"‘+ Kﬂkl"n +2KK4""|:¢ +

+%Kal“ +Ki) Kiat -’ﬁle T+ {(l —Ky) —

KK, [(I +K,,)K..+K.(B-n—35) _ll}m+
h
+ih —-K1[u +K.,)K..+B,]‘K..|6H.
where
Kn=Au+§“v
Ri=K;(1 + By).

Substituting (12) and (13) in (11), we obtain the expression
for the change in R

yall®
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1
BRun=g Ar(Ai+ AA) vy — ';' Ao ni® +

F 3 AA 0 + Andapa+ LK BH +
+[1 - A,.+;—K.K.,(l +3,5A.)laM.

For the relative fuel consumption per second

Bm, = K Ty + (L = KK H A+ K, WM+
+ I(tuKm g “nl‘1 - Am h,,,,,‘ = ”m 5 'hu.'l-

With the aid of the obtained dependences it 1is possible to
find the relative changes 1in 6Ryn and chn in terms of the change
of the independent parameters of the process in both contours and
of the flight conditions, after substituting the relationships

found above for éR GRya and GmT into equations (la) and (15).

yal? II

For the determination of the numerical values of the coefficient
of influence of the parameters, it is first necessary to determine
the values of the 1nitial influence coefficients by the values of
n:, n:, npc, Ts, Tg, Tn, RyA’ etc. It 1s further advantageous
to calculate the values of the combined coefficlients. Using the
general expressions of coefficients of influence and the found
values Kl’ K2, K3, etc., the numerical values of coefficlents of
influence are found. It 1s more convenient to calculate these
coefficlents first for GRyAI’ GRygII and GmT, and then to
substitute them into the expressions GRyA and BCyn. The relative
changes 1n the specific engine characteristics can be determined
after multiplying the calculated coefficients of influence of the

changed parameters times the relative changes in these parameters.




§ 3. The Analysis of the Numerical Values
of the Coefficients of Influence of
Selected Parameters on the Specific
Characteristics of DTRD

Let us compile a numerical table cf the coefficients of
influence for DTRD with initial values of the parameters:

y=_8; T4* = 1400°K; gt =235;
Ra” = S = 15; Tiwua" == Tius* = 0,86;
ha* = 0,87; Trea® = T = 0,92
3" = 0,96: e = 099; =10
Fpet = Zpen = 0.99; m,, =108,

Rated flight conditions:
M=08 H=11kn,

Gas-dynamic and thermal design are determined by the following
values of the parameters of the process:

Tﬂl. = 278,5°K'. “ptl = 2,285,
Ty* = T51.9°K: L, = 32100 kgm/ke;

Ly = 3540 kgm/km; T,..* = 9452°K;

T,* = 671,0°K; B = 5,27
Tewy = 433 Tpa = 2,15;
m, = 00174; Ry = 282 kg s/kg;

Rywm = 1045 kg-s/kg; R, = 1241 kg's/kg;
C,, = 0562 kg/kg h.

Further according to formulas we find the numerical values
of the initial coefficients:




TP

K, = 0,227, K, = -033; K, = 0,252,
K, = 0,888; Ks = 1,858, K, = 1,19;
K, = 0207, K; = 0935; K, = 216;
Ky = 0,448: K, = 0,676; K, = 0,1105;
K.y = 2588; Ky = 1,345,
43 = 331 A, = 1,088, Ay = 0,546;
As = 0405, Ay = 26l; A= 0,125,
By == 0472, B = 0438, B, = 0,482,
B = 0629, KoKz = 0,303;

Ny = 0,326, B,B,, = 0303; .

Asdg = 0,221; ByB¢ = 0,207.

Substituting these values in the general expressions of the
coefficients of influence, let us compile a numerical table of
coefficlents,

From the obtalned table 1t 1s possible to directly define
a serles of the features of DTRD with the given values of the
initial parameters.

So, according to the value of the coefficients of influence
the advisabllity of increase Tg for 1increase in Ryn is apparent,
but with some 1increase in Cyn’ An 1increase of ":I and y somewhat

]
decreases Cyn and R. . The changes in 0o and °pcII exert a strong

Y&

influence on R and C .
yA yAa

With the aid of the table it 1s possible to estimate the values
of specific parameters of an engine with other initial data. Let

us suppose 1t 1s necessary to calculate Ryg and Cyn of an DTRD with

the parameters: T§ = 1500°K; n:

H = 10 km with MH = 0.9.

I = 40; y = 9 during flight at
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The values of glven magnitudes differ from the corresponding

{ initial values by less than 15%. After multiplying relative changes
in these parameters to the coefficients for them, and after totaling
1 the results, i1t 1s possible to determine that Ryn decreases by 9.56%,
and Cy.n increases by 1.62%, which will comprise correspondingly:
Ryn = 11.23 kg s/kg and Cy.n = 0.571 kg/kg h.

Table. Numerical values of the coefficients
of influence of the selected parameters

| during deslign on R and C of DTRD.
i = < YA ya
\ (“,")'AI g "‘Ry.\ll aRya 8”'7 : 8Cyl
Eng” | —oen 0 01 -0352 | —oa98
“nag® | --5.16 234 1 048 0 ~0,45
ty -2,14 0 . —U53Y 0 —0,349
T 6,86 0 ' 174 2,16 0,42
.  E T 2,14 —0,07 0,384 v —0384
% fnat 0,703 0 077 0,125 —,052
3 A et 3,58 0 0.97% 0,73 —0,M8
v, 2925 0 0,51 0 —0,51
DR A 2.3 0 0,392 0 —,592
Z3,." 1,106 ! 18 1,023 0 —1623
LI 0 0K 0 ~0.278
" %pe) 1LRSK v 0,468 v —0,468
%% aeny 0 | KR} 2,37 0 --247
c.f —1LA6 1 —0305 ~0,713 | —0,264 0,499
¢ H A o406 | o3 | —0023
¥ The method of the low devliations makes it possible, with
l‘ considerably less expenditures of time, to compare a multitude of
:_ diverse varlants and in the narrow area of the combinations of
parameters to find thelr optimum relationship to provide for the

required specific fuel consumption and an acceptable value of
specific thrust.
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METHOD OF CALCULATION OF THE MIXING OF GAS
FLOWS IN THE DIFFUSERS OF THE AFTERBURNER
MIXING CHAMBERS (AMC) OF DTRD

Ye. V. Barabanov
Accepted Designations

u - longitudinal component of flow rate;

v - transverse component of flow rate;

w - the average (by area) flow rate in a given
cross section; .

- specific heat ratio of passive gas to active;

cpnl/cpal
f‘n F3/Fl - expansion ratio of diffuser;
BN vYF/1 - equivalent radius of annular diffuser;
Onp - given angle of flare of annular diffuser;
B = tg (enp/z) - expansion coefficient of rectilinear diffuser.
Indices

Al - parameters of active flow at inlet to the diffuser of
an afterburner mixing chamber [AMC] (®CHK);

I, - parameters of passive flow at 1inlet to diffuser;

total (averaged) parameters of the inlet to diffuser;

- parameters of mixed flow at output from diffuser;

oW HH
[}

- parameters on the x axis.
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The present work examines the overall task of calculating the
mixing of gases, differing in chemical composition, (cp and x) 1in
the annular channel of a varlable cross section, which has a direct
relationship to the design and study of the mixing chambers of
[DTRDF] (ATPA®), and also the different compound propulsion systems
([{TJE] (Tna), [TJEW AB] (TPA®) + [RJE] (NBPA), DTRDF + RJE, etc.)
in the diffuser of thelr area behind the turbine.

Unfortunately, the predominant majority of known methods of
calculation [6] is related to cylindrical mixing chambers and cannot
be completely used by us in the present work. -Thus this article
E 1s dedicated to the constructlion of the analytical method of
: calculation of the mixing of heterogeneous flows in the diffuser
with the purpose of calculation of f p dF, which, unlike cylindrical
channels, in a diffuser 1s not equal to zero and introduces a
substantial change in the entire procedure of calculation.

§ 1. Basic Assumptions

1. At the inlet to the diffuser of AMC the parameters of each
of the flows are distributed on their cross sections evenly.

2. On the circuit of the diffuser of AMC the nonuniformity
of the dimensionless speed 1s described by Schlichting's law [3]:

Th=tw v — A 1
'"—u,—w_ 11— A’ (1)
where '1
3 .
d@=0-795 A =2 [@idE -
/ | (2)

L A%

Dl

3. Static pressure in every cross section 1s assumed constant.
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L. We consider the mixed gases incompressible. The latter
two assumptions are introduced on the ground, that in the diffuser
of AMC essentially the subsonic flows are examined, since to
provide for a stable combustion of mixture in afterburner it is
necessary to have Au¢ < 0.2-0.3, and MM = 0.55-0.7 [4].

5. The hydraulic losses of gas friction agailnst the walls of
the diffuser we disregard in view of 1ts low extent, which 1s
dictated by the very 1dea of AMC as a means of economy of the
overall sizes of the ocutput part of a DTRDF.

6. The processes of flow and mixing of streams in the diffuser
i of a AMC are stationary.

§ 2. The Fundamental Equations of Mixing

As it follows from assumptions 3 and 4 adopted above, at the
inlet to the diffuser of AMC Ppa; ® Pqy» OT:

"

“(’-.u»'/.u):—*.uﬁ":"l"‘) . : (3)
o

1 Under such a condition of inflow the fundamental equations of the
' mixing of heterogeneous flows in the diffuser of AMC are:

1. The equation of continulty
Gy= G (14y). (4)

2. The equation of energy

Gaepa Ty =Gy, Su a4+ G, Cpn Tu*,

whence 1s determined _—
Br = Cps hy 1+y

0
a1 Iag® +y (5)

and stagnation temperature

b i S Al i it T o
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3. The equation of momentum
o a G /
(~w+pF)=(-w+pF) +( = +0r) +fde.
£ [} & Al K nl Y,

which after using a Kiselev [1] formula of impulse, and also
formulas (4) and (5), is converted to the form:

Z(hg) By V Zﬁ]ﬁﬁ:}‘}:ﬁ)zamz(z“) +

F
_—
+8u20,)y1 ¢ + C }[ pdF. (7)
where '
" m .l-‘
: 2gA 1
] = “'G‘, i, m)'

The last member of (7), which differs it from similar momentum
equations for cylindrical chambers, we convert to the more
convenient form:

Fy
C 7dF"'p'FIV ZHA pd —
F{, Gy ¢, T\l ./ f

2 m 8
upr;;(llhl)l 2(/ I)fpl )

Considering that the constant before the sign of the integral of
(8) 1s a function of the parameters of the 1lst contour of a DTRD
(1.e., combustion products), and by substituting (8) in (7), we

wlll obtain in final form the equatlion of momentum for the diffuser
of AMC:

2BV (1)) 14y e = By, 2(0)) +

B i
Buiz (l)yV 70°+'°y4—“:":'¥‘/ 2 7. (9)
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It 1s completely obviocus that the system given above of
equations of mixing can have a determinate unique solution only
in the search of the integral of static pressure in the last equation.

3. The Calculatlon of the Integral
of Static Pressure

For the calculation of the integral of statlc pressure in
general form (for isolated special cases successful solutions [5, 11]
are known) 1t 1is necessary to know the analytical dependence of
statlic pressure distribution along the diffuser of AMC. For the
quasi-stationary turbulent flow of a Newtonian fluid such a
dependence can be derived on the basis of the Navier-Stokes
differential equations of motion and continuity which for the case
interesting to us are converted, as is known from [8], to the form:

R R e L T (10)
dr ydy() '1) ""d.r (vdy't
du d y e} (ll)

where tension of eddy viscosity, according to Prandtl [2]:

_ Pd" du
dy

= SIS (12)

b |

The joint transforms of equations (10) and (11) reduce to

the form: -

v

-_yjdp _ d & d K

= (T;_-;'y_-d;fpu"ydy “‘J’Ti_/ puydy. (13)
] 0

Utilizing in (13) an equation of the constancy of consumption

R

d
‘T;b/‘,';uydy=0
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and having satisfied the boundary condition on wall y = Ra, T =_0,

we obtain the fundamental integrodifferential equation for static
pressure distribution:

dp__2=d ¢ .
a:="Fas oy (14)
which can be solved only in conjunction with equation (13).

For convenience and the universality of the solution, we will
introduce the dimensionless coordinates and coefficients:

ua,, ) —_ (ua,), ey
= = Ao | AT e S 1151)
* (w/axp)ep ;.‘.pl HE, (w'axp):p tep b i *E, ( >
where
PN R A A S . 0g* To— V7,41
"..__:_A_. —_— .. e I .5=_ . —_ .Il .
A £ Ikt 7, —1" h o E., L+17,—1

We solve equation (13) relative to the complex coefficient of
diversity A, after making the replacement of variables 1n‘
correspondence with (15) in it for this, utilizing Schlichting's
law (1) and a procedure of transforms from work [10], whereupon

we obtain:
- . T: _ . _ d /= ol /=
i /(‘+a3~)‘1;=—k(}.—l)'-‘+ 2n(c+7d) _'___f.+2¢__'___[
d.t d.t d.z' (16)
where M) - N .
a—L(f)' ko b3y b_z(f) ; z(()=k;:
=13, ,_ 16 _HQ),
A d“Lﬁr Lot

i




! - mixing length where, in turn:

LEO=p®ON + 760 +24)p(5) = 21BN E —2B)];
M@ =2[BER)—-TBM]—p@I13A) + 3 (O
V() =188 (%

IE)=2pG)1 + AL+ 2[E B(1) — B&): !
JE)=BE) EB()—-24(MpE)
, . HE=B® —#B()~2@. 1in which,

: 1
PE=AE)—33A0). .4(;)=2j:mede; sl
(1]

‘ 1 i -

AN=2 [3@8de=02571; 8% =2[3(010dE 1
; 0 0

, 1

B(l)=2f¢"(&)5d$=0,l334,
1 0

and @(&) 1s in accordance with (2).

In the case interesting to us of the mixing of flows in a
diffuser with rectilinear generatrices \l:f-= 1 + Bx, the obtalned
Abel equation (16) of the 2nd order [9] is expressed in quadratures

and 1s reduced to the following differential equation with separable
varilables,

(1 4ar)di dr

(Zod - k) 3+ 2(c+ R+ @5¢—k) 1457 (18)

The relative coefficlents entering this equation were
calculated by computer as the mathematical expectations of the

random variable § by Simpson's method and the following mean-
integral values obtained:

o A

a.,=093; c,=2714: d,=0573: Cep = -~ 3,287; b, =239,6.
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With consideration of empirical data k() of different authors

(7, 8]
koo = by %! (3) = 0,618,

Equation (18) was solved by the method of the undetermined
coefficients of the initial conditions X = 0, X = TI:

Ii'—“'l'l
i —

ll‘—

=1+5s (19)

where :
. 3 fay) C m= (14 avyy)
Z(23d =Ry, — 1) (23d — k) (34—

whille Y,s Y, are the roots of the trinomial of the denominator in
equation (18).

After the transforms of equation (19), we ottain the final
solution 1in the form:

=17y (20

where
g=-12%, ., _Wetdtr
p YT k—123d

From this equation it follows that X depends on the geometry of
the diffuser of AMC (B, f) and the gas-dynamic coefficlent of
diversity at the inlet to it

A Ay
H= T !
hept V' " Epy :
i
since, according to assumption 1 (see § 1) 3
;'n == ;':\I; “a:?‘ == "B.; El = EM'

Now already according to equation (14) we can find the ;
distribution law of static pressure, for which we will carry out 1
both of its parts to a constant value of ram pressure pw cpI /2 in 1
the reference section and, remembering that wcp/wCpI = F /F = l/f 3

after the transforms with consideration of (1), (15) and (17), we

obtain
58
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“(58m) = ACILLE e 2y
1 | & dr Jd:l T F ' (21)
where in accordance with (17): h = B(l) - A2(1) = 0.0674;
= 3.62.

{ t =1+ B(1) - 2A(1) = 0.6192; s = 2/[1 - A(1)]°

We integrate equation (21), having preliminary replaced its
right side with the differential of the polynomial to the same
degree, but with different coefficlents, and f - by formula (20),
whereupon, after conducting the transforms, we obtain the resultant

o Lol Gl R i

expression for static pressure distribution:

R Ty

=5 = (0K 4+ 0)

( )(’_-.-_-...:_: ((b.;-:-' . o?:+. (_.))‘ (22)
h— l Y —
where i
¢=Q2ﬁhw—mn+m g=qwqh+%; 3
23e—k| . i
0= 181106192 — 00674~ —=; ;=24(a —d) + k. i

As we see, formula (22) is given as a function of X and static 4
pressure distribution along the diffuser of AMC can be constructed
only during the joint solution of equations (22) and (20). Since
the latter is a complex dependence of A on B8, T, Tl, which cannot
be expressed in an explicit form, then, for the imparting of an
engineering nature to the solution of the system of these equations
by the computer of "MIR-1," equation (20) for the entire reasonable
range of parameters of the diffusers of AMC DTRDF was computed:
0,,/2 = 3-16° with pitch of 1° and X = 1-Tmax = y with pitch
AN = 0.05. As a result of these calculations a universal nomogram

Fig. 1, was constructed for any value of TI’ with which it is
possible to find both N; = (Xl - 1)1/2/(y - TI)q and X in any
(dependent on F) cross section of the diffuser (see Fig. 1) for a
given O;p, which significantly simplifies practical calculations. :
After thus finding the value of X according to formula (22) from 1
Fig. 1, it is now unambiguously possible to determine Ap in this i

cross section.
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However with the purpose of achlevement of greater accuracy
and, simultaneously, of engineering calculations we have conducted

the Joint solution of equations (20) and (22) for the system
Ap =
= ®(X) with AX = 0.05 over a wide range of the gas-dynamic and

geometric parameters of the subsonic diffusers of AMC on the "MIR-1"
computer: TI = 1.0-1.8 and an = 10-30°. According to the results
of this calculation the graph, Fig. 2, of Ap = @(f) was constructed,
which 1s also universal, since in the 1ndicated range of On o Hic xS
applicable for diffusers of different length. The presence of the
graph Flg. 2 makes 1t possible in engineering calculations,
generally, to not use formulas (20) and (22), but to directly take
the necessary value of Ap from the graph.
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Knowing the dependence of static pressure distribution on s
we can now solve the basic task of calculation of the integral of
static pressure. As it appears from equation (9), this integral

fﬂ
ought to be solved in the form JP%— df. In accordance with (21) and
1l
1
(22) let us introduce into the integrand the relative function
_a 2
= p/pw,/2:
P = p/pW; o ;
Cdf= pdf
fﬂl 4 /ppd/.
where
w= P Vs 2 s "1ep? =
M 2P| 2 fep /.+l l_.é_‘__—';_ -
lg4 1700

Let us make "integration by parts" of the obtained integral, after
replacing for this the differential dp with its expression (21):

iniads dhamb A
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Considering that u = I/EI, FI = 1, and in accordance with (22), {
Py = SI + Ap, the final solution of the integral of static pressure 1
for the diffusers of AMC with rectilinear generatrices obtalned
in the following final form:

£ G

I=(fy—1) +nApf,+362p

ll:i;’—2hf+t B

a

s e R i

—(hf,'t--zh;T+t)]. (23)

where fg - the usually assigned magnitude of the expansion ratio

of a diffuser; Ap - the 1ncrease of static pressure at the assigned
diffuser length, computed according to formula (22) or determined

g from Fig. 2; T3 - determined from Filg. 1 from assigned magnitudes
of 94> fn and from the computed value

P AL i

P TwFE
] epp 17 My Ly 1
1 where ?
: Eo=lmt17 -1 :
ARV AR 1

According to formula (23) we conducted the calculations of

f
_/u;_)' df for that diffuser length of the space behind the turbine ;
1 1
which 1s most acceptable for aircraft engine construction, 7 = 2.5 ;
calibers [U4], in the following range of parameters: enp = 12-28°; ;

71 = 1-1.8; and MICp = 0.2-1.0. The results of the calculations
are given . Fig. 3, from which it 1s clearly evident that to the
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greatest degree the numerical value of integral depends on the
divergence angle of the diffuser 0° and to the least degree on the
criteria of the initial dive: jence, Tl, as this effect becomes
the lesser, the lesser the value of MIcp'
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§ 4, Determination of LI in the Diffuser
of AMC

The basic purpose of the calculation of any mixing chamber 1s
the determination of its criterial parameter - the pressure ratio
; M. pg/pgl, it always is possible to find the total pressure of
mixture at the chamber outlet, which is especially important in
our case of calculating the diffuser or AMC. Thus for 1ts
determination we utilize in relationship (4) the known consumption
equation:

: Py* Dyq (ry. 19) Fy = pay* Dy @ Ghay %a) Fay ) 055(1 .+J')-

] Utilizing in this the equality of expression (5) and Fy = ?"A(FAl +

+ Fnl), after the transforms we obtain:

: o Py Dy @y ) l/' =

A m ez P = 9~ =1 (1 I +yc ), 4

: P’ T Dyg i 1 4ay e TV Fye¥n $2

E where

L. = Gul Dnl ‘I(;‘ul Zul)

. = = —

E G D, a=, V‘T”*‘l(z,\l-z.\:) hes

; 1

| am P, nz-,(_'z_)'f‘- T+1, (26)
Fnl ) | 7-+ l l Z—'

Since we are investigating the mixing of heterogeneous flows,
the gas-dynamic functions in the given formulas are each found for
their own index x. The adlabatlc index of the gas mixtures is
determined from the known formula:

Itye |
L4y ety ity L)

Ty=Tyy

The integral of static pressure affects the value ™ in terms
of a function of q(x3, x3) in (24), determined in accordance with
equation (9).
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In the method given above the calculation of T, was conducted
depending on the available pressure differential L pxl/pgl for
a series of diffusers of AMC in the range 0 = 12-28°; and also
for the cylindrical mixing chamber (6 = 0°), for which equations

(9) and (24) were simplified due to the introduction of conditions
f

of cylindricity: fﬁ af = 0 and ?A = 1,
1

The calculation was performed at constant values of % = (.45
and Mlcp = 0.6, those most characteristic and optim.m for space
behind the turbine of a [TJE] (TPA) and DTRD [4, 5]. As can be
seen from graph U4, constructed according to the results of the
aforementioned calculation, the values T in the range actually
used 1n DTRD, LI 1.0-1.3 for a cylindrical mixing chamber do not
considerably exceed that for the diffusers of AMC: for example
in a diffuser with 0° = 12°, T, 1s only 0.5-1.3% less than in the
cylindrical chamber. However, as the same calculations showed,
in the cylindrical chamber A3 at the indicated values of L and n
it remains at a level x20.6; while in diffuser with @ = 12° at the
same values of m, and m_, x3 = 0.24, 1.e., it completely
corresponds to the conditions of an afterburner [4]. It we

3

consider moreover the savings of welght and overall sizes of such
a DTRDF, then the advantages of organization of mixing in the
ualffuser of AMC are indisputable as compared with mixing 1ir the
cylindrical chamber of DTRDF.

Conclusions

1. The experimentally checked and sufficiently substantiated
initial assumptions form the basis of the proposed method of
calculation of mixing in the diffusers of afterburner mixing

chambers.
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2. On the basis of continulty and the joint solution of the
differential Navier-Stokes equations, the analytical calculation
of the integral of static pressure for diffusers of AMC with
rectilinear generatrices 1is given in the final form, which afforded

the possibility to transform the equation of momentum in connection
with the diagram in question.

3. On the basls of the proposed dependences universal
nomograms for the single-valued determining of the criterion of
diversity of X, Ap, and |p df are calcuvlated as a function of the

initial gas-dynamic and geometric parameters of the diffuser of
AMC.

4. The calculations, carried out according to this method,
showed the great advisability of organization of the mixing of
flows of both contours of DTRDF directly in the diffuser of the
AMC, rather than in the preliminary cylindrical mixing chamber.
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THE EXPERIMENTAL STUDY OF THE MIXING
OF GAS FLOWS IN THE DIFFUSER OF THE
AFTERBURNER MIXING CHAMBER OF A

DF

V. Barabanov

The present article is dedicated to the
experimental research of the mixing of con-
centric heterogeneous gas flows in the
annular diffuser of the afterburner mixing

chamber of the DTRDF of a Supersonic aircraft.

Investigation is conducted over a wide
range of a change of the gas-dynamic and
geometric parameters of diffuser mixing
chambers. The optimum parameters »f such
chambers are revealed and tho evaluation of
thelr effect on relative specific impulse is
produced, as 1is the efficiency of the mixing
process on the most "integral" criterion.

The concrete quantitative and qualitative
derivations and the recommendations regarding
the design of optimum diffusers of afterburner
mixing chambers are given, as 1s the selection

of the most logical parameters of mixing in
them.
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Indices

pressure and temperature of stagnation
static pressure in the contour of device
flow rate per second of ailr (gas), kg/s
cross-sectional area

expansion ra‘io of the diffuser

given angle of flare of the diffuser
avallable drop 1n total temperatures
avallable drop in total pressures

bypass ratio

the pressure ratio

velocity coefficient

specific impulse in the appropriate
cross section

relative specific impulse at outlet from
the diffuser

total pressure recovery coefficient

variation factor of pressure and
temperature in the exhaust sectién of the
mixed flow

relative variation factor of flow

kg/cm2

S

parameters of primary (active) flow at
inlet to diffuser

parameters of secondary (passive) flow at
inlet to diffuser

the total parameters of inlet to the model
cross sectlions along the length of the
diffuser

parameters of mixed flow of outlet from
diffuser
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Contractions

[DTRDF] (ATPA®) - turbofan engine with afterburner
[AMC] (®CH) - afterburner mixing chamber

Introduction

In connection with wide application of forced DTRD on super-
sonic aircraft, the selection of the most loglcal layout of a DTRDF
with mixing chambers becomes urgent. The advisability of the
setting of such a task 1s determlned by the trend toward reduction
in welght and overall sizes of the entire power plant of a super-
sonic aircraft, without worsening conslderably its gas dynamics.

The exlsting requirements in gas dynamics [1-3] to provide
satisfactory mixing recommend constructlion of cylindrical mixing
chambers with a length of 6-7 calibers, and afterburners with a
length of 2-3 calibers. Thus, for a satisfactory afterburning of
the mixed flows in DTRDF with a mixing chamber a very bulky and
heavy system behind the turblne will be required.

At the same time the numerous experimental works on mixing
in the cylindrical chambers, which were carried out earlier [U4-6],
did not conflrm the assumptions of researchers for the expected
thrust increment of DTRD as a result of the increase of completeness
of mixing. As a result, there arose the need for study of the
mixing of gas flows directly in the diffuser of an AMC of a DTRDF
with the goal of development of the optimum mode and geometry
of such a diffuser located in the space behind the turblne.

The study of the mixlng of heterogeneous flows 1in the diffuser
of an AMC was conducted for the solution of this problem on a
special experimental device [7] which simulates the operation of
the exhaust systems of DTRDF (Fig. 1). In every testing were taken
the diffuser performances of determined geometry assigned by the
setting of female cone 07 necessary for this (Fig. 2) with
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determined Al and by fixed settings of the corresponding exit
nozzle 05. In all, each of the three investigated diffusers (with
Ay = 12°, 16° and 20°) was tested in the range of the velocities
corresponding Al = 0.2-0.9.

Fig. 1. The diagram of experimental devices
for the study of the mixing of gas flows.

QL\TO the panel
of piezometers

3\
— ” r A
‘ {’

R ISsaRAIEE

Fig. 2. Experimental afterburner mixing chamber.




The parameters of spatial flow during treatment which were
measured 1n the process of the experiment at several points of
every cross section were averaged both along the radius and along
the circumference of an annular axisymmetric diffuser. For our
mixer circuit of flows with different p* and T*, in accordance with
[8] the principle of the simultaneous averaging of the parameters
according to impulse and according to consumption was selected.

§ 1. The Fields of Flow Parameters
at the Outlet from a Diffuser

Figures 3 and 4 depict the fields of the total pressures and
temperatures along an outlet radius of a diffuser measured in the
experiment and averaged in the zones of the circumference of the
corresponding radii. The rearrangement of flow pattern and the
transformation of the filelds Tg = f(R9) during a change of L and
the transformation of flelds pg = f(Rg) during a change 1n the
drop in temperatures 1is distinctly visible. Moreover as 1s evident
from Fig. 3, a change of T affects, to consider .Dly greater degree

than a change of 8% the structure of the field Tg = f(R9).

However, in spite of the great uniformity of the field

T5 = f(Rg) with a low Tos these projections differ by the greater
nondiffusion of the flow core.

As the consequence of greater uniformity of TS on the cross
section with T, = 1.0-1.25 and &* = 0.64, the warming up of mixed
flow on the periphery of the diffuser proves to be substantially

higher than at their greater values of L 1.53.

Together with this 1t follows to show that, concerning the
increase 1in the available drop 1n the temperatures, the mixing in
the diffuser of flows with small T loses its advantage in the
warming up of the peripheral zones, which is distinctly evident in
Fig. 3, when % = 0.4, where Ts on the periphery both for the flows
with L 1.25 and with LA 1.52, is identical and equal to 410°C,
which is 285° (or 230%) greater than T:

lc
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Flg. 3. Temperature fileld at the outlet of mixed flow from the .
diffuser of an AMC with Ay = 16°, n = 3,2 at App = 0.7-0.8.
Fig. 4. Field p* of a mixed flow at the outlet from the diffuser |
of an AMC with a__ = 20°, n = 4.0 with r»,, = 0.7-0.8.
np Al
However fields T§ = f(R) at low values of m_ also in the given :
case turn out to be more uniform than when U 1.52, but this ?
achieved only due to the drop of Tg in the flow ccre. This ;
explained, apparently, by the fact that during larger values
the active (central) flow possesses considerably greater mass than !
the passive (values of "y" are written on every curve in Fig. 3), !
and the low-pressure peripheral flow cannot show an essential
effect on its nucleus, as it is three times lesser in mass. 1In
spite of large nonuniformity when 8* = 0.4, the average Ts as a ]
whole on cross section when n = 1.52 1s greater than when TN 1.25, 1
73 .
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and comprises 780°K (instead of 700°K when T, = 1.25), which cannot
be said about the flows which are mixed when 8% = 0.64, In the
latter case, the mean temperature at all values of T (1.0; 1.215
and 1.53) 1is approximately identical and =560-570°K, but the field
Tg 1s considerably more uniform with small LA Hence the
conclusion about the advisability of an increase of L (for the
purpose of obtaining larger average value of Ts) with an 1increase
in the drop in temperatures (by decreased $*) asserts itself and,
contrarily, about the advisability of a decrease of L with a
decrease in the difference between the temperatures of the initial

flows (Fig. 3).

In the process of the experiment numerous starts under
identical conditions of the initial flows at the inlet to diffusers
of different geometry (see page 70) were conducted. In this case
it was noted that using identical available gas-dynamic parameters
with a decrease in the slope of the diffuser (i.e., with a decrease
in the values of n and anp) increases the warming up of 1its
peripheral areas, i.e., increases the uniformity of the field T%,
which indicates the preferability of smaller values of n (in the
range n = 4-3),

In Fig. 4 attention 1s drawn to the transformation of fields
p* both during the change in the values of L and during a change
in the values of §*, Moreover it 1s noticeable that with an increase
in the preheating of the active flow, fields pg acquire a more
uniform nature even at 1invariable value LI which speaks about the
intensification of the process of mixing in diffuser with a

preheating increase.

Furthermore, a determinate characterist!c Law governing a
change 1in the structure of fields pg with an increase of the
avallable pressure differential was established.
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With the retention of the constant value of the avallable
drop in the temperatures, it was noted that with an increase of LS
the nonuniformity of the field pg sharply grows initially. For
example, when $* = 0.8 = const, with an increase of ", from 1.0 to
a value of 1.3 the nonuniformity of the field ps grows from 2.4
to 7.7%, but with further increase of L the nonuniformity remains

approximately at the same level.

The indicated transformation of flelds pg was repeated with
the blasting of diffusers differing from aforementioned in their

geometry.

Thus, the geometry of diffuser did not exert a substantial
influence on the transformation of flelds pg during a change in the
avallable gas-dynamic parameters.

§ 2. A Change in the Pressure of Mixed
Flows Along the Diffuser

Graphs 5-8 present the results of the measurements of static
pressure at the internal and external cowlings (07 and 01 in Fig. 2)
along the investligated diffusers. The flow of the mixed flows
passed with numbers Re = (10-6.5)-105, l.e., in self-similarity
according to the coefficient of friction of the area.

For each of the indicated charts it 1s distinctly evident
that an increase in the static pressure (but this means also a
decrease in the velocity of the mixed flows) occurs most intensely
in the initlal part of the diffuser - at a length less than the
half of the entire length of the investigated diffuser. Subsequently
an increase in the statlic pressure is sharply retarded in all
investigated systems and with any diffuser geometry. At compara-
tively low speeds of the order of Al = 0.3-0.5 (Fig. 6) at the
inlet to the same diffuser, the static pressure grows only up to
a determinate cross section, which corresponds to expansion ratio
=1.7-2.0, and then remains constant. But on one of the systems
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#* = 0.49) at the end of the diffuser even a definite
drop in the static pressure was fixed along the external cowling.

1

—— Orprike 20 B Bdcros Bngrmppsony ;
(2}) == == Aretnme 4,00 mpyxos méprec Appywps | i
e it e P10 A,-qll , L : ’

|

T T T T T T T

1] ' ! 1
J:;/ e ]l ! J i t Voo ;
LT omror Diae, A ar | SRR |
X - . : 0 lo i 5 B .
~¢44,"")ﬂ~7‘4 ’3/‘44‘\" e -4’
>t drsr 2 26y A %A i :
A WA e e e L;wwr_"‘:__—.g:j -
il oA i 'ﬂ_ ;-—-—-j#ﬂ-—w—r—-——'r T
""‘. H L e -l-.—.-—l-_.....u._-—i
'::;ﬁiﬁi;”f‘. i )
2 —
dRNEE RS L+_h+nh+4—v*ﬁ"ﬂ=?+1“11?ﬁ
_._.____:.__;_,...-ui-—-— i LS : ks
S ] _ Yo - _ fl-ﬂ__ﬂ.
L] CEE ek et _rﬂ
% T y » Ly [ ,,11 ‘,/J w

Fig. 5. The projection of static
pressure distribution along a diffuser
of an AMC with anp = 12° and n = 2.5,

KEY: (1) Distribution of P cm 2long

the internal surface of the diffuser;
(2) Distribution of P o 2long the

external surface of the diffuser.
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Fig. 6. The projJection of distribution
of Por along diffuser of an AMC with

anp = 12°, n = 2.5.

KEY: (1) Along the internal surface of
the diffuser; (2) Along external surface

of the diffuser.
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Fig. 7. The projection of distributilon
of P.r along the diffuser of an AMC with
A, = 16° and n = 3.2.

KEY: (1) Internal diffuser cone;

(2) External diffuser cone.
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This i1s explained by the fact that beginning with a certain,
sufficiently low value of velocity, the 1irncrease in the statlc
pressure, which appears as a result of deceleration, 1s compensated
for by the 1increasing losses of pressure, but with the further
drops 1n veloclty proves to be even less than those losses in the
recently noted case.

It was also established, that for every divergence angle of
a diffuser there is 1ts limiting value of the expansion ratlo
which corresponds to a maximum increase 1n static pressure. This
limiting value of the expansion ratio depends also on the value of
Al'

It 1s remarkable, that the limiting value of the expansion

ratio depends on the parameters of mixing and in the entire range
of the investigated parameters (no = 1.0-1.55; &* = 0.65-0.49;

AAl/knl = 1,0-5.8) it remained constant.

ki e s

s

Since an increase in the static pressure occurs most 1ntensely
in the 1nitial part of the diffuser, then, in order to decrease 1its
overall sizes during the design one ought to select an expansion
ratio considerably less, namely: for diffusers with anp = 12° - 4
the value n = 1.,5; for diffusers with anp = 16° - the value
n = 2.0; for diffusers with anp = 20° - the value n = 2.2, with
which the pressure increment =90-95% of the maximum. Such values
of expansion ratios correspond to I = 2.3-1.6 calibers (see Figs. ;

5-8).

Moreover the increase of static pressure at the beglinning of
the diffuser occurs faster, the greater Al’ however, the limiting

mode with greater A, begins later.

1

Of special interest is the flow of the mixed flows in diffusers
with a steeper opening (Figs. 7 and 8).
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If the flow in a diffuser with G ™ 12° (Figs. 5 and 6) in
the entire range of the investigated values of Al and of the
parameters of mixing (no, [ LN AAl/xnl) was distinguished by the
nonseparable nature on the entire length of the diffuser (with
different expansion ratios); then this cannot be said about the
flow of the mixing flows in diffusers of the same length, but
with Ay = 16° and 20° (Figs. 7 and 8). On the basis of the
analysis f the avallable experimental data the conclusion was
made that with the purpose of the prevention of separate systems
it is not recommended:

a) to use diffusers with anp > 20° for the mixing in them of
heterogeneous flows with Al > 0.7;
b) to apply in diffusers with Up = 16° available pressure

differentials of >1.5 and X,; > 0.8 (see Fig. 7).

§ 3. Characteristics of the Diffuser
According to Pressure Differential
of the Mixed Flows

The most essential diffuser characteristic is the determination
of the path losses which were estimated on the experiments carried
out on the value of the coefficient of the rise of total pressure
Jressure - c;. They also grew on all operating modes of the
experimental device and wlith any geometry of the investigated
diffuser with an increase L of loss. Moreover within the limits
up to the value o= 1.2, losses remained constant, a result,
mainly, of friction and diffuser flcw expansilon.

With an increase of ™, more than the value 1.2, the 1lncrease

in losses (decrease of og) becnnmr more essential due to the greater
influence of the specific losses mlxing, which, at anp = 12°,

were 2% when LA 1.5 (in comparison with the process when

T, = 1.0-1.2) and 3.5% when T, 1.75. The described phenomenon

was explained by the fact that with an 1lncrease of T, an increase
in the difference of the initial flow rates (see Figs. 9 and 10)

was observed. The essential difference in Al mixed flows with
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large T produced a considerable stagnation of an active flow and,
as a result, the added losses are analogous to the losses of
collision of "inelastic spheres." These losses increased with an
increase of the expansion ratio and “np of the diffuser. In the
experiment the degree of irregularity of the parameters on a
pressure differential was determined also. As can be seen from
Figs. 9 and 10, the coefficient of pressure irregularity grows
more or less considerably to the value Ty = 1.4, and with a
further 1increase of LA to 1.8 it remains almost constant. This
i derivation 1s in complete agreement with the analysis of the
fields pg (see § 1 this chapter). During the tests of diffuers
of different geometry, the maximum value of 139 did not exceed
3 values of 1.06-1.075 (nonuniformity = 6-7.5%) when LA 1.5-1.8.
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Fig. 9. Characteristic of a diffuser

of an AMC with an

12°, n

2.5on

P
KEY: (1) For mixed flow; (2) For

separate flow.

80 -

o




| === kg0 S of the diffuser of an
i i_-..—.:g.'(’;f .gmj“'w BCAuCh) %p = 16°,

n= 3.2 on no.
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The greatest 1lnterest in characteristic.; on a pressure
differential 1s the comparison of specific imoulses at the inlet
and outlet from the diffusers in question. As can be seen from
charts 9 and 10, if the value of output impulse falls sufficiently
sharply with an increase of Tos then the value of input impulse
remains almost constant on L which 1s completely understandable,
Since the value of Jynl was affected nelther by loss nor the
dissipation of energy as a result of the exchange of the impulses
of the mixed flows.

The loss of the output impulse (in comparison with input), at
any degree of preheating of the active flow (it is equal as without
the same) with an increase of Tos increased 1n diffusers of
different geometry (Figs. 9 and 10), reaching, when T, = 1.5-1.6
and X, = 0.85-0.9, the significant magnitude of 13-18%. Such a
combination of the 1limiting values of ™ and Al in the given
experiment clearly spoke of the inexpediency of their application.
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And, the lesser the given avallable pressure drop in the experiment
the lesser was the loss of impulse. However this decrease was not
continuous for L rather it had a certain optimum with L which
differed from one, namely when ol = 1k gdbe

Hence the conclusion is asserted that the most advisable of
all considerations (losses, the momentum conservation, uniformity
of the parameters, etc.) !s a diffuser with the mixing of flows
during low T, F 1.1. Morecver the advantage of the application
of this Topt is greater, the lesser §W,

§ 4. Characteristics of a Diffuser
of an AMC According to Drop in
Temperatures

With an increase of the temperatures drop of the initial
flows the losses of pressure, the value of LI 139, and ?; remained
virtually constant.

As can be seen from Figs. 11 and 12 and the range of temperature

drops 4% = 0.6-0.4 is most definite from the viewpoint of change
in the basic gas-dvnamlc parameters of mixture.

The consequence of thls, obviously, is also the increase in
specific impulse of 25-40% with an increase of temperature drop
in the aforementioned limits. Furthermore, with an increase of
temperature drop the loss of outlet pulse noticeably decreases in
comparison with the inlet. As can be seen from Fig. 11, this
difference in the values of impulses for Ty = 1.0 is decreased from
the value of 9.5% when $* = 1.0 to 2.7% when &% = 0.47. This
comparison was conducted for the case of high-speed mixing which
I Anl = 0.7 in a diffuser with geometric
parameters anp = 16°, n = 3.2, The plcture of a change in the

occurred when A

relationship of inlet and outlet 1mpulses in a temperature drop
becomes even more favorable at lesser (than normally used) initial

velocities of the mixed flows. So, with AAl X Anl = 0.35 and Ty =

2
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(see Fig. 12) the loss of outlet impulse 1n the same diffuser

(anp = 16°) in comparison with the inlet for an isothermic mixing
comprises no longer 9.5%, but only 2%. With an increase of the
temperature drop this difference sharply decreased, and at

$*% = 0,88 the values of both impulses are equalized. The graph

of Fig. 12 is comprised of relative values where the horizontal

J = 1.0 corresponds to the equality of inlet and outlet impulses,

yAa

—= - P
while the curve Jyn Jyn9/ yal
pulse relative to inlet. With a further increase in the temperature

represents a change in the outlet

drop the value of outlet impulse begins to prevall over its 1nlet
value, in which the advantages of the process mixing are
effectively realized. This increase of. the output pulse,
continuously increasing, reaches at $* = 0.5 values of ~4.1%.
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Fig. 11. Characteristics of a
diffuser of an AMC with e = 16° ,

n = 3.2 according to §%.
KEY: (1) For separate flows.

83"




T M

ulaacia s anis g L Gt el s e e sl e o (St

N i e 8

ST 1Y o0 by L T-..
[ —-———-:!,‘, 10, A, <035 _|
Jo0 ,‘?’—T'/r’a fes )\,,,~4131 A
gt [h‘ll | 1_ 04
B & " --4.
:':‘ j“:' -:- B q’
- ! - b=
q'g : 3} 'Ir 4142
i |__

= an —Q/

@ %
ys:.., 3 17
e -
By e

A ey
2T . § A
q9 a;/)r-m)/ﬂ( SR S LR |
Ap: b2z gt wene Ty - ; Ao gy ]
S Y

W Hp: (D Rrowraaecry

cobpockom e grebov 6° 7T TN o

b b

oy - C— SRS (uya. N . 4 -
& Tes gl o awlel o |k
2 » 5 4> 08-1 Tar

Fig. 12. Characteristics of a
diffuser of an AMC with g 16°,

= 3.2 according to 35

KEY: (1) Note: The curve of the
change in TS when LI 1.0

virtually 2oincides with the curve
of $* when LN 1.0.

Such a change in the relationship of inlet and outlet impulses
can be explained in the following rorm. The investigated diffuser
mixing chamber 1s a two-contour system in which the energy exchange
between contours 1s realized with the mixing of the gas flows.

Thus the laws governing energy exchange in the model in question
are based on the theory of energy exchange in DTRD [3]. As can be
seen from Fig. 12, the speed of mixed flow is alway: less than the

speed of separate flows at the mixing chamber inlet. However, with
an increase of the temperature drop, this difference in the speeds

L5l R S s

continuously grows on the strength of the fact that, with a change

of 8* from one to 0.49, A,, increases by U4%, while A_. and A

Al nl 9
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barely change. But this means that with an increase 0 = 1/8%,
thrust efficiency increases and, as a result, so does the output
pulse of the retarded mixed flow.

Thus, an increase in the temperature drop between the initial
flows does not worsen the operation of the diffuser mixing chamber,
but for the impulse, conversely, substantially improves it. Hence,
it 1s recommended, other conditions being equal (especially with
T % 1.0), to select an operating mode of the diffuser mixing

chamber in the reglon of increased temperature drops (low values §#%).

§ 5. The Effect of the Geometry of A Diffuser
of an AMC on the Efficlency of 1ts Operation

It is easy to note from Figs. 13 and 14, that a drop in the
total pressure in a diffuser with smoother expansion (arlp = 12°)
proves to be substantially less (05 is large), than in a steeper
diffuser (anp = 20°). This advantage with respect io geometry
turns out to be more essential with a smaller value of §* and

larger m (dot-dash lines of o¥* on graphs 13, 14), but, this means

also during low values of y: ghus, when e 1.50; $* = 0,64 and

the different AAl’ Anl of the total pressure loss, upon transition
to a diffuser with a lesser slope of the channel, become less than
approximately on 7%, while when LA $* = 1.0 and AAl z Anl (solid

lines of 03 in Fig. 13) - it 1s less only by 3.4%, i.e.,

approximately double.

As a consequence of the lower losses p™* and X with a decrease
of the geometric parameters of the diffuser, the impulse of outward
flow also increased somewhat: by 4-9%. Moreover during lesser
no(no = 1) momentum grows more intensive than during larger

no(ﬂo = 1.5).
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The preferability of a diffuser with smaller values of n and
anp (within the limits of the investigated series of geometri.
parameters) also ensues from the comparison of the values of
specific impulses at the inlet (heavy line) and at the outlet (fine

! line in Fig. 13) from a diffuser, depending on its geometry.

3 Moreover in a diffuser of any geometry with mixing with high speeds

‘ : AAl = 0.7-0.9, the losses of specific impulse were minimal when
m, = 1.0 and $*% = 0,64 (broken lines in Fig. 13) and they composed
in a diffuser, with n = 2.5 and anp = 12°, altogether only 3%,
i.e., the advisability 1s asserted for diffusers of any geometry

of low pressure drops and large temperature drops.

As can be seen from Fig. 1lU4, this advisability becomes even
] greater at low initial velocitles which correspond to Al = 0.3.
} The value of ij at such velocities and when 7 = 1.0; $* = 0.5,
in the entire range of geometric parameters 1s substantially more
than one, 1.e., in a diffuser of an AMC of any geometry using the
aforementioned gas-dynamic parameters outlet specific 1mpulse is
always greater than the inlet by a value of 3.5 to 5.5% (in
proportion to a decrease in the given divergence angle). Both in
the case of the greater mixing velocities (AAl > 0.7), and in this
case when Ui 1.0; AAl > Anl’ the relative specific impulse 1is
] consliderably less than that when LI 1.0 and less than one, i.e.,
1 the speclific impulse at the outlet of the diffuser mixing chamber
] 1s substantially less than the specific impulse at the inlet to it.
However this difference 1is considerably less than with large A, and

1
comprises 7.5-5%.

Thus, as the optimum combination of the geometric and gas-
dynamic parameters in this study one ought to consider the

organization of the mixing of heterogeneous flows with the maximum
preheating of active gas jet when LI 1.0 in a di“fuser with

n= 2.5 and a = 12°,
np
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§ 6. Characteristics of a Diffuser of an AMC
According to the Speed of Flow at the Inlet
to the Model :

As can be seen from Fig. 15, with an increase in the speed
of the initial flows at the inlet to the diffuser mixing chamber, =
the total pressure recovery coefficient monotonically decreases,
while when approaching the value AAl = 0.8, 1t falls very sharply.

1 In the range of numbers Al = 0.3-0.5 pressure recovery factor
retains an approximately constant and very high value which 1is

f equal to 0.9-0.98; with a drop in total pressure, it 1s equal to
1 is
connected with the increasing values of static-pressure gradient
along the length of the diffuser, which is possible to trace on
Figs. 5-8.

1.0. The further decrease of o* during an increase of )\
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Fig. 15. Characteristics
of a diffuser of an AMC .
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] An especially noticeable drop in o®* was observed with pressure
1 differentials greater than one (dash-line in Fig. 15) and with
' larger AAl'

As has already been indicated above (§ 3), with an increase
of m,a continuous increase of AAl and drop of an was noticed,
so that with large L 1.7-1.8 (Fig. 9) AAI reached the transonic
value AAl = 1.0. But even at smaller values of T, 1.0 and,

respectively, of AA] = 0.8-0.9 the outflow was accompanied by ;
development in the inlet part of the active flow of the local i
supersonic flows (which was established by separute sensors of
s p{) and by an increase of added losses in connection with this.
Also the appearance of flow breakaway from the wall of channel
with 7 > 1.0 and large 1., (see § 2) contributed to an increase J
in the losses 1in this area. !

The comparison of inlet and outlet impulses using the
different parameters of mixing was of the greatest interest.

it R i b

As a result of analysls, the essentlal effect of preheating
the active Jet on an increase in the outlet pulse with a decrease
in the velocity coefficlent at the inlet to the chamber was
noticed. This effect 1s especlally considerably promounced with ;
L 1.0. Thus, if, with the mixing of both "cold" flows and
i & 1.0 (solid line in Fig. 15), the loss of the outlet’ impulse
in comparison with inlet in the entire range of Al retalned 1its
value as a constant and equal to 11%, then, with the mixing of
hetervgeneous flows by temperature, its value, in the first place,
became considerably less even with large Al = 0.7 and the same
T (6.0-6.5% instead of 11%), and most important, this loss of
momentum no longer remained constant with drop of Al’ but sharply
decreased, equalizing at a certain value of Al of the 1nlet and
outlet impulses (the point of intersection with the straight line

e e o
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Efwl = 1,0). This Ay

of preheating of the actire jet was displaced to the side of ti:»

alignment with the increase of the degree
greater values: up to A, * 0.51 when ¢ = 0,47,

Further decrease of Al of nonisothermal flows with N = 1.0
gave no further loss, but an increase of outlet impulse 1in comparison
with the inlet, which reached 5.5% with #* = 0,47 and App = 0.35.
In conntetion with this the significant effectiveness of the
preheating of active jet on the process of mixing with low AAl
should be noted, which changes the relationship of the 1nlet and
outlet impulses from 11% loss of the latter with #* = 1.0 to 5.5%
increase with 8% = 0,47 and App = 0.35. With an increase of Ay
as has already been 1ndicated above, the preheating of active Jjet
to a lesser degree affccts a change in the relationship of the
inlet and outlet impulses. It is obviously possible to explailn
such a change AJyn according to Al by a change in the relationship
of the specific gravity of the losses caused by friction, by the
expansion of diffuser channel, by the mixing of flows, and, with
large Al’ also by the appearance of local supersonic zones (i.e.,
determined by value 05)’ on one hand, and losses at outlet
velocity, on the other hand.

As follows from Fig. 15 during the extrapolation of all
available curves ij up to AAl = 0.85-0.9 in the area of transonic
speeds, variation by temperature and pressure drops gives no effect
at all obviously in view of the prevalling effect of the wave
losses of mixed flow. But in the area of the moderate nunwers
of AAl there 1s a noticeably larger advantage of the mixing of
flows with L 1.0 and $* < 1.0.

Conclusions

The experimental research carried out on the mixing of gas
flows in diffusers of AMC made it possible to establish the.
following:
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1. The uniformity of flelds ps depends not only on the value
of the available pressure differential, but with LA const also
on the value of the available temperature drops; also exactly as
the uniformity of fields T; depends not only on value $%, but with
#* = const also on the value of LI Moreover to the structure
of field Tg change affects in larger degree, than change #*,

IJn this case the geometry of a diffuser in the range anp = 12-20°
does not exert a substantial influence on the transformation of
flelds pg, T; with the retentlion of the constants of initial

gas-dynamic parameters.

2. In the investigated range of gas-dynamic parameters of
the given diffusers of AMC: = 1.0-1.9, $* = 0.4-2.5, y = 0.2-5.0,
kl = 0.1-0.9, completely satisfactory values of the varlation
factors of the pressure and temperature of the mixed flow were
obtained: 189 = 1,00-1.08 and 1:9 = 1.03-1.14.

3. For every value of unp and Al of a diffuser of an AMC the
limiting value of 1ts expansion ratio, corresponding to the maximum
Increase in static pressure, which does not depend on the mixing
parameters is estatlished. Taking into account this distribution
of pressure along the length of a diffuser of an AMC, with the
purpose of a decrease in 1ts overall sizes during the design, it
follows to limit the degree of 1ts expansion to values less than
maximum, namely:

for anp = 12° - to the value of n = 1.5;
for o 16° -~ to the value of n = 2.0;
for anp = 20° - to the value cf n = 2.2.

4. The boundary of separation systems is established according
to pressure differentials, which in a diffuser of an AMC with
anp = 12° does not occur in the entire range of the studied
parameters: 1n a diffuser of an AMC wlth anp = 16° passed with
m, 2 1.5 and X, > 0.8, while in a diffuser of an AMC with
anp = 20° - at all values of avallable pressure differentials and
Al > 0.7.
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5. From the considerations of lesser losses &and larger
uniformity of the gas-dynamic parameters and retention of impulse
it follows to consider the effect of the mixing of heterogeneous
flows ir a diffuser of an AMC when anp = 12° with the small
m, = 1.0-1.1 as the greatest and possibly the maximum preheating
of the active gas Jet. Somewhat better results were obtained with
values of " closer to 1.1, rather than to 1.0.

6. In a diffyser of an AMC with S 12° and with acceptable
pressure differentials for DTRD (n0 = 1.0) and with such
temperatures ($% = 0,45-0.5), the mixing becomes favorable for the
specific impulse (but 1t also means for CyA)’ beginning with value
M
the increasing effectiveness of the preheating of active jet for
the intensification of mixing is noted. At the different speeds
of the initial flows, in relationship to inlet and outlet specific
impulses, the level of the value of A of high-pressure flow 1s
definite, but not the difference in A of the active and passive
flows, which with AAl =
virtually AAl/xnl = 6 the relative specific momentum.

< 0.5. With a decrease of Al using simpie invariable parameters,

const up to relationship does not affect
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BENCH CHARACTERISTICS OF THE NOISE
OF TURBOFAN ENGINES

V. G. Yenenkov

In the article the acoustic characteristics
of the basic nolse sources of turbofan engine
during engine operation on a stand are examined.
Concepts about acoustlc characteristics are
given and the methods of their calculational
determination are presented. Information about
the mechanlisms of the excitation of noilse 1s
given. The data of experimental studles of the
nolse of DTRD with bypass ratios of y = 0-6 are
analyzed. .

Introduction

The noise which accompanies takeoff, landing and flight of
contemporary aircraft, becomes the object of the fixed attentlon
of avlation specialists. In the countries with a highly developed
alrcraft industry and civil aviation, in practice, standards, norms
and certificates are developed and introduced which determine the
permissible nolse levels of aircraft during their takeoff and
landing [1]. The concept evolves that aircraft, whose noilse
exceeds standardized values, are considered underfulfilled in

design and they are not allowed in operation.
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The increase in the intensity of air transport, connected
with the advent of heavy duty alrcraft and an increase in the
number of voyages, inevitably leads to the need for efficient
combat with aviation noise. Many speclalists consider the problem
of a reduction in aircraft noise one of the most important and

complex, removing 1t to a place immediately after flight safety
control. In connection with this it 1s understandable, how

important it 1s to be able to correctly estimate the acoustic
characteristics of contemporary civil aviation aircraft engines,

since precisely this power plant 1s the maln nolse source during
takeoff and lanaing.

In the domestic and forelign press many works are published
dedicated to the study of the indlvidual characteristics of the
gas turbine engine noise. The questions of the evaluation of the
noise of turbofan engine, which have different bypass ratios and
especlally large y = U-6, are not examined in them, as a rule,

In thls article primary attention is given to the acoustic
characteristics of DTRD with y = 0-6.

§ 1. The Basic Concepts About the Acoustic
Characteristics of the Noise Sources of
DTRD

The acoustic characteristics of the nolse sources of engines
are described by [2]:

1) complete acoustic power;
2) sound intensity (by sound pressure or received noise levels);
3) nolse spectrum;
4) directional characteristic of the noise;
5) duration of the effect of noise and by the frequency of
its recurrence.
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The acountic (sonic) power W is the complete sound energy
radiated by the noise source into the surrounding space per unit
of time. Acoustic energy is frequently expressed in the levels
of acoustic power Lw, expressed in decéggls relative to the
conditional threshold value of wo = 10 W:

w
L,:lOlg-W:(dB). (1)

Th= complete acoustic power 1s a fundamental characteristic
of a nolse source as a generator of sound energy.

The intensity or force of sound 1 (W/m2) is the energy content
transferred in a free fleld by acoustic wave for one second across

an area per 1 cm2, normal to the direction of motion of the wave.
Sound intensity 1s expressed also in Intensity levels

L= 10lg]. (dB),
[ ]

more frequently represented through sound pressure p (N/m2) in the

form
= 10|g,i=201g-’3 (dB) (2)
o P
since
=P _.
Pol,

Here Py ~ alr density; a - speed of sound in air; P, = 2-10-5

N/m2 - the conditionul threshold value of sound pressure which

-12 2

corresponds to threshold intensity I0 = 10 W/m®,

Value L is called the sound pressure level and is the relation-

ship of the operating pressures or sound intensity to their
conditional threshold values.

The sound intensity determines the energy of sound vibrations
at different points of the acoustic field. For nondirectional

source I = W/F, for a directed nolse source
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I=F®. (3)

Here F - the surface through which the sound emission arises, and
the value @ characterizes the directivity of the radiation.

Noige spectrum - the totality comprising the sound pressure
levels LJ (levels of acoustic power Lwi) obtained during the
frequency response analysls of the investigated noise, which is
the description of the sound pressure or power levels ot the
individual components of the nolse signal in different frequency
bands foctave, 1/2 octave, 1/3 octave). An example of the noise
spectrum of a compressor is given in Fig. 1. With the noise
spectrun, by means of logarithmic averaging, it is possible to
deterimine tocal (overall) sound pressure level of the complex
noise signal in the entire frequency range

L
n sl

L=l01g2|0w(d3), (4)
i=1

L f i
(]| AL

7

100

ﬂ:} -

47

| | | i ! -
T W ) 00 w9 S0 RV IS0 10000

(3
Fig. 1. The noise spectrun of the compressor
of a DTRD with y = 1.0 at a distance r = 30 m,
at an angle @ = 10° to the axis of the engine
inlet.

KEY: (1) Total levels; (2) r/min; (3) Hz; (4) dB.
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Besides the evaluation of total noise level, the spectral
characteristic of the noise signal 1is necessary for the determination
of the level of received noises - the subjective criterion which
considers the noisiness of the signal depending on frequency

make-up of the nolse heard.

‘ : The level of received noise 1s measured in PN dB and is
determined by the calculation according to noisiness 1in separate
) frequency bands expressed in "noises"® (Fig. 2). The total

c noisiness of complex sound is equal to

n
‘\'uﬂlu = Nuuc 'i‘ F (2 .V. a 'vnlc) *
il

where NMch - the value of nolsiness in the most noised frequency

e o i S e

n
band; }E:Ni - the sum of nolsiness in all bands; F - the coefficient

i=1
which considers the bandwidth of the filter used during measurement.

For a bandwidth, equal to 1/3 octave, F = 0.15; 1/2 octave F = 0.2
and of 1 octave F = 0.3.

L(PN dB)=40+3331gN,,,. (5)

Directional characteristic - the distribution of sound pressure
levels to a long acoustic field, according to different radial
directions from the sound source, 1s constructed in polar coordinates
both for the total noise (Fig. 3, [3]) and for its components in
different frequency bands (Fig. 4 [4]). The long sonic field of
nolse source 1s understood to be the space, in which the sound

pressure decreases inversely proportional to the distance fror the

#This is a reference to an unknown/unidentifiable sound
measurement unit which 1s obviously taken from the English word
noise. Further uses will be placed in quotes to distinguish them
as measurement units, rather than the term for unwanted sound.
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Fig. 2. The dependence of noisiness in
"noise's" on sound pressure level per
octave,

KEY: (1) "Noise's"; (2) The sound
pressure level, dB; (3) Hz.

Fig. 3. The directional
characteristic of the
noilse of an aircraft with
Jet engines.




center of radiation to the measuring point. From the directional
characteristic the factor of directivity of 10 1lg ¢ (dB) is
determined, that 1s, the difference between sound pressure levels
at a certain point of space from the investigated source and from
a fictitious nondirectional sound source of the same power.

Fig. 4. The directional
characteristic of noise
of the seventh octave
(2400/4800 Hz).

KEY: (1) dB; (2) deg;
(3) The radiation pattern
of the seventh noise
octave (2400/4800 Hz).
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The duration of the effect of nolse 1s characterized by the

time of heard - by the time of effect of the upper 10 dB or noise

o o s

above the level of 90 dB. During repeated irradiations by noise
the sum of the time of sounding of upper 10 dB or of the level
90 dB is taken.

§ 2. The Basic DTRD Nolse Sources

Turbofan engines have several sources of nolse: the Jets
of the first and secondary contours, the fan and the compressor,
the turuine, the combustion chamber and assemblies. Depending on j
the bypass ratio, operating condition parameters, and engine power
rating, some of them are baslc and determinate, while the noilse ]
of others 1s masked by the noise of the basic ones. i

Figure 5 gives the data of the experimental research on the
noise of DTRD with small bypass ratio [5]. The propagation
pattern gives a demonstrative picture of the nolse source orientation

VR

relative to the engine. Moving left to right, the observer first
encounters the nolse of the compressor with maximum intensity of
radiation at about a 30° angle to the axls to the inlet which
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‘ prevails in the entire intake sector on the majority of systems,

] except those close to maximum, when the noise of the jet drowns
everything. Moving to the rear sector and passing through the
short section of the middle part of the engine, irradiated by

the noise of the assemblies and combustion chamber, the observer

. enters the fleld of the superimposed radiation of two separate =
1 nolse sources. Thils 1s the turblne noise and, as 1s characteristic
for a bypass engine, the nolse directed back from the compressor
(fan), bearable through the tract of the second contour. The
propagation angle of this noise changes from 60 to 80° to the axis
of the Jet, depending on the englne parameters, and its level 1s
basically determined by the bypass ratio, Finélly, observer enters
the area of the jet nolse - the most powerful source during
increased engine power ratings, with the maximum intensity of
propagation at a 30-60° angle to the axis of the jet. With an
increase 1in bypass ratio from 0 to 6, the relationships between

the noise intensities of different sources and directional
characteristic change substantially. The fundamental picture of
this change 1s shown in Fig. 6. Especilally attention is drawn to
Jet nolse reduction and a simultaneous increase in fan noise.

. e _ﬁ;’i_u‘ Fig. 5. The basic DTRD
(1) Koprpe {Jgit . noise sources.

KEY: (1) Body; (2) Com-
pressor; (3) Second

I 4) contours; (U4) Jets;

" « &, ’ ets
(2)"ome‘m.a fvg'yl, P ecrribnos cmpys (53 Tunbines (53 Ar,lgle
(6)’,36@”;"’6«//:6%3;05:‘752 5 to inlet axis; (7) Rela-
qu rl:lll Lrarrsbnas crpy9 tive powers; (8) PN dB on

ot 1 N7 : line.
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Fig. 6. The propogation pattern of the
DTRD noise with y = 0, 1 and 6.

KEY: (1) Compressor; (2) Engine axis;
(3) Jet; (Y4) Turbine; (5) Fan.

Figures 7-10 give the experimental data of the measurements of
the noise of the engine which have bypass ratios 0, 1, 2, 3 and 5.
The analysis of the directional characteristic and nolse spectra

visually shows that:

a) with bypass ratio y = 0 (Fig. 7) on all engine power ratings
' from the takeoff to landing, the specific nolse source 1is the Jet,
¢ 1ts nolise exceeds the noise of the remaining sources by 10-20 dB;

b) with bypass ratio y = 1 (Fig. 8), in taleoff mode, the
noise of the Jet (maximum intensity of radiation at an angle to
: the axis of the jet O = 60°) exceeds the noise of compressor by
: 4 PN dB, and in landing mode the noise of compressor directed
: into front section prevalls approximately by 5 PN dB, with the
maximum intensity of propagation at an approximately 20° angle to

the inlet axis engine;

¢) with bypass ratio y = 2 (Fig. 8), at all engine power
ratings, the compressor noise directed forward exceeds the nolse
of the jet: 1in takeoff mode by 6 PN dB, on landing - by 18 PN dB;

d) with bypass ratio y = 3 (Fig. 9), at takeoff engine power
rating the fan nolse propogated from the shortened external contour,
already exceeds the nolse of the jet by more than 15 PN dB with the
maximum intensity at an angle approximately 70° to the axls of the
Jet. In the front sector, it is also the greatest. The nolse of
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the jet is overlapped by the noise of the turbine (almost by 10 PN
dB), this 1s a new noise source, for which interest was not
displayed at low bypass ratios and which, apparently, will have
particular importance at large y [6];

e) with bypass ratio y ~ 5, the fan drowns all other sources
4 and in the rear and front sectors, the directional characteristic
of the noise of such an engine 1is given in Fig. 10 (71].

30° i
Takeoff
mode

T

Landing
mode

----- compressor nolise radiated forward
— — — compressor nolse radlated back {
— - — Jet nolse y =0

total nolse level

i N Sl Al

Fig. 7. The dlrectional characteristic of the

nolse of turbofan engine in takeoff and landing
systems.
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0 20 & 60 8 1m0 120 150 %0
(37
Fig. 8. The directional characteristic
of DTRD noise with y = 1 and 2 in the
takeoff and landing modes.
KEY: (1) Landing mode; (2) Takeoff mode;

(3) deg; (4) dB.

0 30 50 720 90 0 130

Filg. 9. The directicnal
characteristic of the DTRD
nclse with y = 3, in takenff
mode.

KEY: (1) F:a; (2) Total noise;
(3) Turbine; (4) Jet; (5) High
pressurc compressor; (6) deg;
(7) dB.
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TIH!T??:EF_ Fig. 10. The directional
z-;mu characteristic of the DTRD
p%' noise with y ~ 5.
¢ 3 KEY: (1) Modified TF-39
(3)@"70 DTRD. Radius 1t = 70 m;
20 . the peripheral speed of
F" » the 1st stage of tre rotor
# at the periphery Jnep = 308
100 - m/s; (2) deg; (3) dB.
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The results of the analysis made can be presented briefly
in the form of a table of the determinate DTRD noise sources

dependerii on the bypass ratio and engline power ratings:

Table.
e
Mode i
Bypass Takeoff mode Landing mode
ratio
0 Jet Jet - compressor
1 Jet - compressor Compressor - Jet
2 Compressor - Jet Compressor
3 Compress<r (fan) Compressor (fan)
and greater

The comparative calculated evaluation of the nolse of the fan
and the jet of a DTRD with Tg = 1300°K, ﬂ:o = 17 and bench thrust
RO = 8 T during a change in y from 0 to 9, which was carrled out by
the authoar in conjuncticn with B. N. Mel'nikov, also shows that at

y > 2 fan nolse becomes determinate.
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} § 3. The lature of Nolse Sources ' :

A nolse source which radlates acoustic waves 1in all directions,
can be an oscillating sphere or monopole (Fig. 12).

s Gl oy T gt e el

Two spheres in line and which oscillate at antiphase (one is

compressed, another 1s expanded) are a dipole sound source.

Similar to this model 1is the radlating sphere which oscillates
along a straight line. The 1mportant feature of a dipole source

is5 the directional effect: a large part of the sound is propacated
in the plane of the dipole. For dipole excitation the harmonic
force w. .ch acts on the part of hard boundary 1s necessary.
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Monopole Dipole Quadrupole

Flg. 12. An 1illustration of the nature of
nolse sources.

|
|
1

If we place together two dipoles, that oscillate in antiphase,
a quadrupole sound source will be obtained. 1In this case there are
two mutually perpendicular directions, every polnt of which obtains
a compensated "null" signal. At an angle of 45° signals do not
compensate for each other, since phases and amplitudes are
different, and in this direction the intensity of radiation is
greatest.

Of the enumerated sources, the quadrupole 1is the least
effective nolse generator.

§ 4., The Characteristics of the Noise
Created by the Jet

1. The Mechanism of the Je* Nolse Generation i

The noise of the Jet arises as a result of the turbulent
mixing of the gas flow, which escapes from the Jet nozzle, with
surrounding air. In the zone of turbulent mixing, which has
lengths of 15-25 dlameters of nozzle, fluctuations of the speeds
and ed”?les appear, in connection with which occur the pulsations
of pressures and densities. Lighthill [8] proposed to consider
turbulent flow as a large quantity of centers of quadrupole
radiation, driving at a certain convective speed in an ambient
medium. Actually, the oscillating gas flow creates in the ]
atmosphere those density fluctuations, which would arise in a
uniform acoustic medium under the action of a system of tensions
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applied from without to the elements of the medium. Each element
of the gaseous medium, during the appearance of the tensions,
experiences the effect of two equal, in magnitude, and opposed
forces. But any force, acting on an element of medium, 1in
acoustics is the equivalent of a dipole, whille a palr equal in
magnitude and opposed forces - to a quadrupole.

That means the Jjet can be broken into many volumes, equal to
the dimension of an eddy, and each of them considered as a
separate nolse source in the form of an acoustic quadrupole.

2. The Acoustic Power of th: Jet

At present, the calculation of the acoustlc power of a Jet,

in accordance with Lighthill's theory, 1s conducted from the gas-

dynamic and geometric parameters of the Jet in the jet nozzle area.

Many investigations established that the best agreement of results

of calculations and experimental data for hot and cold Jets is

observed during the calculation of acoustic power according to

formula [2]°? '
W=Kp.¢, Fga,” (W). (6)

By applying gas-dynamic functlons for the expression of density
and velocities through the parameters of stagnant flow and the given
velocity A, let us write formula (6) in the form

' TN
W= KBe(i)p, i T, (TT) Fy (W), (7)

'These investigations are related to jets which have subsonic
and small supersonic speed of outflow (1.5 < e < 2.2). At a

large supersonic speed of outflow the nolse of the jet is proportional

to the discharge veloclty by the cube. At low discharge velocities
(c5 < 300 m/s) the acoustic thickness of the jet 1s proportional

to 05.
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where
—p'a "l 2\
B3=R ‘M (‘ETFT :
(fur alr B = 13.65; for gas B = 12.44),

Since, for the calculation of acoustic power, the parameters
in the outlet sectioun of a subsonlc nozzle are taken, for the
suberitical system of outflow of gas (ﬂpc < 1.89, p5 = po) it 1s
possible to write

r- !

A T\ |
W= KB(I == ':’_ |').:,‘) P T M2 ('7.’:,) F,. (8)

!

During a supersonic system of gas outflow from a subsonic
nozzle (npc > 1.89; Ps > Pgs AS = 1.0) formula (7) will take the

form
1

2 ') Tb. L]
W= KB(m Pt T, z(i.—) 4 (9)

The calculation of acoustic power for supercritical systems
of outflow according to foraula (9) agrees well with experiment
up to values of = o 2.2,

pc —

The proportionality factor K in formulas (6-9) has the
following values:

a) for engines which work at nominal and maximum ratings,
K = l.S'IO'u;

b) for engines which work under conditions less than 0.8
nominal, K = 2.5-10‘“;

c) for gas Jets which escape from a convergent nozzle,
K = 0.8-10'“.
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The calculations of the acoustic power of the Jets of DTRD
without the premixing of the flows of the two contours, according
to presently available experimental materials, can be produced with
the summation of the acoustic powers of the jets of the first and
second contours

Wiea=W,+ Wi

By formulas (7-9) the values of acoustic power are given in
connection with the dimensilonality of engine, determined by the
discharge area of the Jet nozzle FS' It is possible to eliminate
the effect of dimensionality, by determining the acocustic power
per unit of thrust. For thls F. is represented in the form

,'-7'] t ‘

I;I ‘l' i § ”-(3:5‘ [e‘—l R"

'“ =]
while the formula of acoustic power after the transformations

appear 1n the f wing manner:

u' KB (k1 "-‘.... T\ 1 :
o : 3 T T 1l
m( ' LT '('r )R’_‘ (10)

3. The Noise Spectrum of the Jet

The nolsc spectrum of a Jet with a subsonic pressure
differential in the nozzle 1s continuous with a weakly marked
maximum. During an increase in pressure differential and an
increase 1n the temperature of the jJet, the portion of the high-
frequency component in the noilse spectrum, increases with an
increase in diameter, the low-frequency portion [2] increases.

The oxperimental research showed that the relative spectrum of
acoustic power may be presented by one curve in the form of a
dependence of ALwi = Lwi - Lw on the Strouhal number Sh = 5/05
(Fig. 13). In thils case, the levels comprising the spectrum, and

the level of acoustic power Lw are connected by the function
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Le=10g 3" 190,
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Having calculated the total acoustic power W by one of the formulas
(7-10), depending on the system of the jet outflow from the nozzle,
then having determined Lw = 10 1g W + 120, 1t always 1s possible to
find the level of acoustlc power in 1/3 octave frequency bands
with the aid of the curve given in Fig. 13.

KEY: (1) Models with d5, in mm;

(2) Strouhal number Sh = f-ds/vs; :
(3) Turbojet. ;
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Fig. 14. The dependence of the sound pressure
level of a Jet on the Strouhal number.

KEY: (1) Strouhal number Sh = f-°d /v5; (2) Models

5
with d5 = 100 mm with different Tg.
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The dependence of the Jet noise spectrum (Fig. 14) on the
angular position of observation point can be reduced to the
consideration of two angular areas 20° < 0 < 60° (curve 1) and
70° < @ < 180° (curve 2).

4, Sound Pressure and Recelved Noise Levels

The sound pressure level, according to the determination of
(2) and (3), 1s equal to

L
l= lﬂlgi:l? +101g® (dB) . |
During sound propogaticn into hemisphere, F = 2nr2, therefore

L=10lgW 4 10|g7-',;= — 201gr + 10lg® (dB)

or
L= 10lgW 4109 — 20lgr 4 10lgd (dB) . (12)

The factor of directivity 10 1g ©® 1s determined according to the
results of the processing of experimental research data. Figure 15
deplcts the change of thils factor depending on the angle of
directivity for cold and hot Jjets with gas temperatures up to
1000°K [2]. 1In the direction of the greatest irtensity of
radiation, the factor of directivity composes a value on the
order of 8 dB.

The levels of received nolse are determined from the jet noise
spectrum, constructed for given d5 and 05 in accordance with the
experimentally established distribution of the components of
sound pressure levels in 1/3 octave bands (Fig. 14).

For a less :trict evaluation of the levels of received noise,
it is possible to recommend quite a simple method. As a result
of the considerable similarity of spectra of Jets, which have
different gas-dynamic and geometric parameters, their levels of
received noise from sound pressure levels by a certain value
APN dB. The adjustment of the APN dB has the following expressions

[2]:
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1) for a TJE and a turbofan engine without mufflers
APV dBe= 83 - 0,0083 (13)

2) for a TJE and a turbofan engine with noise-abating nozzles
of low effectiveness (3-6 dB of a reduction in the noise)

APN dB= 105 —- 0,683 r (14)

Fig. 15. The dependence of the
directivity factor on the angle 0.

KEY: (1) Factor of directivity
10 1g © dB; (2) deg.

Thus ,
L (PNdB)=1(dB)+ APN dB.

5. The Order of Calculation of the Acoustic
Characteristics of the Jet

The order of calculation of the Jet noise can be recommended
as follows:

1. The total acoustic power of the Jet W is determined from
one of formulas (7-10).
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2. The level of the acoustic power

L, = 10lgW + 120 (dB).

3. Tre components of the spectrum of acoustic power are
determined in 1/3 octave frequency bands

Lwl = Lw + AL'I'

where Aij - comonents of the dimensionless spectrum of acoustic
power of the Jet given in Fig. 13. In thls case the frequency

of the spectrum
" She,
/= g

i, The level of the total sound pressure at the points
arranged at a distance r from the nozzle edge of the engine 1is
determined from formula (12).

5. The levels of the components of the spectrum of sound
pressure in 1/3 octave bands are equal to

L=L+AL,

where AL, - the components of the dimensionless spectrum of sound

i
pressure given in Fig. 14.

6. The level of received noise of the jet is determined from
the spectrum of sound pressure in 1/3 octave bands or from formula
(15) with the use of the a} proximate relationships (13) and (14).
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§ 5. The Characteristics of the Noilse
Generated by the Compressor (PFan) of
a DTRD

1. The Mechanism of Nolise Excitation
in the Compressor Stage and the
Basic Determining Factors

The nolse, generated by the compressor, 1s broadband noise of
aerodynamic origin, against the background of which are marked
several discrete components which correspond to the frequencies
of blade passage (Fig. 16).

(1)/P(oaz/¢z/zwpodamo/z/"9/’ﬂ.9 TF-39 Fig. 16. The compressor
JexNer2 Vs oxmabel; o= 70m noise spectrum of a DTRD
aayxwuwc&zvowbﬁﬂﬂﬂﬂﬁgégywv with y ~ 5.

Yreo ~208'%ex. @-:70° (mox. s
20 KEY: 1) Modifled TF-39
(6)L.0% (2)“"’”"-’””4”’”‘*’””{5"% DTRD. Data 1/3 octaves;
7 Y R = 70 m. Peripheral
. \ i speed of the lst rotor
(77] setl Gaamend 1 ¢ l i stage. Unep = 308 m/s
00 |ty I-i-- © = 70° (maximum PN dB);
, - | . (2) Frequency of blade
&or | I-! Lo } | passage of the blades;
! e - (3) 1st stage; (4) 2nd
"’fl——f S bl stage; (5) Hzj (6) L [aB).
(5) S leers]

The fundamental components of the nolse of an axial-flow
compressor are noise of rotation, eddy nolse and nolse from the
heterogeneity of the stream which flows around the blade.

The nolse of rotation 1s formed due to the forces of the
effect of blades on the flow, has a dipole nature and are discrete
in character. It is connected with the motion of the rotor wheel
blades, which create a periodic disturbance of the medium in the
plane of rotation.
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Eddy noise is caused by the vortices which are formed as a
result of air flow around the inlet components and rotor wheel
blades and the stator. Eddy noise has quadrupole nature and 1s

broadband.

Noise from the heterogeneity of flow is produced by additional
forces on the blades which appear as a result of the nonuniformity
of flow parameters in the plane of rotation of the wheel. The
heterogenelty of flow 1n the stage can be caused by the features
of the inlet to the compressor, and also by distortions of the
field of velocitles after the stator blades. Nolse from the
heterogeneity of flow has a dipole nature and 1s discrete in

character.

Separate components of compressor noise are currently not
studied sufficiently, and thus far, there is no strict theory.
During englineering empirical and semi-rational formulas are
utilized which relate the gas-dynamic, geometric and acoustic

parameters.

The purpose of many very recent investigations 1s detailed
research on the mechanlisms of noise exclitation in the compressor
stage and isolation of its determinate factors. One of the most
thorough works of thls idescription is published by Smith and Howes
[5]. The authors gave primary attention to eddy noise and noise
from the heterogeneity of flow. The mechanisms of the excitation
of broadband nolse examined by them and the discrete comprise
are visually 1llustrated by the dlagrams A-D (Fig. 17). Diagram
A gives a representation about the random nrocess of changes of
circulation, pressure, and 1lift, occurving on the profile. The
initial flow turbulence considerably amplifies this process,
therefore diagram B reflects a stronger mechanism of nolse
excltation. Dlagram D shows routine and periodically repeated
changes in the angles of attack of the rotor blades as a result
of the deviation of flow lines at the exit edges preceding stator

vanes, which produces the appearance of discrete currents. The

115

bl A5l ) ik




most intense discrete nolse appears during the passage of the rotor
blades through the trailing-edge wakes of stator grid (diagram D),
when a change of the velocity in every tralling-edge wake causes

a cyclic variation in the pressure on every vane of the subsequent
grid.

: a0y
. Broadband

noise

& -

Fig. 17. The diagram of the mechanisms
of the excitation of noilse 1n compressor.

The more detalled classification of tlie mechanisms of noise
excitation in a compressor, described by M. Pianko [9], 1s given
in Fig. 18.

Thus, the baslc factor which determines the noise of a
compressor 1s the interaction between turbulent perturbations and
the traces which are formed after preceding vanes and the
subsequent serles of blades of the rocvor and stator. The intensity
of this 1nteraction, to a significant extent, depends on the axial
clearance between blades and the relative number of rotor and
stator blades 1n each stage. In the process of design it 1is
possible to control the noise of compressor by lowering the
broadband nolse and determinate discrete tones by means of an
increase 1n the axlal clearances and the selectlion of the optimum
relationship of numbers of blades of the stator-rotor unit.
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2. The Basic Parameters Which Determine
Compressor Noilse

Many researchers were inclined to consider the basic parameter,
determining compressor noise, to be the absolute veloclty of flow
in the peripheral cross section of the rotor. The dependences of
noise level on peripheral speed established from this, evidenced
a considerable change in complete acoustic power with a change in
the engine power rating, which does not agree with experience.

The careful analysls of the results of experimental research,
made with consideration of the features of the mechanisms of the
excitation of compressor noise by Smith and Howes, showed that both
the random and regulated fluctuations of the flow velocity, pressure,
and 1lift on the profile depend on the magnitude of the relative
velocity vector of the flow around the blade. The specially set up
exper!mnents confirmed the accuracy of the analysis.

In the area of the linear dependence of alr consumption
through the compressor on revoluticns (at invariable angles of
attack), the noice level changes according to a law, close to the
sixth power of the relative velocity.

In practice a difference 1in the intensity of sound emission
in front and rear sectors is observed. The transfer of larger
portions of the jet nolse energy down,tream than upstream serves
as the reason for this, the so-called effect of convection (if
there were no consumption of the air through the compressor, then
uniform noilse distribution between front and rear hemispheres
could be expected. They propose that the portion of radiated energy
which 1s propagated upstream, 1s equal to 0.5 (1 - M), and downstream
0.5 (1 + M), where M is equal to the Mach number of the flow in
the axial direction. Smith and Howes glve corrections for noise
convection of AF (Figs. 19 and 20).
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Noise addition in
rear sector

Experimental
broadband noise
differences
experienced in

a single-stage fan
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Fig. 19. Correction

ch number, M
factors for noilse

convection for the front and rear sectors
of a single-stage fan.
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Fig. 20. Correction
factor for nolse
convection 1n the
front sector of a
single-stage fan.

KEY: (1) Only the
front sector; (2) Mach

i number of the relative

peripheral velocity, M;
(3) Standard blade;

(4) Change in Mach
number from sleeve to
periphery; (5) Effect
of flow around blade;
(6) Scale 5 dB;

(7) Relative Mach
number for the blade,
Mw; (8) dB.
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An important parameter which determines compressor noise 1s
the flow turbulence in the stage. In a compound compressor the
rotors of the subsequent stages are located under conditions of
higher turbulence, than the first stage rotor, as a result of
which the intensity of nolse excitation can grow by 10 1g N/N-1
at the stage. The effect of turtulence can be combined with the
effect of convection and a new correction BN for any stage with
number N obtained (Fig. 21).

Wit ragrcovw

—
-
o

P J— ~2
_L"L_J__L Jas &
o ofr 92 03 34 95 06 07 98 99 10 (4)
(8) Comaceenoresse wuero M xa neppepsw monamre

Fig. 21. Total correction for noise
convection in the front and rear sectors
of a compound compressor (fan).

KEY: (1) Number of stages; (2) Increase
in the 1.vise in rear sector; (3) The
reduction of noise in front sector;

(4) Total corrections BN, dB;

(5) Relative M number on the blade
periphery.

The values of angle of attack a exert a great effect on the
dependence of noise intensity on the relative velocity, however,
this problem has been studied insufficlently.

The value of relative axial clearance (S/C) between stator and
rotor blades substantially affects the levels of discrete a..d
broadband noise of the compressor, however, theoretically the laws
governing this effect thus far are not developed. The experimental
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data in this area are quite limited, and the avallable information
is related to models of a different dimensionality. The tendency
toward a decrease in the intensity of the fundamental tone with an
increase in the axlal clearance is frequently emphasized, although
the intensity of separate harmonics can increase in this case.

3. The Acoustic Power of a Compressor

Work [12] is dedicated to the investigation of the dependence
of acoustic power of a compressor on basic determining factors,
in which analytical expressions of the levels of acoustic power for
the cases of the nonseparated flow and vortex flow of the blades
are given. They take the form (respectively):

L. =: 98 4 47,6lg 1'&) -+ 101g (1 :+- M) -+ 1015 G (dB) , (15)

Le=118 34418 70+ 10lg (1< M)+ 101g G (dB) , (16)

Here: w - relative veloclty of flow around the blades in the
peripheral cross section (m/s); M - Mach number at the entry to
first stage; G - air consumption (kg/s).

Work [10] gives a similar expression for the level of acoustic
power, iIn which the term which conslders the factor of convection
1s omitted

[, = 130.5 +501gf;"+ 10Ig G (dB) , (17)
3
where c¢_ - axial velocity at the inlet to the compressor (m/s).

Formulas (15-17) gilve the dependence of the level of acoustic
power on the relative rate of flow arourdd the blades on the
periphery, respectively in powers of 5.76, 4.44 and 6 (consumption
is function of velocity to the first power). The law w6 is
characterlistic for dipole noise sources.
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L, The Compressor Noise Spectrum

In the compressor noise spectrum b

roadband noise and discrete

component (Fig. 22) are distinctly distinguished.

Broadband noise, approximately to
noise of the Jjet, and therefore can be
noise from the rear end of the engine.
above 1000 Hz, the broadband component
the sonic radiation of compressor. 1In
arbitrarily selected spectra, construct
level in dB [5] are presented. Deviati

1000 Hz, corresponds to the
considered as the overlapping
In the range of frequenciles
of the spectrum is formed by

Fiz. 23 large numbers of
ed relative to the maximum
ons at lower frequenclies are

caused by the dirfference in modes and by the effect of the introduc-

tion of the Jjet nolse. The characterils
a value on the order of 5000 Hz, which
typical dimension of the vortices.

tic frequency of maximum has
1s connected with the

Measured
spectra

. I
i i s s ;
" Caleulated nolse |
spectrum of
the Jet

Sound pressure in bands of 1/3 octave

Spectrum of the
broadband noize |

of the fan
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Fig. 22. A typical nolse spectrum of a single-

stage fan.
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Sound pressure minus maximal

value, 1/3 octave, dB

Frequency in the center of band
of 1/3 octaves, Hz

; Fig. 23. Determined spectrum of broadband
4 noise at a distance of 30.4 m along a line.

Discrete nolse tones have frequencies, multiple to the
: frequencies of the passage of the blades of the rotor, and have
f basic and upper harmonics of the first compressor stages. The
fundamental frequency has the value f = nz, where z - number of
rotor blades and n - number of revolutions per second; thé second
harmonic with double frequency has a sound intensity 6 dB less
than the fundamental tone, the third on 3.5 more dB less etec.,
(in accordance with the law of reduction 10 1g k2, where k - number

of harmonics).
5. The Sound Pressure Levels and Recelved MNoise

Sound pressure levels in the zone of maximum intensity of
propagation along a line, at a distance of 30 m from the source,
can be estimated separately for broadband noise and discrete
components by the semli-empirical dependences proposed by Smith
and Howes [5].
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A. Single-Stage Fan

The level of broadband nolse at the 1/3 octave band, which has
maximum intensity of propagation, 1s estimated with respect to the
formula

L=50|gl:6+ 0lgG+AF+a+51/dB), (18)

where a - mean deviation of attack angle from that corresponding
to maximum 1ift (in degrees); AF - correction factor which considers
the expenditure effect of flow on the propagation of noise (dB).

e e e g

The form of the spectrum is borrowed from Fig. 23 with a ]
frequency shift proportional to the ratio of the average width of 3

the active and guide vanes on periphery to that accepted in
investigation [5] 50 mm.

The sound pressure level of the fundamental tone of discrete
component 1s determined from the formula:

L=50|gﬁ%—- 101g (%)'('—3+-\F+61 (dB), ' (19)

where S/C - ratio of the value of the axial clearance between the
stator-rotor unit to the width of the grid on periphery.

The sound pressure levels of the second and subsequent
harmonics are lower than the fundamental tone, by 20 1lg k. The

o s o S s e it i e G

fundamental tone has frequency f = nz and the harmonic frequencies ;
are multiples of this value. X

i

Discrete components of the fundamental tone and harmonics are
included in the frequency bands corresponding to them in the
spectrum of broadband noise.
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B. Compound Compressor

The maximum level of broadband nolse in the frequency band of
1/3 octaves 1s calculated from the formula:

l.=50|g-i%5+101g0+1+3q+51 (dB), (20)

where BN - correction factor which considers the expenditure effect
of the flow for N similar stages (dB).

The sound pressure level of dlscrete components of the
fundamental tone of the noise radlated forward 1s estimated
according to the formula

) ]
(.=501g%0—|ong(g)-!d+.v.\r+61(dB). (21)

It iIs assumed to be that every subsequent stage lowers the level of
discrete components of the nolse which is propagated back, by
approximately 5 dB. The correction factor NAF in this case is
replaced by [AF - S(N' - 1)]; AF is taken from Fig. 19, and N' is
the number of stages counted from the end of the compressor.

The levels of recelved compressor nolse can be determined by
a noise spectrum, constructed in accordance with the given procedure.

M. Pianko, in work [9], gives semi-rational formulas for the
calculation of the maximum level of the received noise in PN dB,
determined at a distance 300 m from the source.

AN - Y ' G
LN dB) — 101 R= 46igw — l0lg cra—10gR, —15.
Here r - outslde radius of the compressor (m); R - thrust (given);

Ryn - specific thrust (kg/kg-s).
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6. Order of Calculation of the Compressor
Noise

The following can be recommended for the order of calculation

of the nolse of compressor:

1. The maximum level of broadband noise in a 1/3-octave
frequency band is determined from formulas (15) or (17).

2. The spectrum of broadband nolse is constructed in
accordance with the results of the processing of a large number
of experimental data which is presented in Fig. 23.

3. The sound pressure levels of the discrete components are é
determined from formulas (16) and (18) and will pertain to the :
spectrum of broadband noise in the appropriate frequency bands. %

4, The level of received noise is determined from the
compressor noise spectrum in 1/3-octave bands, or from the semi-

rational formula (22).

Concluslons

1. The basic nolse sources which determine the acoustic
characteristics of turbofan engines are the jet and the compressor
(fan). Depending on the bypass ratio, operating conditions
parameters, dimensionility, and engine power rating, either the
noise of the Jet or the compressor turns out to be prevalent.
Thus, in takeoff mode with y < 2 the Jet noise predominates, with
y > 2 -~ the compressor noise. In landing mode, the compressor
nolse '~ rceeds the jet nolse already at y > 1.

2. The acoustic responses of the jet (in the range of the
gas expansion ratios 1.5 < npc < 2.2) have been investigated at
present with sufficient completeness. A strict theoretical base
has been created, on the basis of which engineering methods of

4 B e - T
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calculation have been developed. Results of vast experimental
research will confirm the reliability of the calculation methods.

f

i 3. Compressor (fan) noise has been little studied, these
experimental studies are insufficlently clear, and the obtained
results do not always agree with each other. A strict acoustic

' c theory of the compressor thus far does not exist, therefore during
the engineering calculations semi-empirical dependences are

f . utilized. The primary attention of the researcher during research
1s now concentrated on the physical processes of nolse generation
and on thelr analytical description, which itself agrees with

i experiment.
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; SOME PROBLEMS OF THE CREATION OF AN OPEN 3
STAND FOR ACOUSTIC STUDIES OF DTRD >3

A. I. Balmakov, V. G. Yenenkov

: In the article the contemporary methods of
’ the experimental research on the acoustic :
characteristics of DTRD are examined. Primary 1
b attention 1is given to the full-scale experiment
1 on an open stand. The purposes of the acoustic
- studies of DTRD, and the basic requirements for
test conditions, facilities and equipment of
the open stand are set forth. Two versions of
A the structural solution of the stand are
] described: stationary and mobile. Basic
! information about necessary facilities and
equipment of the open stand 1is glven.

Introduction ]

Recently in civil aviation, Jet alrcraft with the turbofan
engines with high bypass ratios y have been accepted. With the
use of such DTRD the Jet noise of the exhaust gases decreased,
but the noise generated by the fan simultaneously 1lncreased.

To solve the problems of turbofan englne nolse reduction,
it is first necessary to conduct detalled experimental studies,
both model and full-scale.
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In the course of the model experiment 1t 1s also possible

to test a large quantity of diverse variants of the investigated
objJect with insignificant expenditures, to study the mechanism
of the noise generation by different sources in detail, and to
develop methods of its reduction. 1

——

Model tests are carried out, as a rule, in muffled (anechoic) §
chambers (Fig. 1). The 1internal surface of the chambers is
covered with the sound-absorbing wedges, which makes 1t possible
to produce acoustlic measurements at frequencies ahove 250 Hz
without distortions caused by reflections from the walls.

Pand G e
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TP

; Fig. 1. The preparation of the model
experiment in an anechoic chamber.

The studies of nolse problems of individual and coaxial jJets, ]
in connection with the diagrams of the nozzles of the first and
g second contours of DTRD the power Jets of supersonic transport
planes, and also DTRD compressors (fans) (Fig. 2), are carried
out in anecholc sound chambers.

e b i ey

Full-scale experimentatlion on an open stand 1s necessary for
the purpose of final proof of these studies of models, and for the
generallzation of them 1n connection with turbofan engines.
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Flg. 2. The interior of an anechoic
chamber with a model of a muffler.

i
Y

Flg. 3. An overall view of an 4
engine installation on the
open stand.

The open stand for full-scale DTRD (Fig. 3) makes it possible 3
to carry out studies not only of acoustic characteristics, but
also to test the operational rellabiliiy of the engine.




In the open stand it is possible to make a study of the
intake and exhaust devices (air intakes, englne nacelles, nozzles),
a highly reliable final adjustment of the elements and systems of
the engine by applying methods of the early flaw detection, etc.

A study program can alsc 1include testing of thrust reverse
and research on the effect of the rate of the growth of locad and
its cyclic recurrence on the engine lifetime. The open stand makes
i1t possible to study the questions of the ilcing of alr intakes and
engine nacelles and prevention of the 1ncldence forelgn obJects

into the engine, and other problems.

From the aforesaid, it is evident that the multlpurpose open
stand which has concrete purpose (investigation of the acoustic
characteristics of DTRD) makes it possible to study a wider circle
of problems of theoretical and operational nature. Thus, at present
the creation of open stands 1s extremely necessary and real.
Requirements for such a stand very high, and the stand itself

should be universal.

In this article the problems of the creation of the multipurpose
open stand for the study of the acoustlc characteristics of turbofan

engine are brought to light.

§ 1. Purposes of Experimental Acoustic
Studles on an Open Stand

1. The Study of the Characterlstics of the
Ambient Engine Noilse in a Distant Acoustic
Fleld

On the open stand 1t is possible to produce a study of the
characteristics of the amblent nolse, both of production and
experimental engines, in distant and near acoustic field.
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In a distant acoustic field the sound-pressure decreases
inversely proportional to distance from the center of radiation to
measuring point. During stand tests 1t 1s desirable to produce
measurements at a distance of 50-300 m.

These problems enter into the study of the characteristics of
the ambient englne noise in a distant acoustic field:

a) the determination of directional characteristics in the
levels of the recelved nolse and in sound pressure levels during
englne operation under basic conditions;

b) obtaining spectral characteristics in octave (or 1/3 octave)
frequency bands at all measuring polnts;

¢) establishment of the maximum level of the recelved noise
created by the englne;

d) the plotting of curves of noise reduction in the direction
of the maximum propagatlion at a distance of 50-300 m and character-
istic nolse spec“ra in octave frequency bands.

On the basis of the findlngs it 1s possible to give a
comparative evaluation of engines with regard to amblent noise.

2. The Study of the Characterlstics
of Amblent Nolse 1in a Near Acoustic
Field

In the 1mmediate proximity of the engine there is a field of

hydrodynamic pressure which is called the near acoustic field.
During the study of the characteristics of DTRD noise the need
for producing measurement in the near field frequently arises.
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The following enters into the study of the characteristics of
near fleld nolse:

a) determination of sound pressure levels under baslic

conditions of engine operations;
b) determination of directional characteristics;

c) obtaining spectral characteristics in octave bands at the
measuring points of the near field;

d) establishment of the maximum nolse level.

The numerous experimental studies of the near fleld show, that
the greater the signal frequency, the less the distance of the
sound pressure maximum from the source.

3. The Study of Methods of Nolse Reductlon

The basic purpose of the open stand for acoustic studies of
DTRD should be considered the development, testing, and evaluation
of the effectiveness of the different methods of nolse reduction.

The basic principle of avliatlon noise reduction is the
principle of the suppression of its sources. For DTRD, this

principle 1s realized, for example, by following solutions:

a) an increase in the bypass ratio for the purpose of a
reduction in the jet noise;

b) removal of the inlet guide ring;

¢) an increase in the clearance between vane rings, etc.
for the purpose of reduction in compressor noise.
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This principle is most labor-consuming, requires prolonged
experimental research and change of engine design. But this
principle 1s also the most effective.

Another principle obtalned wide dissemination - the principle
of the energy absorption of nolse on the path of its propagation.
The sound-absorbing facing of the channels at the inlet and exit
from the compressor (fan) works accordir.g to this principle. A
change in the form of the channels of the 1inlet and exit gives
the same result. PFor the facing of the intake and outlet ducts of
the fan contour, a porous sound-absorbing material i1s used. For
example, for the RB211l engine installed in the Lockheed L-1011

airbus, 18.5 m? of facing material (Fig. 4) is required for the
indicated purposes.

Fig. 4. Treatment of exhaust
ducts of a turbofan engine
with the sound-absorbing
facing.

§ 2. Requirements for Acoustic Tests

1. Assurance of Conditions of a Distant
Acoustic Field

This requirement should be fulfilled maximally strictly, since

the accuracy of measurement of all acoustic characteristics depends
on 1t.
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Near the nolse sources, the points of the arrangement of 1
microphones, and between them, there should not be any obstructions
(Fig. 5). Since the noisy object (DTRD) has 21 determinate length
from air intake to a certain, not completely clearly limited, but .
distant from the nozzle edge, cross section, during the study of k
the directional characteristic and sound pressure levels in the

T

ook o gmeel e lbe oo

distant fleld, 1t 1s necessary to make nolse measurements at a
sufficlent distance from the engilne.

b A e o ™ S i Bl

Fig. 5. Overall view of the open stand.

3 100 Fig. 6. The effect of .
: Zv engline dimensionality

F 80 on the value of the 1
i » necessary distance '

between the englne and
microphones, with which
the conditions of distant
field are provided.
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The value of the necessary distance from the studlied object
to the points of the microphones arrangement depends on the engine
model and its dimensionality (Fig. 6). Then the observer can

consider the engine as a point source of noise.

It 1s necessary also to eliminate the effect of the ground
in order to avold the interaction of the Jet with soil.

Extraneous noise sources should be at a sufficlent distance
in order to not introduce distortion into the acoustic measurements.

2. Requirements for Stand Equipment

The test bench should be equipped with devices for measuring
thrust, fuel consumption, tenperature, and gas pressure in basic
sectlons of the DTRD. The requirements for the accuracy of
measurement of the parameters are just as rigid as during the study
of the characteristics of the effectiveness and cost-effectiveness
of the engine, since the latter are directly connected with the
characteristics of noilse.

Test floor should be equipped with equipment for continuous
recording of the rate and wind direction, of the barometric
pressure and air humidity. These data substantially affect the
distribution of sound. At wind velocities 7.5-8 km/h, measurements
in a distant acoustic field are not stable.

It 1s necessary to have a sufficient quantity of microphones
for simultaneous recording of data measurements in many points in
order to eliminate errors from a change in wind velocity,
refraction, conditions of engine operation, etc. The use of a
large number of microphones will make 1t possible to decrease the
combustion duration and to lower consumption for experiment.
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" During the study of intake and outlet devices of unsymmetric
form, it is necessary to produce measurements in both the
horizontal and vertical planes passing through the engine.

3. Requirements for Audio Equipment

When selecting metering equipnent for acoustic studles it is
advantageous to use the recommendations of International

Electrotechnical Commission (1961).

The frequency band of the measuring circult should be within
the 1limits of 20 to 12,500 Hz. Measuring circuit in this case

should conform to the followling requirements:

1) nonuniformity of the frejuency characteristic of measuring
circuit in every octave band should be not more than %3 dB;

it e e b e e R b it

2) error for measuring circult, taking calibration into

account, should be not more than %2 dB;

3) level of internally-produced noise should be 5 dB lower

than maximum level of measuring noise;

4) microphone should be weakly directed in the entire range of

operating frequencies;

1 5) measuring circult should be calibrated, and before beginning

and after measurements - recalibrated.

The obtalned acoustic characteristics should be supplemented
by the following information fixed into the protocol of the tests:

- date;

- englne model, 1ts serles and operating mode;

- atmospheric conditions near the earth (relative air humidity,
temperature, barometric pressure, the velocity and wind

direction);
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- the layout of the measuring points (radius measurement,
number of points, etc.).

§ 3. The Types of Open Stands for Full-Scale
Acoustic Investigations

A. The Stationary Open Stand

For the creation of the stationary open stand the presence of
free areas of sufficlent large dimensions is necessary. The design
of such a stand zan be analogous to the design of a stand for usual
engine tests outslide the cell. The stand 1s the experimental
station which has the engine and its maintenance systems. The tool
for the measurement of thrust 1s fastened to a general mounting
which is immobilely connected t> the load-bearing elements of the
foundation. The stand is established on an open site distant from
projecting buildings and constructions and also from noise sources.

In order to eliminate the effect of the ground, it is necessary
to raiss the engine by a height of 1.7-2.0 m and higher, depending
on the overall dimensions cf the engine and its arrangement on the
aircraft. It 1s most advisabiec to completely or partially bury
the control room and the fuel tank in the ground, 10-15 m from the
engine. In this case, all power-supply and engine control systems
will pass in bunkers and have comparatively low length. It is
convenient to locate the entire control panel to the side of the
engine, armoured with slits for the survey of the engine during
operation (Fig. 7).

The application of a ground-level, mobile, control panel 1is
possible. It must be removed to a considerable distance (20-30 m),
which makes survey worse, complicates thrcttle ecircuilts, and
maintenance,
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"LW . Engine

1
2. Frame of englne attachment
3. Foundation
4. Basic entries
5. Armour plate

-~ 6. The control panel

(7

8
9
0

R dant

Control room (shack)

Emergency exit

Fuel tank

Bunkers for the power-supply and control
systems

Fig. 7. The layout of engine and systems on the open stand.

During the rational selection of all parameters a stationary
stand possesses the advantages, the basic of which are: simplicity
of the design, maintenance and organization of the measurements of
nolse at different points (site can be equipped with stationary
all-weather microphones).
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B. The Mobile Open Stand

Frequently the scientific research organizations are not
furnished with large free areas for a stationary open stand. Then
1t 1s necessary to create mobile open stand (Fig. 8). It can be
mounted on the base of a chassis (trallers, etc.). The condition
of free fleld 1is satisfied in thils case sufficlently simply, since
there is the possibility of producing the selection of a testing 1

place (field, wood clearing, etc.) by the transportation of
movable stand.

T R T

For the delivery of the stand into the area of tests, the tow
car or a special airport mobile power unit [AMPU] (ANA) is utilized.

: In the latter case the problem of starting the englne is considerably
simplified.

It is desirable to transport the mobile open stand, and the 5
equipment avallable in the alrport weather service makes it é
possible to obtain the necessary atmospheric characteristics. 1In
this case, the maintenance c¢f the engine and its systems,'fuel ?

loading, fuel and lubricants, and special fluids are simpler. :

X

% For test work, the mcbile stand is established on a level i %
1 site, the supports which impart lateral stability to the stand are é
extended, and the chassis wheels are chocked. All systems of the |

fueling and control of the engine are furnished on an isolated :

frame, which can be moved in height with the ald of rigid adapters, l
or on self-raising frame with a hydraulic cylinder.

For a change of the slope angle of the engine, in the vertical ) %
plane, the truss-adapters between frames should have different f
heights. When using hydraulic holsts in such cases, the rigid, x }

mechanical locking of its legs is necessary.
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Fig. 8. Engine installation
of a mobile platform.

During the arrangement of new position, the upper frame with
engine, panel, etc., 1s raised by a crane or hoists, fixed in
a determined position, and then both frames are rigidly fastened.
The use of other methods of a change in the height of the engine
installation 1s possible also.

Also, the control panel, fuel tank, the system of thrust
measurement, and part of the measuring apparatus are installed

on the mobile frame.

The control panel in this case can be utlilized for the
limitation of conditlons regarding nolse in the cabin of the
aircraft (during the use of similar sound-absorbing material,
engine power rating, etc.).

At the location of conducting the research, it is necessary
to make the arrangement of microphones and to lay cable to them.
It must be considered that stand variations will occur, and
therefore it 1s necessary to provide the protective measures for
especlally precise and sensitive equipment on the control panel.
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The mobile open stand 1s considerably more complex in design
than the stationary, but 1s also more universal.

§ 4. The Basic Equipment of the Open Stand

l. For equipping the stand with a thrust measurement system,

a non-rigid test stand design on connecting rods or flexible strips
may be used (Fig. 9).

. e e o e
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Fig. 9. A closeup of the engine,
prepared for nolse measurements
on a open stand.

2. In turbofan engine the temperature of gases and pressure
in different cross sections should be measured. 1

3. For the measurement of pressures (complete and static)
on a test stand, different adapters, manometers, vacuum gages
and differentlial ranometers can be applied.

L. For flow velocity measurements (in Mach numbers of 1),
they use a combined adapter of complete and static pressures, and
also measure complete or statlc temperature. Directivity of the

velocity vector can be determined with the aid of multichannel
adapters. '
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5.
sensors,
applied.

For the measurements of fuel consumption, tachometer
flowmeter, and also vclumetric and mass flowmeters can be
Flow meters are usually used for more precision

determination of the consumption with regard to engine operating

mode. For the measurement of 1lnstantaneous fuel consumption they

use tachometer sensors.

6.

For the measurement of r/min electrical, strobotacs and

c the total revolution counters are applied. All measured values

enumerated above are available on control instruments, the panel

(1in the cabin) according to which operation of the engine and its

systems is evaluated: the engine-control lever, stopcock, the

starting
meter of
pressure
position

7.

a)
b)

c)

d)

£)

g)
h)

P RO Rt TP LT T YU B L LR D0

switches, the thrust indicators, tachometer, the thermo-
exhaust gases, the oll thermometer, the fuel and oil
gauges, fuel-metering device, the signaling of the

of the organs of nozzle control, compressor, etc.

The test stand is supplied with the following of systems:

by the electric power wiring;

6 or 12 V electric wiring for operation of the portable
1llumination sources and power tools;

27 V direct current electric wiring, that provides operation
of meters and starting the engine and turbine starters from
electric starters;

wiring, carrying the load of the engline's generators;
compressed air feed system;

0ill system;

hydraulic circuit (in the presence of hydroaggregates);
propellant feed system.
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§ 5. The Measurement of Engine Acoustic
Characteristics

The study of engine acoustic characteristics has the purpose
of measuring and registering sound pressure levels at a certain
radius from the engine. In connectlon with the fact that the
domestic 1ndustry does not produce standardized audio equipment

which makes 1t possible to produce complete acoustic measurements %
under varied conditions, the measurements of sound pressures can :
be made with the aid of the following assemblles of equipment: ;

a) for the registration of levels to 135 dB use of the
: equipment manufactured by Danish firm Briiel and Kjaer A/S is more
4 expedient, including the chart recorder (Type 2304), analyzer
(Type 2110) and capacitor microphones (Type 4111, 4112, 4113). E
It is possible to also apply domestic capacitor microphones of the ;
MK-5A and MK-6 type, as well as electrodynamic microphones of the
type: MD-45, MD-59, MD-62, etc.;

%

L e 0 B

b) for registration of levels greater than 140 dB it is
possible to use the domestic MIK-5 microphone with the UPU-2
amplifier, the vacuum tube MIK-5 voltmeter with the UPU-2
amplifier, or the vacuum tube voltmeter and analyzer and the chart
recorder of the firm of Briel and Kjaer A/S;

c) for the magnetic recording of noise on the ground and in
flight, a modified magnetic tape recorder (for example M-30, MEZ-28S,
MEZ-41, MEZ-63, Kometa, Yauza-10, Reporter-3, etc.). For a magnetic
recording, tape type 6 is recommended.

R AP S RV U APA S

PORE.

The magnetic recording of noise is reproduced on tracing
paper in the form of the total nolse level and frequency components
(with the aid of the Briiel and Kjaer analyzer and chart recorder).
The modification of the magnetic tape recorder consists of the

At ot - it

conforming of 1ts input and output with the equipment connected
to 1t
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d) for a selective control, in terms of total noise levels,
in the experiment there should he a rellable and thoroughly
caliobrated objective audio-noise meter (of Type Sh-60, Sh-63 and
Sh-52, Sh-2, General Radio's 759A or similar), and also domestic
octave filters OP-1, 1/2-octave PF-1, 1/3-octave AW-2M, etc.

For frequency response analysis, the octave fillters of the
firm of ZTrilel and Kjaer of Type 1612, 1613, 1/3-octave - 2111,
2112, domestic narrow-band analyzers S5-3 and S4-7 and an
analyzer of Type 2107 from the firm of Briiel and Kjaer are applied.

For the registration of level - monitors N-110, Type 2305 from
Briiel and Kjaer; for calibration a pistonphone of Type 4220, a
ball bearing calibrator of Type 4240 and an instrument of Type 4142
from Brilel and Kjaer. Also applied are the audiofrequency
oscillators, Type 2G-4, ZG-12, GAII-1 and GNII-2, voltmeters V-3-13,
VK2-6, osclllograph S-1-19, etc.

During the 1investigation of acoustic characteristics it is
necessary to maintain certain conditions. '

l. Before beginning, and during the period of measurements,
the entire equipment should routinely undergo calibration. These
adjustments are dated and are introduced into these equipment.
Equipment from the firm Briiel and Kjaer may be calibrated only
once - before beginning the experiments (if in the process of
measurements sharp Jolts and impacts are not undergone).

Besides standardization, and independently of it, the
equipment before every measurement and after it should be
calibrated.

2. When using Briel and Kjaer equipment in field conditions,
one ought to transport to the place of experiment in a warm
vehicle and on a spring suspension. During measurements the
equipment remains in the vehicle, and only lengtheded cables to
the microphones are installed. The microphone cannot be shielded.
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3. 1l the tape recording of noise 1s not immediately
reproduced, then the magnetic tape is placed in iron cover (for
protection from stray fields). Between finish of the recording
and at the start of 1its reproduction there 1s a period no more

than days.

k, At wind velocity more than 7 m/s one should not make

measurement of amblent noilse.

5. A change in the temperature of air with height leads,
Just as the presence of wind, to refraction. ‘If temperature
decreases with helght, then sonic rays are bent upwards and the
distance of signal reception decreases and vice versa. With a
drop in the temperature of more than 3.5-4°C at heights from 0
to 500 m one should not make the measurement of nolse.

6. One must take into account that audio equipment (including
the firm of Briiel and Kjaer) has only one channel of the recording
of noise; it records either the total noise level or the level in
any determined frequency band (octave, 1/3-octave, 1/lU-octave).

In the absence of a large number of microphones, measurement
can be produced as shown in Fig. 10 with the aid of one microphone
which is moved on a circular arc, in the center of which the noise
source 1is located - the engine, With a change in radius, the
process of measurement is repeated.

_-—-'-----
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Fig. 10. Overall view of the cell for
acoustic tests.
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Concluslions

l. At the contemporary stage of studies of the acoustic
characteristics of turbofan engine with high bypass ratios, where
the determinate noise source i1s the compressor (fan), experiments
on model and full-scale objects have great significance. Model
experiment 1s carried out, as a rule, in anecholc¢ chambers. To
conduct a full-scale experiment, the creation of an open stand 1is

necessary.

2. The open stand for the acoustic tests of DTRD can be
executed in stationary and mobile versions. It should be equipped
with all systems necessary for the measurement of the parameters
of the effectiveness and cost-effectiveness of the engine and 1its

acoustic characteristics.

3. The open stand which has as a basic purpose acoustic
investigations, may obtain multipurpose application - for tests
of the characteristic of engine operational reliability.

b, Clearly formulated requirements for an open stand for
acoustic tests of DTRD thus far do not exist, and available
separate recommendations do not reflect a complete picture of the
specific character of the studlies. Thus 1t 1s necessary to develop
commerclal norms and standards which determine the conditions of
assuring distant acoustic field, stand equipment and audio

equipment.
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