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Various aspects of the testing of air—breathing Jet englnes ave

disoussed inathis book Techniques and methods of processing. data, and
. the measuring instrumenfs, devices and equipment of laboratories and.

Lesting stations are described

hisvbook gserves as a textbook for a course oifered under the -

ori. Engipeer S. D. Krasil'nikov
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r.on truction of air-breathing Jet engines VRD) was firsu

dnderuaken in the middle of the thirties1in various countries. Much -

atten tion was paid to these engines during the’uenond wOrld War, and

the first series produced Jet aircraft were delivered pr or"i o

conclusion Extersive serles production and operation ofVVRD Nere -

begu“'on a practical scale after the end of the war :an' urbojet and
turboprop engines have now Bained the greatest acceptance.: . '

The production of new engines made it necessary to moderniz~ the
methods of testing. During the early years of the development or Jjet
aviation, VRD testing methods wtre not on a high 1eve1 the teuting
devices and measuring instruments were qnite obsolete. After l9h5,
speclal testing statlons and 1aboratories fitted'out;Witn;modern
measurlng apparatus and the necessary equipment were set"up,in various -
countries. S ' 7 ' 7

Testlng methods and techniqnes based on progress in‘aeronautical
cnglneering have now evolved into a self-contained engineering disci .
-t1ne.

Unfortinately almost no scientific literature for higher technid
al scnoo's'vukuhing Lo Lils disciplire has been published until now,
The present b. is a plonecr work in this field. The authors sought
to make the reader fairly familiar with the theory and practice of VRD
testing within the limits of this small volume; therefore, many prob-
lems are covered 1n as hrief a fashion as possible.

Experimental ané flight tests are covered for the first time in

- e
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the literature of aviation-engine testing. In tnis book special atten-
tion is 1evoted’to the testing methods that are appllcable to the most

wide;y used types of VRD 1. €, turbojet and turboprop, engines

ors observed the work of beglnner test engineers and camc

‘of their use.

‘Prbblems 1n;olved in'the:deSignfef,teeting inetellationa and
theif parts are searcely toucnedineen;féeedere’sbecializing in air-
craft englne testing will have to study additlonal soufees (see the
bibliography at the end of the book). 7 7

At the request and under the edltorship of the anthefs; Engineer.
S.N. Yerenine wrotc Chapter 6, while Engineer V.3. Kondrusevrwrotcr
Chapter 7. ' -

The authors are grateful to the Docents G.M. Gorbunov, L.B. YeQané
gulov, Yu, K. Zastel, to Candldate of Technical Sciencecs A. A, Laks-
htovskly and to Englneer 7. L. Kropp for many valuable remarks and
suggestlons with regard to the draft of the manuscript and dJduring edit-
ing. The autlhors are also grateful to Engineer V. N. Plkul' and hls
coworkers in the Alrcraft-Engine Engineering [TAD] Department of the-
Kuybystiev Aviation Institute for maklng changes in the maHUQCLID‘ -

Much editing work on the manuscript was done by L S _okubachevckiy
Lo whom Lhe duthor° oxpre Lhelr spe01al thanks ' -

Any comments and proferences pertaining to the conLenL and for-

mulation of the book should be addressed L0: Moscow, 1-51, Feiluvha,

2, oborongiz.
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Chapter 1
FORMS OF TESTING AIR-BREATHING JET ENGINES

Englne testing carried out 1n plants, in experimental design
offices, and in scientific research institutes may be classifled ac-
cording to the location and purpose of the tests.

Wilth regurd to locatlon the tests may be dlvided into ground and
flight tests.

The ground tests cover all experiments carried out on the ground;
these tests include experlments with apparatus simulating the altitude
and speed condltlons of fllght.

Flight tests are engine tests durlng flight in speclal aircraft,
i.e., flying laboratorles, in test and serles-produced alrcraft and
in pllotless alrcraft.

Depending on the purpose, testlng 1s divided 1nto sclentiflc re-
scarch, experimental, and routlne tests (see chart). Now we shall
consider the features of each aspect of testing.

1. SCIENTIFIC RESEARCH TESTING

Scientific research tests may differ in aim, but thelr main prcb-
lem is to study and analyze the phenomena and processes occurring in
the engine or in 1ts cunponent assemblles. Commonly, sclentlflc re-
search testing 1s carried out to study thermodynamlc and gasdynamilc

processes In the englrne, the operatlion of single units, the fuel and

its combustion, and to analyze the engine characterlstics, the strength

of 1ts parts, etc.

When an englne 1s designed according to a radlcally new principle,

-l oo




the sclentific research work may be compllcated by insufficieént know-
ledge of some physical phenomena occur_—_i;"ilpg.--'_i'r}'_'-the ﬂeng_»irie 'apd by the -

frequent lack of approprilate meas_t_;pix{ﬂg;'a{ppéré

Thermodynamic and gasdynamlc invést é@.i@ﬁs@i}uthvé{ inta}ce :

devices, compressors, combustion chambers, turbines, and engine roz- -

zles, as well as the determination of their ¢hafacteristics, ay be
carrled out under natufal conditlions in specilal laboraJ;Ori'eré‘r:\;\i‘;i;in_Iéom;
plex and cumbersome equipment requiring considcrable electrlcal po.wr_r.r.
The theory of similarity makes 1ls possible to conduct approxinate ‘
tests of engine elements on models. Tests on models can be carrich
out with notably less powerful equipment, thus offering important

economic advantages.

[Tlfcnblmaﬁun ﬂF,’[ZJ o

/

2 .
[/faqu—ucmeﬁoﬂame.nacxaeJ 3| onumnse

Cepuinore

1 r
Aolodoynsre| |Aabopamop-| | Semuoie locydap~ | | Texwanozu- | |Coamounsiel |Konmpons-) | Aaumeds- Jemupie He,
e | |vecaue mu- Hole Hble cepuilnom
> "6 T M&,@b mansste 9 10 11 12 ca’frfq['lgmt'
/11*\ \ 1‘M 17 .18 % 20
Y306 u Qdueamenn Havemarowiux| | Ha onsimwom Ha eapanmupol Ja mecavuyro) (Ao -”M”ofio 23-
aapeeaml 15 /laiqpamopaw camonems Hoik CpaK caymbol npopamMy ’%’f'n ez;;ﬂ -

Classification of tests. 1) Testing of VRD; 2) sclentific rescarch;
3) experimental; U) series; 5) adjustment; 6) laboratory; 7) flight:
8) state; 9) long-run engineering; 10) dellvery; 11) -control ; 12)
long-run; 13) flight tests in serles-produced alrcraft; 14) units
and assemblies; 15) engine; '16) in flying laboratorles; 17) in ex-

perimental aircraft; 18) for guaranteed service 1life; 19) according . -

to o monthly program; 20) to complete destruction of engine.

The ruggedness of cnglnes and the strength of thelr unlts and
parts are commonly studled in speclal laboratories.

The results of sclentific-research testilng provide the possibl-

-5 -
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ility Qf understanding the nature of the operational processes that
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" of defermining, the. factors responsible for the

and OF Lmproving: theraccuracy and completeneds . *: - .-

fxwqu»“gﬁhbdsiofzdeéign, In individual cases, A

test rééﬁléé:méglbé”usgd és“a basis for developlng new methods of
desig'n and new the’jdi%;é?;ica'l' generalizations.

Scilentific-research tests are uéually carried out 1n'scientific
research institutes, in higher schools of education, and sometimes
in experimental deslgn offices. '
2. EXPERIMENTAL TESTING

The principal alm of experlmental testing 18 to determlne the
operational cycle and design of the engine. Experimental tests uti;ize
the results of scilentlflc-research tests. The absence of exact theory
{for some phenomena occurring in the englne does not halt experimental
work, though it does slow 1t down. Experimental englne tests involve
adjustment, laboratory, flight, state, and long-run engineerlng tests.
Adjustment tests are carried out 1n two stages, i.e., assemblies and
slngle unlts are inspected in plant laboratories and the complete
englnes are tested at experimental test atations. These tests are mos-
tly carrlied out in the environment.

Adjustment testsinclude the followlng;

1) Adjusting the engine cycle;

2) Putting the finishing touches on Lhe design of single units
and assemblies;

3). chécklng the correctness of the cholce of materlals gnd_the_
technlgnes of parts fabrication; 7

4) determining thc service lilfe of the engine and finding means

to lengthen it;
5) turning the engine parameters for various regimes to values

-6 -
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in the customer's specifications.

Independent of the adjustment tests on engines, performed in.
'fi_esperimental plants, laboratory tests are - carried out in ‘sclentific
researoh institutes 1. e. 1n high—altitude laboratories equlpped with ;-
' heat and pressure ohambers and wind tunnels, by means;of;which- the ;.
requtred fiight eonditions of heilght and speed can be sinhietedaon'ﬁn-
the ground, andrby means of which corresponding engine characteristfcs
can be recorded. Sometlmes special tests according to a program which
takes account of definite operatlng conditions (low or high tempera -
tures, desert conditions, rain, etc.) are carrled out in these labo-
ratories.

once the adjustment and laboratory tests have been successfully
completed, experimental flight tests begln. As a rule, experimental
flight tests are first carried out on special aircraft. 1.c., flying
laboratories. Flylng-laboratory tests are sometimes conducted be-
fore engine adjustment testing has been concluded. Flight safety 1=
assurcd by the presence of serles-produced powerplants on the [{1lying
laboratory, and by reduclng the overhaul perlod {or the enginc under
test., Flylng laboratories generally limit the posslbilitles of test-
ing englnes with respect to flight speed and altiiude.

After the operation of an engine has been carefully checked 1n
the flying laboratory, testling is continued on the experimenial air-
craft designed for the given engine. These {estis servc to determine
the operational reliability of the powerpiant as a whole and to de-
temine whether 1t corresponds to the technical speciiicatlons

It is natural that new engine defects -may be discovered during
the laboratory and flight tests. Such defects must be eliminated,
after which the engine is agalin tested.

Upon completion of the adJustment tests, the englne undergocs

-7 -
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stapé Inspection tests. These tests are carrled out on the ground at

'ting statlions of an experimental plant in accordance with a

:rogram. The reglmes, duration, and sequence of the tests are

"dhoseh.so,that the conditions of englne operation correspond as close-

ly as possible to the condltions under which 1t wlll have to operate
later on.- For 1nstance, turbojet and turboprop engines are tested
in nominal [rated], augmented (take-off and combat), ana cruisliig I

glimes.

The nominal regime corresponds to the rated regime of the engine.
The-engine should work reliably in this regime for a conslderable
part of 1ts servlice life. Tests 1ln this reglme are carried out wilth
continuous running for perlods of 30 minutes.

Thrust augmented reglmes (take-off and combat) are achleved by
increasing the number of revolutions of the turbine shaft, lncreasing
the gas temperature behind the turblne, or by adding an afterburner.
These reglmes can also be achleved by combined methods of affecting
the engine cycle. Thrust augmented regimes are employed temporarily
for the take-off of an overloaded aircraft or to increase briefly
the flight speed or rate-of-climb. The englne should operate rellably
In these regimes for 5 - 10 minutes, subsequently bring swltched to
an easier [lighter] regime.

The continuous running time 1n nominal and augmented regimes may
change withln a glven range, depending on the designation of the alr-
craft in which the engine 1s used.

The cruising regime 18 the one 1ln which the number of shaft re-
volutions for the turblne and the gas temperature behlnd the turbinc
are lower than in the nominal [rated] regime. For TVD [turboprop en-
gines] the crulsing regime is achieved by changlng the angle-of-attack

of' the propeller blades appropriately, while maintainlng a constant
-8 -
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number of éngine revolutions; Thé.dﬁfaéioﬁ 6f-confinuous 6peré€ibn.
in this reglme 1s unlimlted.

The state inspection-test schedules for varlous engines of the
same type may differ from one another as regards reglme and duration,
and they are based on the ultimate purpose for whlch the engine is
to be used. The findings of tl.e State Commlsslon on the successful
conpletion of the tests -~-~-"-"- '~ waf I1OQr QlIectlng tne series
production of the englne.

The work of constantly seeklng new improvements in the engine
does not come to an end when serles productlon starts. Experlmental
design offices (OKB) attached to the prime series-production plants
seelr to lmprove the technlcal data of the engines delivered by the
plant and to lengthen thelr overhaul periods. For this purpose, long-
run tests are periodically carrled out on engilnes at the testing sta-
tions of the serles-production plants, and necessary changes in the
construction an operating conditlions are introduced. These tests arc
known as long-run englneering tests and are performed according to
a speclal program worked out by the OKB. Successful completion of the
tests glves the plant the right to make the required changes and to
begin the production of a new serles of englnes.

3. SERIES TESTING

Series tests are carrled out under environmental conditions at
the testing statlons of the production plants. The followlng kinds
ol series tests are distingulshed: dellvery, ccntrol! , long-run and
fright.

bvery engine delivered by Lue plant undergoucs dellvery testo. Tho
tests are carrled out to check the quallty of the engine, to see Lo
it that the parts are run in, to check on the correctness of assembly,
and to adJust englne operation to the various regimes in order to

-~ 0 -
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comply with the maln data of* the tecﬁnidal sbédifidééiéﬁs.

1f thé.@glivery—test results are found to dlverge from the given
“bagio enginéfagﬁa, or if a defeet which might lead to an accldent is
dlscovered, éégéing is stopped. When the defects have been eliminated,
the engine 1is put through the delivery tests once again.

Eéch englne 1s dlsmantled after dellvery testing and all 1ts paris
are inspected for defects, after which the engine then undergoes oon-
troltests of 1ts operation in all regimes stipulac . in the technlcal
specifications, The customer accepts the englne 1f all results of the
control test are satlsfactory, and the engine 1s th»n sent on for
shipment. There must be no irregularities of any kind during the
course of the control tests. If derects are discovered, the control
test 1s cancelled.

Long-run series tests are divided into:

1) testing the guaranteed service life of the engine up to its
first overhaul;

2} testing the engilne according to a monthly program (period of
testing is 50% of the guaranteed overhaul period);

3) testing the englne to total destruction.

Long-run tcsts are carried out according to a program of fthe samc
type as the state inspectlon tests, except for measuring certaln
speclal characteristics.

The frequency of tests depends on thelr purpose. Tests on the
servlice life guaranteed by the plant are carrled quarterly and the
mnthlyprogram tests are carried out once a month. The dates when
long—PUn tests are carried out may be changed in accordance with the
englne delivery program.

It 1s, moreover, possible to comblne tests. For instance, the
test on the engine service 1life guaranteed by the plant up to the

- 10 -~
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‘firat overhaul is considered a part of the eurrent monthiy tasting

program as weil. In this cape, the declslon as to the deiivery for
thét mOnfh 1s based on the results 6f'teéting;thé guaraﬁtééd éefviéé
1ife. Batisfactory results cof the long-run tests on the series glve =
the plant the authority for further delivery of engines in the gilven
month . 7
Long-run tests are carrled out in stages; the intervening periods
are kept wlthin the time limits necessary for carrying out adjustment
operations.r
Long-run tests are regarded as unsatisfacﬁory if during the coursc
of the tests or as part of the inspection subgequent to the test cer-
tain parts whose breakdown or damage entalls the rlsk of engine fall-
ure are found to be inoperative. In thls case the delivery of cngines
from the factory is curtalled until positive results are obtained
from repeat long-run tests whilch are carried out after the elimination
of the defects. -
Long-run testing of seriles-produced englines to completc destruc-
tion makes it possible to check the rellability and deferminc the
service 1life of englne parts and assemblies, to refine maintenance
technlques, to check the quality and nomenclature of repair tools and
devices, o refilne the tables of tolerances for maximum wear of com-
ponents and clearances in assemblies of rebullt englnes, to fefinc
the list of spare parts stocks for the flrst, second,rand subsequent
overhauls.
All englnes in serles production for the flrst time or tLhose
whlch have been signiflcantly changed, are tested to complete des-
truction. As a control, engincs which have passed the tésts.for the
service life guaranteed by the plant are selected. The tests arc car-
ried out over periods which are equal to the overhaul period of the

- 11 ~



cmine. After ‘each period the engine is overhauled, during ich the

Vparug are inspected forflaws . The worn- out parts are replaced with

:new ones from the stock of Spare parts The engine is-ovérhauled 1n -
-'*accordance with the repair tcchnlques and tools specially produced by
the plant for maintendnce purposes. The test is considered to pe fin-
‘}hed'if a'considerable number of parts break down;:phe items and
their number,are epecified in the technical specifications.

V Increasing the overhaul perlod of an engine that has yielded
good operational results 18 of great importance, To solve this problem,
a group of englnes is selected and these have been run undcr operat—
ing condltions for the lifetime guaranteed by the plant. Some of the
englines in this group are sent to the manufacturing plant for inspec-
tlon and determination of defects, and for additlonal tests.

The . results of the inspection and determination of the defecis
of the sclected engines are used in the determlnatlon of the duratilon
of the addltional tests, together wlth the results of the tests-to-
destruction prevlously carried out on the engines. If the results of
the additional tests are satlsfactory, flight tests on the engines
remaining from the group are allowed in ailrcraft, to last for a period
of time corresponding to the additional service life.

Successful flight tests give the plant the.right to increase the
overhaul perilods of the dellvered engines. Sometlmes these tests are

known as operational tests.

- 12 -

m?‘:‘f ‘i;i .

IRT.

L svmg e ab.

%




EIRTRA L |

Chapter 2
ELEMENTS OF METROILOGY

The development of a gystem of heasures, measurement instruments,
measurement methods, and the processing of observatlonal resulis re-~
lies on the achlevements of many branches of science and englneering.
Contemporary methods of processling measurement results were developed
primerily during the first half of the 19th century.

In the USSR the Commltiee of Standards, Measures, and Measurement
Instruments, and its branches, are responsible for the maintenance of
uniformity and rellabillty of measures. Moreover, there are officlal
control agencles to check on the measures and measurement instrumentns
used 1n factories and research institutions; these measures and meiu;.-
urement instruments must be registered at the Committee of Standards,
Measgures, and Measurement Instruments.

The branches of the Committee maintaln a check on standard mean-
ures and measurement instruments, as well as on instruments employed
for production control (if no official control agency exists at Cthe
particular factory in question).

The methods of checking measures and measurement instruments have
been spelled out in the document entitled "Temporary Rules 12-54 [or
the Organizatlon and Verification ol Measures and Measurement Instru-
ments." Plants [enterprises] producing measures and measurement lhstru-
ments submit test speclmens of the latter to the Committee of Stand-
ards, Meagures, and Measurement Instruments for its approval.

International standards are used to verify measures and measure-

- 13 -
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ment i.nsﬁi’“_\;ineh’cs to_r ;bé‘glutlé g;féci'éion. The Staté &tandands of Mméag~
ures, prépared with metrological accuracy, are held fo ié frﬁ;_ﬁééﬂif
tudes. o , ' - ' o

1. MEASURES, MEASUREMENT INSTRUMENTS, AND THEIR INACCURACIES

A measure 1is defined as a "body" or device which represents a
physical reprodﬁctton of [certain] measurement units or fracfions ol
these, Thug, for example, weights repregsent measures of mass and rays
of light represent measures of length (meters, centimeters, etc., are
also measures of length).

In the majority of cases it 1s impossible to undertake a direct
comparison of measured magnitudes and measures. For thls reason meas-
urement is performed with the aid of measurement ilnstruments that per-
mit the convenient and suffilclently accurate comparison of measured
quantities with the adopted unlts of the measure,

All measures and measurement lnstruments are divided into two
groups:

1) standard measures and standard measurement lnstruments;

2) working measures and working measurement instruments.

Standard measureg and instruments are used for purposes of repro-
duclng and safcguarding the adopted measurement units, as well as frac-
tiong or multiples of the latter. Occasionally standard ingtruments
may be employed for purposes of exact measurements in experimental
projects. Working measures and Instruments include all measures and
instruments wlth the exception of the standards.

A measurement resgult read off from a measure or instrument scale

is known as a nominal regult, The value of the measured magnltude ob-

talned by means of the more cxact standard instrument or measure 1s

known as the true value., If the measurements are beilng conducted by

means of standard instruments, the true magnltudes are determined by
-1 -
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" The differenceé between the nominal and true values of 4 magnitude

is‘khowﬁ'aé“the absblﬁté eryor of the Measurqjoffinsﬁfuméﬁﬁléﬁa may be
;QpreSented-in the folioﬁiné”fbrm: 7 " - '

o A;u.-—a‘, S N E (1)
where an'is the nomlnal value; oy is the ﬁrue value.

The absolute correction factor for the meagure or instrument Is
obtalned by taking the error, but opposite in sign:

fem — A=, —a, (2)
It 1s clear that
a=a,438, (3)

We can see from Expression (3) that the true value of a measured
magnitude is the algebraic sum of the nomlnal value of the magnitude
and the correctilon factor.

For example, let us assume that we have two working rulers each
100 mm long. A comparison with the standard measure showed that the
true length of the first ruler was 100,11 mm, while the true length ol
the second ruler was 99.8 mm. Thus the absolute error of the first
ruler was

Ay=100—100,1=—0,] mm-
while that of the second was
Ar=100—99,8=0,2 pm.
The correctlon factor for the first ruler was equal to 0.1 mm, while
that of the gecond ruler was minus 0.2 mm.

In additlon to absolute errors, relative errors are frequenily
determined. Relallive ervors are caleulated in % accor
lowing formulas:

the true relative error

- 15 -
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‘the nominal relativé error
A.—-——-—":"‘ 1@: : | o (5) -
the reference relatlve error
T 7 o .-
By =2 100, : (6)

where ap 18 the limit value of the instrument scale.

Example, The gas pressure behind the turbine was measured during
an engline test by means of two manometers. The worklng manometer used
by the mechanic showed a pressure reading of 2.1 kg/cme (the nomilnal
value). At the game time, the standard manvmeter gave a reading of
2.15 ke/cn® which is regarded as the true magnitude.

The absolute meagurement error is equal to

Aempa— py=2,10—2,15m — 0,08 kgz/cne.
The correction factor will be
Beps—pam2,15—2,10m 0,05 kg/cme.
The relatlive errors in this case will be equal to

~0,05
2,15

Ay -100m=—2,32%

and

05
Ay =0

0D 1 00m—2,38%.
210"

Generally, the quantlties Ad and An are close to one another in
measurement practice and the relative error can be determined both
wlth respect to the nominal and the true value of the measured mapgni-
tude, making no dis

In addition t. the indicated absolute and relatlve errors, we
algo employ the concept of permissible error (absolute or relative).

The maximum instrument error stated 1ln the manusal 1s referred to as

- 16 =
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An important index of instrument quality 1s the oonstanoy of its
readings, thig being’ de’cermined by the variation. The greatest ¢ aiffer-
ence between the measurement results obtained with one and the same
quantity, these measurements being carried out under identical condil-
tions, 1s known ag instrument variation.

An important characteristic of an Instrument 1s its gengitivity
which 1s determined from the following formula:

S = an/Aa, (7)
in which An represcents the number of scale dlvisions; AA represents
the number of units corresponding to An in the meagured quantity.

Measures and measurement instruments are classified in terms of
the kind of quantity being measured, the operating princlple, the
method of transmitting the readings, dimensilons, preclsion, area of
application, etc,

Instruments are divided, in terms of the manner of obtalning the
meagsured magnitude, into comparator, indicating, and integrating in-
struments.

Comparator instruments are those which make 1t possible to compave
a measure agalnst the quantity being measured (i.e., a measure must
necessarily be included as part of the comparator). As an example of a
comparator we can cite a pan balance (the object to be measured is
placed on one pan, the measures belng collected on the other — weipghts
to balance the quantlity be measured).

Indicating ingtruments refer to those which make it possgible bo
read the value of the measured magnitude dilrectliy. ''ne maJjority or in-
struments 1in use belong to thils category. Indicating instruments in-
clude dilal scales, clocks, manometers, dynamometersg, thermometers, etc.

To the class of integrating instruments belong the adder instru-

- 17 -



ments (total-revolution counters, liquid and gas flowmeters, me b rs'ta -

meagure the consumption of electric energy, planimeters,et' )

1) instruments with direct readihg'(manometers, dynamometers,

ete.);

2) self-recording (i.e., wlth automatlc recording of readings);

3) control instruments (i.e., instruments which measure the param-
eters of a process and Intervene in its progress through approprilate
devices);

4) short- and long-range instruments.

The accuracy of an instrument is characterlzed by the magnltude
of the maximum reference relatlve error or the precision class. For
example, an instrument of the 0.5 clags exhilbits a permlssible refer-
ence relative error of 10.5%. All instruments are clagsified [grouped
into classes] on the basls of theilr precision.

Measures and ilnstruments are also designated as "laboratory" (for
accurate laboratory measurements) and "industrial" (for less-precise
measurements). When measuring with laboratory instruments 1t is neces-
sary to bear in mind the correction factors that must be employed wilth
the readings of the instruments, whille in some cases 1t is necessary
to carry out special tests to determine the measurement accuracy. When
neasuring with lndustrial instruments the meagurement accuracy lis
~iven 1ln advance 1n the rating data for the lnstrument.

Standard measures and instruments are divided into:

1) standards;

2) standard measures and instruments of limited accuracy (most
trequently, simply standard measures and instruments).

Standards are defined as the measures and ingtruments of the
highest (metrological) accuracy. The accuracy of the standards 1s main-

- 18 -
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tained 1n view of their 1hff;aﬁént ubilization and. theidh stopags unddn
speclal conditions. Standard measures and instruments may_exhiﬁit 7
lower acouraéy and.are verifiled by means'of working sféﬂéards.

The clagsiflicatlion of standards, standard measures and instru-
ments, and the methods of achieving and maintalning their accuracy are
examined I1n detall in metrology courses.

2. MEASUREMENTS

We distingulsh dlrect and indirect measurements. In direct meas-
urements the sought quantity is determined directly by means of a meas-
ure or instrument. Indirect measurements are used when dlrect measure-
ments are difflcult or impossible. As an example of an indirect meas-
urement we can cite the example of the measurement of power when for
the derivatlon of & numerical value for thls magnitude it 1s necessary
individually to measure the revolutions and the moment, the value of
the power being derived from the approprlate formula.

Direct measurements are most frequently carried out in the follow-
ing ways:

1) by the method of indirect estimation (for example, the measure-
ment of temperature by means of a mercury thermometer, the measurement
of weight on scales, etc.);

2) by the difrferential method (the difference between the sought
quantity and some known magnitude 1is measured);

3) by the null method (the effect of the quantlty being measured
is offset by a countereffect known in advance). An example of the ap-
plication of the null method is given by the weighing [of an object]
on equal-arm scales, the measurement of the emf of a thermocouple by
means of a potentiometer, the measurement of the reaction force of a
combustion chamber by getting the needle of the thrust measuring device

to zero, ete.
- 19 -
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3. MEASURENENT ERRGRS N
- Errors always ¢ccur in measurement, and thede can be dividéd into

subjéctive and>obﬂéctivé. Subjective efroré dépéndréﬁ tﬁé éhéréétéfié-

tles of the observer, the shortcomings of his sense organs, and the

Inadequacles of hlg nervous system.

First of all let us present examples of visual errors. The dis-
tance between points 2 and b in Flg. 1 seems to be substantially
greater than between polnts b and ¢. It 1s easy to prove, however,

that the polnts are equidistant from one another.

Flg. 1. Egtimation of
the distance between
the poilnts.

oOOO‘DOo

]
Fig. 3. Hs-
timatlion of
Flg. 2. Egtimation of ghape,

angles.

The angle AOB In Fig. 2 seems greater than the angle A'0'B'., In

actual fact they are equal.

A number of vertlcally positioned clrcles are presented in Fig. 3.
It seems that their right-hand edges follow a curve that bends to the
left. It 1s qulte easlly demonstrated that the rlght-hand edges of
these clrcles lle on a straight line.

An observer's organic visual and aural imperfections also affect

- 20 ~
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In experimental work fast reaction to a given signal is-extremely-

important. Experiments have demonstrated that the reaction (the move -

ment of a finger) after the application of an intense sound sigpal o=

curs after a lapse of 0,082-0,195 sec, whereas the reaction occurs
0,06-0,07 sec later in the case of a weak signal.

The clted data should convince the reader of the necesslity of a
crltical attitude not only %o the measurement methods and the instru-
ments, but to the characterlstics of the individuals particilpating in
the measurement operatlons.

The factors responsible for the appearance of objective errors
include ingtrument inaccuracies, limited measurement time, a time lag
on the part of the lnstruments and the experimental installation ag a
whole, and the influence exerted by the surrounding medium on the in-
struments and the Installatilon.

In addition, we also distinguish systematic and random errors, as

well as complete migses.

Systematlc errors may be attributed to variousg factors and can be

classifled as:

1) instrumental, l.e., occurring as a result of instrumental in-
accuracies;

2) setting, l.e., attrlbutable to the improper setting of the
measuring equipment (nonlevel setting, misalignment, etec.);

3) personal, l.e., resulting from certain characteristlcs of the
observer (improper color evaluvation, slow reactlon, hearing imperfec-
tions, etc.);

4) measurement-method, i.e., in the measurement, for example, of
the stagnatilon temperature of a gas streawm by means of thermocou-

ple with an open Junction, etc;
- 21 -
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~5) theotetical; l.e., originating as a resulf of e
of inaccurate or erroncous formulas for the evaluatisn of expérimental
dqta.

Systematic errors cannot be eliminated complétely, but in experi-
mental practice every effort is always made to eliminate these errors
or to take them accurately into congideratilon,

Instrumental and setting errors can be reduced by (improved] de-
slgn methods, the calibration of the instruments (comparison of the
instrument readings wlth the standard and the introductilon of corres-
pondilng correction factors into the readings of the working instru-
ments), proper setting up of the instruments and protecting them
against vibrations, dust, and jolts. The instructlons for the setting
up of instruments are generally glven in the corresponding manhuals,

Personal errors can be reduced by the selection of "operators"
who satlsfy given requirements. When this is impossible, every effort
should be made to develop automatic and semi-automatic measurement
gystems whose work 1s independent of the characteristics of the "op-
erator,"

Theoretlcal errors and errors in the meagurement method may be
eliminated or reduced by a detalled preliminary study of the theory of
the phenomenon, of the chosen meagurement system, of the ingtruments
to be used, and of the experience of other experimenters.

Those systematlic errorg that have been taken lnto consilderation
in advance exert no Influence on the flnal test result,

Random errors are unavoldable. There are no explanations for their
appearance in any specific cage. The theory of errors 1s concerned
with the study of these errors.

"Misses" are excessively great errors brought about by inatten-
tiveness on the part of the observer or irregularities in the measure-

- 22 -
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4, EVALUATION OF EXPERIMENTAL DATA BY THE METHOD OF IEAST SQUARES

To derive the most accurate values for the measured quantitles,

the method of leagt squares is used to evaluate the observational re-
sults. The fundamentals of this method were derived by Gauss for the
evaluation of astronomlc observations in the year 1808, The method of
least squares gradually found appllcatlon in other fields of knowledge.
The method of least squares exhiblts particularly great signifi-
cance in the adjustment [running in] of precise research equipment and
in gasdynamlc investigations. For the evaluatlon of experimental re-

sults with this method 1t 1s absolutely necessary to have a substan-

tial number of experimental points (at least 1C measurements must be
carrled out for each regime), and thls restricts the application of
hls method for tests on full-scale engines. ILet us undertake a brief
examination of the fundamentals of the method of least squares.

The theorem of probability multiplication

The ratlo of the number of events of an occurrence to the number
of all equally possilble events gives the probability of an event.

Thus, for example, if out of 100 tested engines 5 engilnes exhib-
ited a nonuniform temperature fileld, the probabllity of engines exhib-
1ting this defect in the following lot of engines 1ls equal to 0.05 (if,
of course, no measures are implemented to eliminate this shortcoming).

For the valldation of the method of least squares the theorem of
probability multiplicatlon 1s very slgnificant.

Theorem. The probabllity of the simultaneous occurrence of two in-
dependent events is equal to the product of the probabllities of the
occurrence of these {wo lndependent events.

Iet the probability of the firat event be glven by

- 23 -
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and let the prébability of the second event bé given by

=y | | |
The total number of equally possilble events i1s equal to nq°Nny, since .
any of the events of the second group can corregspond to each event of
the first group. 5

The number of favorable cases 1s equal to m, *my for the same

reason. Since the simultaneous cccurrence of two independent events 1s

also an event,

T e
P =P (8)

which 1s what we wanted to prove.

Distribution of random errors

The theorem of probabllity multiplication and the following ax-

loms serve as the foundation for the derivation of a formula to ex-
press the dlstribution of random errors (the Gaussian [or normal] dis.-
trabution).

1l. Errorg equal in absolute magnitude but differing in slgn occur
with identical frequency.

2. The frequency of occurrence for small errors 1s greater than
the frequency of occurrence for large errorg. Extremely large errors

are not encountered.

z —dr
’r-——-

-X
-a 0. w5

Fig. 4. With reference to the ,
derivailon of the Jaussion dic-
tribution [the law of error].
Thege azloms are based on the wealth of eiperience in investiga-
tions of the most varied branches of seclence. In our derivation of the
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.Gaussian distribution 1et ug assume that N measurements of Lhe sane -

quantity have been carried out. The greatest errord noted during this

procedure were +a and —a. Let us plot th2 quantitles +a and —a on the

horizontal error axis (the x-axis). We will divide the scgment between
points —a and +a (Flg. 4) on the error axils into a 1erge number (n) of
partg., Of the total number N of measurements some number AN of the
measurements will exhlbit errors falling within the segment dx sepa-
rated by X from the origin O of the coordinate system. The distance x
1n thils case characterizes the magnitude of the error. We can assume
that

dN=Nj(x)dx, (9)

where £(x) 1s the sought function expressing the error distribution; N
is the known number of measurements,
The probability of the occurrence of X errors on the dx segment

will be
dN
dp= ";,-=f (x)dx.

It follows from the first axiom which we adopted at the beginning

of our derivation that

J (x)=g¢(x").
since errors symmetrical with respect to the origin 0 of the coordlnate
syatem are encountered with i1dentical frequency. Thus after substitu-~
tion we will obtain

dp=g(+") dx. (10)

To determine the form of the function m(xz) let us examlne the
problem assoclated with firing at a target. Iet the "marksman" seek to
hit the center of a target, the center being coincident with the oril-
gin 0 of the coordinate system (Fig. 5). Experlence shows that the

"hits" for a good "marksman" in the target bunch up around the center

- 25 -
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creasing distance from the center. The prebabili‘cy khat of N shots AN

rill strike the hatched rectangle m 1s glven by
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dp="N (2% da 5 (3% dy. (11)
. N

Now let us turn to the rotated coordinate axes € and 1, the £-axis

passing through the center of the rectangle m, as shown in Fig. 6.

v : \ y ,
an ™ -~
o g4
\\ 7’
N 4
0 x N g
(] z
1
Flg. 5. Target. Ilg. 6, Target
with turned coor-
dinates.
It 1s clear that
E"'=x’+y2
and the probabllity
dp= 2
p=1¢(0)dnp(t*) &, (12) .
but
¢ (B)y=g (x4 5%)
in wnlch case
dpwp(0)-dne (x4 y")dt. (13)
Assuming dédn = dxdy, we will obtaln
dp=o(0)(x*+y*)dxdy. (14)

Subsequently combining Expressions (11) and (14), we will find
that .
¢ (O)p(*+y) =0 (xN 9 (). (15)
Thus we obtained a functional equation whlch makes 1t possible
fur us to determine the rorm of the functlon w(x?). Tet us carry out

- 26 -
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_the following substitution: %° = u} ya =_V;_Q(Oy = ¢j In this cage Eg.

(15) assumes the folldwiﬁé form:
ey (4 v)y=¢ ()9 (V) (16)

It is clear from the foregoing that u and v are.indepéhdént of
one another and may assume any values. Iet v = k, where k 1s a con-
gtant. Then Eq. (16) assumes the following form:

co(n+Ry=9(n) 9 k) (17)

Differentlating Eq. (17) with respect to u, we will obtain

oo’ (u+ k) =g (k) ¢’ (). (18)

Dividing Eq. (18) by (17)

LR L) o C)
v@th e (19)

and let us prove that thesc fractions are equal to some congtant num-
ber for the glven case.

Assuming that

w2
and
-
we will obtain
w(d)=w(utk).

(20)
Equation (20) is valid for any values of u and k, ineluding the
case in which u = O,
The function w(k) remains valid for any values of k, i.e., w(k) =
= const. Conséquently, the function w(u) = const is independent of u,

Hence 1t follows that

IO (2

-y
»(u)
After Integration
Ine(u)=bu+1inC,
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g (x2) = Cebs', (23)
In accordance with the second axiom which states that the func-

tion @(xg) mist diminish wilth an Increase ln X, we can asaume D ==

. ~1/h° to be constant and we will obtain ¥

»
p(a=Ce ¥, (24)
It 12 elear that all errors 1n the N tests wlll lie along the er-

ror axis (the x-axls) in the range from —» to +w, i.e.,

dAh=A@(xﬂdg
and
4+
N=N [ ¢(sHdx,
whence
4+
j.?(x’)dxr——.l. (25)
LY
The integral
4o -
f e "dx=hV, (26)
and consequently
1
C= 2k
Thus
R
JR)=ql)=1rpme . (27)

The formula expressing the Gausslan dilstribution takes the form:

'Y ' (28)




. The as yet unknoWn.quéﬁﬁity ﬁ.daﬂ ve.found in the follswing mans

ner. The number of errors on the segment dx, situated at a distanée X

from the origin of the error axls, ls equal to

L e . 1 wwmmu g

v
dN=Nf(x)dx=./;e dx. (29)
In the summing of the squares of the errors, the sum wlll include the

followlng .expression:
2
x2dN=: ——1—:‘_-' xle w

3%

dx.

The thecretical magnitude of the sum of the squares of the errors
can be determined by integrating the previous expres:sions in the range

from —o to +ow:

+ e 2
N TE ge=N®
S'—hl/;:j x’%e dx=N 7 (30)
whence 1t follows that
h?/2 = 8./N. (31)
Denoting the error by
ey=li—L,

where li ig the meagured value of the quantity; L 1s the true value of

the quantity, we willl obtain

S=d+ud . .. e
and
The quantity
S AR 4
=V T (33)

1s known as the mean square error of the theories of measurements or

simply as the mean error of the measurement serles,
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Thus the formula representing the
Gausslan distribution takes the following

form:

z dp:-;T}—.g-_;t_;rdx. (34)

The derilved expression for the dis-

I'ig. 7. Distribution
of random errors.

tribution of random errors can be repre-
sented in the form of a curve (Fig. 7).

Calculatlons show that the magnltudes of the errors in half the
measurements (0.5N) lie within the range from —0,674. to +0.67L4u. The
shape of the curve for the Gausslan digliribution 1s a functlon of Lhe
value of the mean square error of the measurement -seriles. Many inves-
tigators verified the Gausslan distribution experimentally and con-
Tirmed 1ts validilty. In the presence of noticeable systematic errors
the curve shilfts and becomes nonsymmetrical with respect to the coor-
dinate orilgin,

Il we use the Gaussian distrlbutlon in the evaluation of the ex-
perimental results, we can arrive at a conclusion regarding the prob-
able value of the measured quantity. Let us assume that a glven quan-
tity 1s measured N times under congtant conditions with identical in-

struments and that the following series of values for this quantity

has been obtailned:
[|. 12.;... + -[N.
What will the probable value of the measured quantity equal? Let

it be emal ta T. Then the evrrora are emal to
=l ~L,
ey=Iy—L.

The probabllity of the concurrent appearance of quantilties €15

I

tns eees Eyy @8 CAN be seen from the theorem proved earlier and the
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Gaugslan q1str1butiqn, 1s propoertional to

( 1 )N e—;,lr('?*'§+~--+'fv)

AY'x,

In this cage the probabllity willl attaln 1ts maximum when the

I
S ek

N
value of the sum ¥ ¢ 1 at 1ts minimum. This sum can be presented in
i

the following form:

x
St V=t =D+ =L+ - UL
]

and 1t is possible to find the condition for its minimum magnltude

Ceoft, =D+ =D+ - - - +Ux D=0,

whence

1=

[+Ir_l+. Y/
ek (35)

This means that 1f N measurements have been carried out, the most
probable (true) value of the sought quantity will be the arithmetic
mean of this serles of measurements.

It 1s Interesting to note that investlgators intultively employed
the law of the arithmetic mean long before the advent of the Gaussian
distribution.

Evaluation of dlrect-measurement regults

This sectlon presents the sequence and the formulas (without con-
clusions) for the evaluation of the direct-measurement results by
means of the method of least squares. Generally, the true magnitude
(regardless of the number of measurements) ls assumed to be the arith-
metic mean of the results of N measurements, determined in accordance
with Formula (35). It should be polnted out that the quantities 11,
1y, ete., from which systematic errors and "misseg" have already heen

eliminated, are substltuted into this formula. The errors and "misses"
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‘are eaglly found in an examination of the expefimental results.

If N >-10, the-accuracy of the measurements 1s also evaluated.
Tﬁe residﬁal efrors are first evaluated in accordance with the follow-
ing formula:

w=h=L (36)
and the mean square error of the mecasurcment result is evaluated in
terms of the following expression:
Py T
=)/ (57)
Subsequently, the greatest posslble error of the measurement result is
calculated:
By ™33 (38)
and then the probable error of the measurement result ls calculated:
pw0,6745q, (39)

The quantity p dlvides the error region Into two equal parts,
1.e., O0,5N lies within the Interval +p. The final result of the meas-
urements 1s written as follows:

Ly=L+p, (L0)

Evaluation of indirect-measurement regults

During tests of engilnes and thelr elements many quantltles are
determined indirectly by means of calculations based on direct-measure-
ment data. Thug, for example, the shaft power of a turboprop engine Lo
caleculated from the following formula:

Mpn

Ny =20
718,2

hp,

where M, . 1s the torque; n stands for the number of propeliler-shaft

revolutilong.

" The quantities Mkr and n are measured directly during the tests.

Thus the power of the engine 1is determlned indirectly on the bagis
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of dlrect-measurement results. The most reliable value of Ne is ob-
tained if the quantitles M, and n are assumed to be the arithmetic
méans of the measurement serles for the purposes of the calculation,

The evaluatlon of the indirect-measurement results is carriled out
in the following manner.

We must f'ind the quantity

P=f(xy.2)

in accordance with results obtalned in the direct measuremeni of x, y,
and z. The quantities X, y, and z are defined as the arithmetilc means
ol' the measurement geries, To determine the relative error of the in-

direct measurement of the quantity I, we use the followlng formula:
. BPN\By | (0P N3, | (OPNT
=7 l/(dx>e" I-( 0))EJ'+(01) G (41)

in which 3P/dx, OP/dy, and dP/dz are the partial derivatives of the

function P wlth respect to the arguments x, y, and z; &x, &y, and &7
are the absolute errors in the results of thc direct measurements ol

the quantitles x, y, and z.
Example, Find the power transmlited by the propeller of a TVD
[turboprop engine] if we know that the torgue M. = 3581 + 36 kg-m and

the number of shaft revolutions n .- 1000 1 1C rpm.

The magnitude of the powcr transmilited by the propellers is cal-
culated in accordance with the following formula:

Mupn
Ne=116.2

7o determine the relative probable error let us find the partial
derivallves

ON. Mg N m

Fn T 76,2 oMa T16,2°

Then, multiplying the partial derlvatives by the probable absclule er-

rors An and AMkr’ and substituting the numerlcal values of n and M.,
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We can use Formula (41) to find the probable relatlve error

-1 ONeNR, o (ONeNE o
p= (o ) bt 4 (ﬂMip) Ay =

=.7———16'21/(f_",t i (o) a2

Man 716.2) " +(716,2) »=

- An )\ (AMip\3 10\ (3% \
kl/(n) +\Mx,,) = (1000) *(3—5?1) =0.014.

Thus the probable relative error of the indirect-measurement re-

gult amounts to 1,4%.

The quantity

Mxp’l 35811000

Ne= -—
‘T 716,2 716,2

== 5000 hp.

The absolute probable error
p = pN, = 5000-0,014 = 70 hp,
The final result must be written as follows:

Ne..5000470 hp.

Manu-

script [Iist of Transliterated Symbols]
Page

No

15 H = 1 == nominal'noye = nominal

15 I = d = deystvitel!'noye = true

16 n = p == predel'noye = limit

29 T = t = teoreticheskaya = theoretical

32 Kp = kr = krutyashehly = torgque
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Chapter 3
MEASUREMENT INSTRUMENTS AND DEVICES

In thils chapter we willl examine the methods of measuring param-
eters characterizing the work of a VRD [ramJet englne] and the descrip-
tiong of inatruments and measuring devices widely used in laboratory
and test-station practice.

Other methods and instruments providing clther for ilncrcascd meas-
uring preclgsion or the measurement of quantities not determined as part
of the factory tests are finding ever-greater appllication in the prac-
tice of scientific investigations. For example, optical methods of in-
vestigation and measurement are employed in the study of flows, l.e.,
shadow, interferometer, and speciral-absorption methods. A method in-
volving tracing by means of ions, glowing particles, and electric
sparks has found application In the measurement of flow gpeeds. Methods
involving the turning of spectral lilnes, pyrometric and similar
methods, etc., are used in the measurement of high temperatures. The
methods of direct and schllercen-photography and Interferometry have
gained considerable development in the techniques of investigating com-
bustilon.

The reader can find a review of the scientific investigatory
methods in the special literature.*

1, MEASUREMENT OF PRESSURE

_The following pressures are measured during tests of alr-reaction
engines, i.e., barometric pressure is measured by means of barometers;
expanaion ls measured by means of vacuum gauges; excess pressure over

- 35 -




o T S ey

and above the ambient medlum, by means of manometers; and pressure dif-

ol i wdh .r,,\..ﬁmh

s L

ferences by means of differential manometers., In actual pracfice, how-
e&er, all instrﬁments for the measurement of pressures or thelr differ-
ences are generally referred to as manometers. The liquid, spring, and
plston manometers have gailned the'greatest acceptance for the measure-
ment of constant or slowly changlng pressures.

The 1ldea behlnd the lliquid manometer, in which the pressure or

the pressure difference is measured by a column of liguic, was f{lrst

proposed in 1640 by E. Torlchelll [Torricellil]. Spring meaometers were
developed consilderably later by R. Shints [si1c] (1846) ard Ye. Burdon

(Bourdon] (1848). The first membrane manometer was designad by V., Vaydl
[sic] in 1847,

Liquid manometers

Three ftypes of lliquid manometers gained extensive acceptance,
i.e,, the U-shaped manometers, the single-tube (cup) manocweters, and
E; lﬁ the micromanometers. A diagram of a U-shap:d manometer h
is shown in Fig. 8,
Iet us examine the operation of a man meter. A
A liquid 1s poured into two glass tubes that are connected
to one another at the bottom. Pressures Py and b, are

applied to the free ends of the tubes. The weight of

Mg, § the liquld column h balances the pressure -'1{lerence

E f v
3£§ﬁgggdo Pr—pr=1h, (42)
manometer.

where y is the specific weight of the liqu-d; and h 1s

the icasured pilessure Alllereuce. ’
For an exact determination of the wvalue of the difference Py — Py

1t 1is necessary to Introduce a correction factor for the Influence

exerted by the temperature of the surrounding medium on tle length of

the geale; on the egpecific weight of the 1llquld, and on tle caplllarity,
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A change in the dimensions of the glass tube exerts no 1nfluenée on
the magnitude of h.

The true difference may be determined from the measured differ-
ence h by means of the following formula:

1ttt
b v vl (43)

where o is the coefflcient of linear expansion for the material of the
scale; 6 1s the coefflcient of volumetric expansion for the liquid; t

is the temperature of the ambient medium at the instant of measurement;
to is the standard temperature, at whilch hd and h colnclde (to = 2000).

The value of o for brass is 0.16-10'6 1/deg; for glass the cor-
responding figure is 0.08-10‘6 1/deg; and for steel the filgure is
0.11.10~° 1/deg.

The propertles of the most frequently used liquids in manometers
are presented in Table 1 on page 38.

Note ghould he taken of the fact that the tubes of which U-~shaped
manometers are made generally exhibit a varying inside diameter. This
can result in error because of the variation in surface tension at the
elbows of the tubes. However, calculations have demonstrated that
these errors are not great. Manometers wlth calibrated tubes are therc-
fore used only for extremely exact measurements.

The correction factors for capillarity are functions of the diam-
eter dimensions of the tube and are calculated according to the follow-

i1ng formulas:

for water
Ah,—-—(sz%-——;—d) mm, (44)
for alecchol
| them = (B0 L) im, (85)
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TABLE 1
Properties of Working Liquids

1 ' 2 3 LLKd%ﬂliuuéht
Hanmenosanne Xnunueckan Yaenbnuil pec OOBEMHOMD

paGoueR KHAKOCTH dopuryar apx_20° C . )?atc;::ge:!:l

ype

Tlexs T &

5 Piyms Hg 13,547 18.10—5
6 Boxa : H0 0,998 21.10~6
7 Kepocuu - ~0,800 ~95.10~5
8 Cunpr stHnosnft (96%4) C;H;OH . 0,79 110.10-%
Q YermpexxnopHcrTuh yrae- CCl, 1,580 124.10-F

pox :

1) Working liquids; 2) chemical formula; 3) spe-

cific weight at 20%c, g/cm3; 4) ccelflclent of
anglon at a temperature of 20°C;

water; 7) kerosene; 8) ethyl al.
9) carbon tetrachloride.

v&))lumetric e6
5) mercury;
cohol (96%);

7

¢

] le h

H
=L
s ¥
Flg. 9. Dia- Flg. 10. Dilagram of Fig. 11, Jolning
gram of sin- micromanometer [a of glasg tube to
gle=-tube tilting manometer]. connectlon pipe.
manometer, 1) 1) Tube; 2) flare
Liquid reser- nut; 3& ¢lamp
volr. ring; 4) packing.

for mercury
l45 —
ah=+(28 - 2 d) mn, (46)

wthana
SIS

152

iz the tube dismeter, in mm,

A significant shortcoming in U-shaped manuvmeters involves the
necesslty of establishing the level of the liguld slmultaneously in
two fubes. A single-tube manometer, a dlagram of which is presented in
Fig. 9, avoids this drawback. The measured diflerence
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hy=ps—p.
The Jlgwvel of the liquid in the reservolr drops as the measurement is
being carried out, while the level in the tube rises. In order to be
in a position to neglect the drop in the level 1n the reservoir and to
measure h € 1000 mm Hg accurate to- 0.1%, we provide that the ratio be-
tween the diameter of the reservolr and the inslde diameter of the
tube must not be smaller than 32.

When using single-tube manometers it 1s necessary, in the major-
1ty of cases, to introduce a correction factor for capillarlty. Thus,
for example, if p, — p; = 100 kg/m® or, what is the same, 100 mm of
waler column, in the casc of a tube diameter d = 4 mm the rilse in the
water level in the tube willl be 7.4 mm and the measurement error will
prove to be equal to 7.4%.

For the measurement of small pressure differences not exceeding

200 mm water column, micromanometers wilth an 1nclined tube (Fig. 10)

are employed. It is clear that

Po—p0=lslna (47)
(it is assumed that the correction factor for the quantity 1 has been
introduced).

The maximum pressure values should be restricted when usging man-
ometers out of considerations of tube sgstrength. Table 2 presents the
limit pressure values at which glass tubes are destroyed.

Figure 11 shows one of the methods of strengthening tubes. This
type of Joint gives good service to 25 kg/cmz.

The utilizatlon of llgquid manometers for the measurement of small
pregsure differences (below 0.1 kg/cme) 1s fully Justifled, since
water, alcchol, and Kerosene can be used as the working liquid.

.The measurement of great pressure differences by means of a 1lig-
uid mancmeter 1s quite undesirable, since 1in order to reduce the dimen-
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TABLE 2
Magnitude of Limit Pressure in kg/cnm® for Glass

Tubes
l‘l‘oamnua 2 BuyTpenunii aHametp TpyOxH B MM
e 1 2 3 4 5 6 7
1 — 310 280 230 220 150 140
2 570 - 240 — | a 20 290
3 560 | 460 120 400 - - 230
4 - 450 - a0 | a0 30 280

1) Wall thickness, in mm; 2) 1nside tube diam-

eter, in mm,
sions of these manometers mercury 1s generally employed. Mercury vapors
are harmful and on occaslon lead to the serious polsoning of the ser-
vicing personnel.

Spring manometers

There are three types of spring manometers, l.e., the Bourdon-
tube gauge, a dlaphragm gauge, and the bellows gauge.
Figure 12 shows a diagram of a spring-type Bourdon-tube gauge.
Spring 1 i1s a flattened [oval shape] tube on the inside of which the
7 measured pressure ls applled through connectlon
tube 5. Upon application of the pressure the

oval cross sectlon seeks to change into a round

cross section which causes spring 1 to stralghten

e

and rotate the geaved sector 3, which is en-

A

b gaged with halrspring 4, by means of link », »
Flg. 1l2. Dlagram pointer 1ls geated on the hairspring shaft, The
of [Bourdon]-tube
MANUIE VEL [Rauge 1. halrspring is wused Lo ellmlinate clearancen auw
1) Spring; 2)
link; 3) sector; to provide the required tension.
4) gear [hair-
springl; 5) con- Phosphor bronze. brass, and stalnless steel
nection tube. A)
Tube cross secw are used for the fabrlcatlion of the tubes. The
tilon.

phosphor bronze tubeg are the mogt guifahie since
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Fig. 13. Dia-
gram of mem-
brane manome
eter [dls-
phragm gauge J.
1) case; 2
diaphragm; 3)
stand;

i
b
Fig; 14, Dila-~
gram of bellows
manome ter
[gavge ]. 1)
Case; 2; bel-
lows; 3) sector;
4) nairspring.

link; 5) sec-

tor; 6) hair-

spring.
this material is rather gtrong under ordinary condltions and 1is stable
to corrosion and alsc lends i1tself well to machlning.

Steel tubes are used for the measurement of high or markedly
changlng pressures. Stainless-steel tubes are used for pressure meas-
urements in aggressive media.

For example, for the fabrication of acetylene-manometer tubes it
i1s impossible to use a material contalning more than 70% of copper,
since in this case an exploslive compound 1g formed, l.e., cuprous
acetylide.

Manometer tubes Intended for the measurement of hydrogen pressure
are made of hydrogen-reslstant steel containing carbides with alloying

olomanta
cLenenteo.,

In the cage of manometers intended for the measurement of oxygen,
acetylene, etc., pressures, the words "oxygen," "acetylene," etc., are
marked on the scale.

Morecver, a manometer employed for the measuremwent of acetylene

~ L1 -
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pressure 1s painted white, whlile that for the meagurement of oxygen is
glven a 1ight;b1ué color; a manometer to measure the pressure of by -
dfogen is painted dark-green, and & yellow color indlcates a manometer
uged for the measurement of ammonla pressure.

Diaphragm gauges (Flg. 13) have also galned widespread acceptanco,
A pressure pp 1s applied to casing 1 closed off by means of a corru-~
raied diaphragm 2 (flat dlaphragms can also be used). The diaphramn is
bent and a transmission conslsting of stand 3, link 4, sector 5, and
hairspring 6, turns the pointer.

An advantage of such manometers lles in thelr low sensltivily to
shaking and they are also rather simple to manufacture; their elevated
gensitivity to changes in the temperature of the surrounding medium
represents a shortcoming. Diaphragm gauges are used to measure pres-
sures in the range from 0.2 to 30 kg/cme.

Bellows gauges are used to measure small pressure differences
(Fig. 14). A pressure P, 1s applled to case 1 and this compresses hc.i-
lows 2. The deformation of the bellows ls transmitted to the halraspring.
'The polnter geated on a common shaft with the halrspring indlcatces tiw
value of the measured quantlty. Bellows gauges are used to meanure
comparatively small dlfferences ranging from O to 5 kg/cmg.

Electrical remote~control manometers have galned widespread ac-
ceptance on alrcraft and at testing stations. These are convention:!
spring (dilaphragm) manometers with long-range electrical transmissiou
of the readings. Flgure 15 shows the circuit of such an electrical
long-range manometer, used f'or the measurement o Tuel and oil pres-
gures.

The manometer recelves power from a DC net having a voltage of
27 + 2.7 v, The manometer recelver 1s mounted on the englne, while the
indlcator 18 situated on an instrument pancl; they are wire connected.
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Fig. 15. Schematic diagram of electri-
cal long-range manometer. 1, 2, 3)
Long~-range transmigsion and grid con-
tacts; 4) lever; 5) wiper; ab)rheostat;

R,, R ) variable rheostat resilstances;

Ry, R2) constant reslstances; r_ ) tun-
ing resistance; I, II) frames; R',,
R”3) compengating registances. A) Pres-
sure recelver; B) indilcator.

The quantity belng measured 1s transmitted to the diaphragm box.
The deformation of the box is transmitted by lever 4 to which a wiper
5 1s attached, the latter slldling over the rheostat ab. The rheostat
ab and the wiper are connected to the bridge cilrcuit of a ratlometer.
With change In the resilstances Rx and Ry (as a result of the movement
of wiper 5) the currents 11 and i2 change, this resulting in a change
in the magnetic flux In frames I and II and the turning of the polnter
connected to the magnet M.

The constant reslstances Rl and R2 and the ftuning resistance r!S
are connected to the ratiometer cilrcuit. The materlals of the compen-
sating resistances [cells] R'3 and R"3 are chosen so that the tempera-
ture of the medium has no effect on the funetloning of the lnstrument.

The advantage of an electrical telemetry [long-range] manometer
lies in the fact that no presswre-transmltting tubes are included in
its design. The latter would complicate the installation and break as
a result of vibration.

Figure 16 shows a kinematic dlagram of the gensing element used
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Flg. 16, Kinematic dla- Flg. 17. Kinematic dia-
gram of sensing element gram of a ratiometer.
in cleetrical long- 1 and 13g Magnets; 2)
range manometer. 1) Con- shaft; 3) large frames;
nectlon tube; 2) dia- 4% balancing welghts;
phragm; 3) base; 4) rod; 5) cores; 6) adjust-
5) rheostat; 6) wiper; ment screw; ) supports;
T7) plug-type connector; 8) casing; 9) small
wiper rod; 9) link; frames; 10; cover of
10; shaft; 11) spring; damper; 11) damper; 12)
12) rocker. bearing. "

in an electrical telemetry manometer. The pressure belng measured 1s
applied to the senslng element through connectlon pipe 1 and is plcked
up by diaphragm 2. The deformation of the dlaphragm 1s transmitted by
means of rod 4 of rocker 12 to link 9 onto which wiper 6 1g fastened.
Wiper 6 moves along rheostat 5 resulting in a change in resistance.
The manometer indicator ls the ratilometer whose kilnematic dlagram
is shown in PFig. 17. The frames are fixed in this ratiometer, while
the magnet is movable. Magnet 1 1s made of an alnico alloy and 1s
fagstened to shaft 2. The steel shaft 2 terminates 1n cores 5 resting
on a bearing and a Jewel foot bearing 12. The movable magnet is sur-
rounded by a copper damper 11 in which the magnet, 1n the case of vib-
ratiqns, excltes reslstance moments de to eddy currents. v
Two palrs of frames 9 and 3, positioned at 90° angles to one an-
other, are placed on the damper. The permanent magneti 13 serves Lo re-
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turn the flexible system to the null position (upon abplication of cur-~
rent). The parts of the pointer are fastened to frame 8 by mééns of
supports 7 passing through openings in the damper. The frame, made of
permalloy, closes the magnetilc fleld of the Ilastrument.

The group recording manometer — GRM-2 — used to measure pressure,
expansion, or pressure differences simultaneously at 20 points has
gained acceptance 1n recent years in laboratories and at testing sta-
tions; the permissible error of the recording unit is +0.5% of the
limit value of the magnitude being measured by the corresponding sens-
ing element.

The limits of pressure measurement by means of a manometer may
vary depending on the stiffness of the sensing elements — the bellows.
As a rule, two measurement ranges are tolerated in a single instrument.

The maximum measurement limits for a vacuum gauge range from —1
to O kg/cmz; for a vacuum manometer the limits range from -1 to +19
kg/cmz; and the range for a manometer is O to 20 kg/ome.

The meagsurement 1s carriled out by means of automatic spring ele-
ments constructed in the form of scales. The measured quantity, de-
pending on the type involved, 1s applied to a single (in the case of
pressure or vacuum measurements) or to two (in the case of the measure-
ment of a pressure difference) bellows which convert the pressure or
the vacuum 1nto a force acting on a lever. This force 1is automatically
balanced by the deformation force of the spilral measuring spring. The
magnitude of deformation of the measuring spring serves as a measure
of the pressure belng determined. ‘l'he ilnstrument consists oI twenty
identical automatic spring elements consolidated by a common drive and
a number of common mechanisms.

A1l measurement elements of the Instruments are mounted on a com-
mon frame, and they are wircd Into two groups for thc sake of con-
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Fig. 18. Diagram of group recording manometer. 1, 1)
Supply tubes; 2, 2!') bellows; 3) lever; U4) fixed strip;
5) £lexible hinge; 6, 7) contacta; 8) electromagnet; 9
plate; 10) roller; 11) friction dilsks; 12) group shaft;
13) electric motor; 14, 15) worm reduction gears; 16)
shaft of direct-read gscrew; 17) screw; 18) nut; 19)
measurement spring; 20) lever with plate spring; 21)
connectling rod; 22, 23) springs; 24) pointer; 25, 26)
type wheels; 27) spring; 28) reduction gear; 29) di-
rect-reading scale; 30) pointer; 31) instrument scale;
32) reset key for conventilonal number; 33) electromag-
net; 34) electric motor; 35) start button of print
mechanism; 36) crank; 37) carriage; 38) ribbon; 39)
paper.

venlent utilizatilon, ten measuring elements and a single conventilonal -
number recording mechanism in each group.

Iet us examine the operation of the GRM-2 measurlng element (Fig.
18). The pressure to be measured is transmitted through tube 1 to bel-
lows 2 mounted between the fixed strip 4 and lever 3. The lever may

rotate about rlexible hinge 5 as a result of bellows deformatilon. Two
- 46 -
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bellows are included in the instrument for purposes of measuring pres;
sure differences.

Bellows 2 expands under pressure and causes lever 3 to shift,
There are two movable contacts 6 at the end of lever 3, these contacts
posltioned between two fixed contacts 7. When lever 3 1ls in equilib-

rium, the contacts are open, With reduction or Increase in the meas-

ured pressure the lever deflects from the equllibrlium position, clos-
ing one or another pair of contacts, thus actuating one of the two
electromagnets 8. The electromagnet attracts plate 9 fastened to the
frame of the roller shaft 10 which then engages frictionally with one
of the continuously rotating disks 11 of group shaft 12, The direction
of roller rotation depends on the disk wilth which 1t is engaged, and
thls in turn depends on which of the two electromagnets has been actu-
ated. The group shaft is brought into rotatlon by motor 13 through
worm gear 14.

Roller 10 through worm gear 15 rotates the shaft of the direct-
reading screw 16 and screw 17. As screw 17 turns nut 18 shifts along
the screw, altering the tension of measuring spring 19 untll lever 3
is in equilibrium, while contacts © and 7 remain closed and electro-
magnet 8 1s shut off,

The greater the pressure difference acrogs the bellows, the
greater the balancing force must be and the greater the number of rev-
olutions the screw will complete prior to lever equilibrium. The num-
ber of screw turns 1ls proportional to the pressure difference across
his presswee difference. Thus
when the instrument 1s being used lever 3 is constantly maintained in
equilibrium, To ralse the sensltivity of the instrument lever 3 is pro-
vided with a stlffness compensator consisting of lever 20, connectlng
rod 21 with flexible hinges, and springs 22 the tension of which cazn
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he regulqted. The force of gpring 22 18 transmitted to the medsurement
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lever through the connecting rod and the flexible hinges.

§

When the lever 1s in its equilibrium positlon this force is di-
rected through the plvotal point and equilibrium l1s therefdré not dls-
rupted. When lever 3 is deflected the positlon of connecting rod 21
changes and as a result the directlon of the force does not coinclde
with the pivot axis. The resultant moment 1s applied to lever 3 and

acts in the direction of 1ts deflection, The magnitude of the moment

is proportional to the angle of lever deflection., The tensile force ol
spring 22 1ls set so that the moment from the stiffness compensator,
regulting from the deflection of the lever, balances the total moment
of all elastlic couplings.

The exlstence of a stlffness compensator railses the gensltivity
of the iInstrument, since very little force is needed to shift the
lever from 1ts equilibrium position to the point of c¢closing the con-

tacts.

In addition to the measurlng spring, lever 3 carriles spring 23 N

which produces the preliminary force on the lever required for the
cage 1n which the Instrument 1is uged ag a vacuum manometer, this spring

serving also to adjust the null readings of the instrument.

At the required tlmes the readings of the instrument are recorded
by the printing of scale and indicator gsegmentis on paper tapes.

The transmission of the readings to the recording scale proceeds
from screw 17. Indicator 24 and tyne rings 25 and 26 with ralsed [re-
lief] scales silt freely on the shaft of the screw. Wheel 25 which has "
50 divigions is held by spring 27 against the lock of screw 17 and
therefore rotates together with the latter. Type wheel 26, with 20
diviéions, is connected to the screw by means of reduction gear 28.
With each turn of the screw the wheel turns through a single division.
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When type wheel 25 has completed a revolution, wheel 26 turns a single

division. Thus wheel 25 acts as a vernler for wheel 26, Poilnter 24 re-

mains stationary during the turning of the screw.

In addition to the scales on the tyre wheels, the instrument has
direct-reading scales 29 with polnters 30 for continuous monitoring of
the presgures belng measured.

The number of the Instrument and the conventional numbers denoting
the number of the measurement and the regime, the time of measurement,
or some other factor are printed on the paper tape simultaneously with
the measured quantities. For thils purpose the instrument 1s equipped
with two number-recording mechanisms that have direct-reading scales
31. The reset mechanism for the conventional numbers 1ls actuated by an
electric button 32 that closes the circult of the electromagnets 33.

The readings are recorded by means of a special mechanism which
is actuated by the electric motor 34 and started by button 35. Elec-
tric motor 34 through the 1eduction gear actuates the cranks 30 con-
nected to the carriage 37. During a complete turn of the cranks the
carriage moves toward the type wheels, presses a printing tape 3& and
paper 39 to the wheels, and then rolls these over the wheels; subsc-
quently the carriage backs off and returns to its initial position. As
a result the paper i1s left with an lmprint of the scales and indilcaior.

Methods of applying pregsure to the manometers

Copper, rubber, and plastic tubes are generally used to supply

pressure from the sensing elements to the manometers. In measuring

pressurss in excéss of 3 kalom”
connections should be used. Rubber tubes are connected to manometers
by means of standard connectlons. When a comparatively high excess
preséure is being measured, 1t 1is recommended that the portlon of the
ruhber tube on the sleeve be fastened with a copper wire (a double
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loop) or that 1t be held fast by means of a

clamp.
Rubber tubes generally adhere to one an-
other when a vacuum 1s being measured and it

1s therefore best to use vacuum rubber or

copper tubes. If pressure fluctuatlons occur
Mg, 19, Diagram of

controlling the her- in the system being investigated, these can
metlc sealing of the

pressure~measurement be reduced in the htransmilsslon to the instru-
system. 1) Check

valve; 2; bypass ment by the introdu:ztion of capillaries and
valve; 3) primer., A)

o manometer; B) dampers.

{'rom senasing element.
It 1ls an absolute necessity that the

pregsure-measurement systems be checked for air tightness both prior
10 the experiment and after the completion of gsame. This check should
e carried out with an excess pressure or vacuum greater than during
the experiment itself.

Flgure 19 shows one of the possible diagrams of malntainlng con-
tinuous control over the hermetic seallng of a gas-pressure measuring
system. Valve 1 should be closed for a check of the system; if therc are
logses 1n the gystem between valve 1 and the manometer, bubblez of gag
will begin to pass through the liquid (valvg 2 1s open, and primer 3
is closed).

In the cage of excess pressure the hermetic seallng can he
checked by wetting the suspected points with soapy water and obgerving
the behavior of the film.

Meagurement -accuracy and manometer callbration

In the practice of btesting VRD [ramjet englnes] 1lquid manometers
are generally not callbrated. Measurement accuracy 1s determined

through the Introduction of appropriate correctlon factors and the mag-

nitude of the pressure difference,
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Flg. 20, Dlagram of plston manom-
eter. 1) Calibrated manometer; 2)
welghts; 3) plunger; 4) liquid
reservolr [welll]; 55 piston; 6)
flywheel.

Spring manometers are calibrated by means of control or standard
spring and piston manometers. Flgure 20 ghows the dlagram of a pilston
press for the calilbration of spring manometers.

General-purpose (operating) spring manometers are manufactured
for five clagses of precision: 0.5; 1.0; 1,5; 2.5; and 4, Control
manometers are used for exact measurements and the verilficatlon of
working manometers. They are more precise and are manufactured for two
classes of precilsion, i.e., 0.5 and 1,0.

Standard spring manometers serve for the verification of the con-~
trol and operatling manometers, as well as for laboratory measurements;
these types of manometers are manufactured for two classgses of precl-
sion: 0,20 aud 0.35, l.e., the measurement sxror doccs not oo d
and i0.35% of the urper limit at an ambient-medium temperature of
+20 + 5°C.

Standard piston manometers sultable for pressures below 50 kg/cm2

ensure a measurement accuracy in whieh the error ias not greater than

- 51 =




AL SR LA T TS SN 7,

EEY

+0.01% of the measured pressure, whille below 250 kg/em2 the error is
not greater than +0.02% of the méasured quantity.

Arstandard pistoh manomeﬁer profidés a measurément accuracy wlth
an error not in excess of +0.02% for pressures below 50 kg/cme, whille
for pressures higher than 50 kg/cm2 the error does not exceed -+0.05%.
Standard piston manometers are wldely uscd for the calibration of con-
trol and standard spring manometers.

Alrcraft manometers yield a measurement error not in excess of
+3%.

2. MEASUREMENT OF TEMPERATURES

The "Internatlonal Practilcal emperature Scale of 1948," adopied
by the IXth General Conference of Measures and Welghts represents a
practical temperature scale. Thls scale 13 based on the constant and
comparatively easily reproduced temperatures of phage equilibrilum

whilch are known as reference points.

Subsequent conferences introduced certain changes into the tem-
perature scale.

The Xth General Conference of Measures and Welghts (1954) def'ined
the temperature scale in terms of the bhasic reference point — the
triple point of water which corresponds to a temperature of 273.16°K.
The triple point of water is the point at which the solid, 1liquid, and
gas phases are in equillibrium; it may be reproduced with an error no
greater than 0.0001%%. 7

The XIth General Conference of Measures and Weights (1960) recom-
wended the tempevaturc of the solidification of zine (410.505%) ag an
additional reference poiut.

Table 3 ghows data on the absolute accuracy and the reproduclble
accuracy of the practical gecale.

It is the convention a2t present to hold that deviation 1In the
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TABLE 3

Reference Points for the Temperature Scale at a
Pressure of 760 mm Hg

1 X
Touuocre 3 Townocts HawepH-
Penepxar 1ogKa ot ocyutect- | BOCMPOMS- | o0 iuft
BAEHH! B ’
C aens eACHH npubop

3
S5¥unenne xucaopona .-182,97 10,02 +0,020 TepuomeTp

CONPOTHBA.
6Tpohnau TOYKa BOAN (OC- 0,01 — 40,0001 To we ¢
HOBHasf pencpHan TOuYKa) 12
T Kunenne soam 100,00 — +0,003 .
8Xunenne cepu 444,60 40,10 +0,005 N3 »
93araepnenanue cepebpa 960.8 —_ — 13ep.\mnapa
103arsepacsanie sonota 1063,0 +1 +0,050

1) Reference polnt; 2) accuracy of reallzation,
0C; 3) accuracy of reproduction, ©C; 4) measur-
ing instrument; 5) boiling of oxygen; 6) triple
point of water (basic reference pointg; 7) bvoill-
ing of water; 8) boiling of sulfur; 9) solidirfi-
catlon point of silver; 10) solidification point
of gold; 11) resistance thermometer; 12) the
same; 13) thermocouple.

values of the reference polnts from the absolutely accurate tempera-
ture scale does not exceed +0.02° for —182.97°, +0.10° for A4l4,60°,
ete. (see Table 3).

The problem of reproducing the reference polnts 1s incomparably
simpler than the task of realizing the exact scale and, as can be seen
from Table 3, it is resolved substantlially more precisely in the ten-
perature range above 0%c.

The most precise thermometrilc projects are carried out with gas
thermometerg filled with hydrogen and helium. The utilization of these
gases for precilse measurements of temperature 1s based'on the utiliza-
tion of the Clapeyron equailion wilh correctiond.

In testing VRD [ramjet engines] the followlng are used:

1) liquid thermometers for the measurement of the temperature of
the ambient medium, at the test stand;

2) manomctric thermometers for measurement of all temperature (in-
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Fig. 21. Thermom-
eters. a) A stem
thermometer; 1) a
thick-walled capil-~
lary; 2) bulb; 3)
scale etched into
caplllary surface;
b) thermometer with
inserted scale; 1)
capillary; 2) bulb;
3) scale plotted on
ﬁlate of milk glass;

) protective casing.

frequently);

3) reslstance éhérméﬁeters'foffthe meas-

urement of alr temperature in investlgating

inlets and compressors, olls and fuels;

4) thermocouples for the measurement of

gas and engine component-part temperatures.

Liguld thermometers

Llguid thermometerg are extremely slmple

and are distlngulshed by thelr hlgh measure-

ment accuracy.

The operating princlple of a liquid ther-

mometer is based on the thermal expansion ol

a liguid in glass.
the measurement of
these thermometers

tion of the change

It is for thls reason that
temperature by meang ol
1s reduced to the obgerva-

occurring in a vislble vol-

ume of liquid. In the maJority of cases we

encounter thermometers of two basic types,

i.e., a stem thermometer

and a thermometer into which a scale has been inserted (Fig. 21).

Suppose the level of the liquid at 0°C is set at the zero marking

on the acale. With a change in temperature the volume of the liquid is

changed and the glass bulb of the thermometer as well. The visible ex-

»»nglon of the liquld AV is equal to the difference between the expan-

glon AV' of the liquid and the expansion AV" of the thermometer. Obvi-

ously

whence

AV=AV'—pA V¥,

1a4v__ 1 av* 1 dav*

Vodt Vo dt Vo dt '
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where Vo is the volume of the liquid at 0%.

ILet us lntroduce the following concepts: the coefficlent of the
vislble expansion of the liquid

and we derive the following formula:

a=a’ —a’. (50)
Evidently,

dl=z‘—'f2dt. (51)
where dl is the change in the level of the liquld in the capillary; f
1s the cross sectlonal area of the capillary.

For given a, VO, and dt the magnitude of dl 1s all the greater,
the smaller £, i.e,, the sensltivity di/dt of the thermometer is all
the greater, the greater the ratilo Vo/f.

The properties of liquids used to f111 thermometers are presented
in Table 4,

Mercury thermometers are used to measure temperatureg up to 75000;
in this case the capilllary space above the mercury ls filled with nit-
rogen or some similar inert gas exhlbiting a pressure of about 70 atm.

Table 5 shows fthe values of the coefficient aof vigihle
of mercury fbr the wvarlous types of glass from which the capillary
tubes for thermometers are made.

In the determination of commercilally preclse temperatures it is
desirable to lmmerse the thermometer 1lnto a medium to the initial scale
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TABLE 4
Propertiés of Thermometer Liquids at 760 nm Hg
T B B |5 Tommepirypas °C
Betsectno i‘e"c‘:(*;‘ K!l’f"ﬁ:' 5 sateepnesanun | O kunenns
dopmyaa praliul:tm 89""('.{‘..7 ot 8 no 7 or A0

G Mernaonuit cinpr | CHyOH | 0,001220 | —93,9 | —97.8 | +64,2 | -+66,0

103 unoswit compr | CoHsOH | 0,001100 | —111,8) —117,3 | +77.7 | 78,4
Y Nenran (uucrmil) | CgHye - | ~—130,8 —147,5 | +36,0 | -+36.5
12Toayon CeHsCHy| 0,001090 | —92,4 | —102 | +102 | +110,6
13Pryme Hg 0,000181 | —38,87| —38,87 | 4.356,7 | -+356,7

1) Substance; 2) chemical formula; 3) coeffi-

clent of expansion at 18°¢; 4) temperature, in

OC; 5) solidification [melting] point; &) boll-

ing point; 7) from; 83 to; 9) methyl alcohol;

10) ethyl alcohol; 11) pentane (pure): 12) tolu-

ene; Ll3) mercury.
divigion. If this is impossible, a correctlon for the protruding col-
umn must be introduced. Figure 22 shows a diagram of the lnstallation
of a basic (measuring) thermometer in a tube and that of an auxiliary
thermometer for the introductlon of a correctlon factor. The auxliliary
thermometer is held to the baslc thermometer by means of rubber clamps
so that the bulb of the auxiliary thermometer is situated approximately
in the middle of the protrudlng column of the thermometer liquid of
the baslc thermometer.

In Flg. 22 the O1 and 02 Irdicate the zero settings of the ther-
mome ters. It ls agsumed 1n the introduction of the correctlon factors
that the tl portion of the thermometer and the bulb are at the tem-
erature ts of the medium, while the upper portlon of the thermometer
t2 - tl is at the temperature tv (L.e., the temperature shown by the
auxillary thermometer).

The true temperature of the medlum is determined from the follow-

ing formulas

- fg— .‘l“’—‘l) [
s Py v (52)
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TABLE 5
L) Values of the Coefficient
: Em ) of the Vislble Expansion
s AN of Mercury for Various

Capillary Materials

1 ¢ —~
% 1  Copr crexm o)

S {
2 Tepuomerpunecknt 16" | 1,57.10-4
3 Tepwomerprueckuh 591 ) 1,64.10—¢ -
Fig. 22. Dlagram show- !t xoapa 1,79-10—4
ing the set-up of a 5Te38%t{‘etlg;mc{m 1,58-10—4
basilc and auxlliary
thermometer.

1) Glass grade; 2) ther-
mometer, 16III; 3) ther-
mome ter, 59III; 4) quartz;
5) thermometer, GOST
1224-41 [All-Union State
Standardal].

Formula (52) 1s approximate since o 1s 1ln actual fact a function
of the temperature. However, in the majority of practical cases this
formula can be employed if the value of o is taken at a temperature of

o
tv C.

Manometrlc thermometers

Manometric thermometers come In llquid, vapor, and gas versions'*
A diagram of a manometrilc thermometer is shown in Flg. 23. The reser-
volr [bulb] (gensing element of the thermometer) 1 is filled to 60% of
capacity with an easgily vaporizing lliquld (methyl ether, methylchlo-
ride, ete.); the capilllary tube 2 transmitting the vapor pressure ig
most frequently filled with the same llquid.

In view of the fact that there 1s no direct proportionality be-
tween the temperature of the bulb and the vapor pressure of the ther-
mome tric liquild, the thermometer scale proves to be nonuniform. As a
result of a number of shortcomings, l.e., the inadequate strength of
the capillary, low accuracy, difflculty in repalr, these thermometers
have virtually been replaced completely by electrical thermometers,
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Fig, 24, Schematic
diagram of resgist-
ance thermometer
wilith a balanced
bridge. Rl’ RE’ and

Fig. 23. Diagram of

manometric thermom- RB) Resistance con-
eter. 1) Sensing ele- stants; r3r”) bal-

ment of thermometer; )

2) transmitting tube; §n§ege§i§%22§2c§§’

3) temperature indi- t

cator (mancmeter). sensing element.

Reslstance thermometers

The operatling principle of resistance thermometers is based on
the change in the electrical resistance of certain conductors under
the action of temperature. The sensing clement whose resistance changes
as a function of temperature is 1ncorporated in a balanced brildge, a
schematlc dlagram of which 1s shown in Fig, 24,

The sensing element of the thermometer is the reslstance Rt' With
a change in the temperature the magnlitude of the resistance Rt changes
and this dlsrupts the equllibrium of the bridge which ls determlned by
the galvanometer G. The lnstrument scale is calibrated in ©G¢. The

power supply for the instrument is provided by a battery or some other

N Amimon
AV S o)

Resistance thermometers are made of platinum, copper, nlckel,
iron, and speclal alloys. It should be poilnted out that platinum 1s
capable of preserving 1ts physlcal properties for long perilods of time.
As a result a platinum resistance thermometer ig the type employed for
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the 1nterbolation of the interﬁatiohal temperature scale in thé range
between —180 and 660°¢,

&y

=

The relationshlp between the temperature t °C of the medium and
the regilstance Rt in the range from 0 to 1100°¢C 1s established with
great accuracy by the followlng equation:

—100Rt—=Ro__ LI ot (- 1),
t=100 Jra(100 1)+T 100 (100 ) 1146 ) (53)
in which the constants Rys RlOO’ 5, and W are determined experimentally

on the bagls of the reference polnts. Here RO and RlOO are the resist-

ances for the temperatures O and 100°¢,

TABLE &

Temperature Measurement Limits
with ETP, ETM, and ETN Reslst-
ance Thermometers

1 2 3 TIpnBopH HIMEpeHus
Marepuza Ycaopnoe Teunepayp » °C
UYBCTPHTEARHOTO obosns-~ -
SALKENTS qeuue. HEHBOA-
TepHONETPY p paf mauuie P
6 Naaruna Oatn —200 +4-500
T Mems 03TM | —50 | +150
8 Huxens 13TH --50 +200

1) Materlal for the sensing
element of the thermometer; 2)
conventional denotation of
thermometer; 3) instruments

for the measurement of tempera-
tures, in °C; 4) minimum; 5)
maximum; 6) platinum; 7) cop-
per; 8) nickel; 9) ETP; 10)
ETM; 11) ETN.

b
i

The resistance ratio Rloo/RO can serve as a characteristlc of the
purity of the platinum; for platinum of the first-class "Ekstra" brand,
Ryoo/Ro = 1.389 + 0.0007.

The copper used for resistance thermometera exhlbits a great ther-
mal coefficlent of resistance (o = 4.25-10‘3-h.28-10'3) and makes 1t
possible to determine the thermal resistances R, according to the fol-

t
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L1 I T PR PSS,
e e C R=RQ e (54)
s g = A shortcoming of copper is i1ts low spe- -
] ) 1)
s P cific resistance (p = 0.0LT ohm-mme/m) and
-
21— 1ts oxidizability which restricts the area of
1
1 1ts applicatlion below temperatures of 150°. ?
0100 200 30 W0 500 6t
' Nickel exhibits a high thermal coeffi-
Flg. 25, Change 1n -3 3
the resistance of cient (a = 6.21-107°-6,34.1072). However,
metals as a function
of temperature. 1) nlckel exhlbits a complex relationghip be-
Iron; 2) nickel; 3)
copper; 4) platinum. tween the thermal coeffilclent and the tempera-
ture, which is a significant shortcoming.
Resistance thermometers and the temperature-measurement limits of
gsame have been gtandardized (GOST 6651-59) and are presented in Table 6,
Figure 25 shows the change in the ratio of the registance Rt and
the resistance R0 as a function of temperature for a number of metals, d

14 2 J 4 5 7 .
_ T
P a=lel

Fig. 26. Resistance thermometer receiver. 1)
Protective tube; 2) insulation; 3) heat-sensing
element; 4) mlca plate; 5) extra resistance;

6 and 7) inserts; 8) plug-type connector; 9;
connection tube.

1§1

The deslgn of the resistance-therﬁometer recelver 1is ghown 1n Flg.
26, The protective tube 1 1s made of stalnlegs steel, the heat-sensing
element 3 1s made of a nickel wire 0.05 mm in diameter, this wire Le-
ing wound about a mica plate 4,

Aviation resigtance thermometers operate from a DC source with a
voltage of 27 + 2.7 v.
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Thermoelectric thermometers

The principle of measuring températures by means of thermoelec-
] ) . ] b )
tric thermometers 1is based on the phenomenon of thermoelectricity dis-

covered in 1758 by the Russian academician F. Epinus. This phenomenon

2 1s explalned by the fact that all metals consist of
ty positively charged stationary lons and frec negatively
charged electrons which can be compared to the free gas
A s which f£1lls the intermolecular space.
) The density and pressure of the electron gas dif-
¢ fers in various metals at any given temperature. If two
wires A (a copper wire) and B (a platinum wire) are
gﬁ%fmﬁliec~ welded or soldered, as shown in Fig. 27, the electrons
Eiii.Cir- from the copper wire will begin to transfer to the plat-

inum wire. Close to Jjunctions 1 and 2 the copper wire will be posi-
tively charged, while the platinum wire 1s negatively charged. The
electric fields originating at junctions 1 and 2 counteract the trans-
fer of electrons from one materlal to the other and at some potential
difference the process of the electron transfer ls curtailed, since
dynamlc equlllbrium sets in, 1.e., the quantity of electrons leaving a
given material becomes equal to the quantity of electrons entering the
material,

If junctlon 1 1s heated to temperature t, and the temperature £,
of Junction 2 remains constant (to < t), a current appears in the cir-

cult congisting of conductors A and B, l.e., the circult will become a
generator of elcctrie cnergy. The conductors in
glderation are known as thermoelectrodes, and the Junctlons are known
as thermoJunctilons.

As has been demonstrated in numerous experiments, the following

equation 1s valld for a thermoelectric circult:
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Eﬂﬁ_(tv‘o)aeaé(t)‘*‘.en;\(’o)y (55) B
‘where E,(t, t,) 1s thé thermogldctromotive

force 1n the circi;.it, the dlrec¢tion of the

L}
current from A toward B; eAB(t) is the
thermoelectromotive force at Junctilon 1;
Fig. 28. Diagram for eBA(tO) 13 the thermoelectromotive force at K
the l1ncorporatlon of
the measurement in- Junction 2, with the direction of the cur-
strument into the
thermoelectric clrcuilt. rent from B toward A.
Given the equality of the temperatures at the two Jjunctlons, the
thermoelectromotive force of the circuit 1s equal to zero, i.e., if
t o= tg,
then
E u(t t)=0;
In thils cage
"epa(to) = —ean(ty) "

and, consequently, Eq. (55) can be wriltten as follows:
Epp(t t)me g(t)—e,5(to). (56) '
Equation (56) makes 1t possible to determine the temperature t if
the thermoelectromotive force of the circult and the temperature tO
are known, l.e., the latter referring to the temperature of the cold
Junction, The quantity EAB(t, to) can be meagured by means of a pyro-
metrle millivoltmeter or potentiometer. The temperature t0 of the culd
junction should be kept constant and rilgorously defined during the
meagurement process. Best of all, Junctlon 2 should be placed in a

.. e , , . , Opn o . wrn
mediun exnlbiolilyg 4 Leupelatule o = tn =C"°C, Sug., inn WO
sr 0 ’ 5

melting ice.

The materlals of the thermoelectrodes should be selected so that
the quantity EAB(t, to) 1s as great as possible.

Thus the measurement of the temperature % 18, in principle, poas-
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gible with the aid of the thermoelectric clrcult (thermocouple) shown
in Flg. 27,

The galvanometer used to measure the thermoelectromotlve force in
the cilrcult can be connected in one of two ways (Fig. 28). In the

first cilrcult the galvanometer 1s connected between the cold Jjunctions

2 and 3, Junction 1 in this case belng hot (see Fig. 28a).

In the second circuit the galvanometer 1s connected to the split

electrode B and junction 1 in the circuilt will be hot, Junction 2 will

be cold, and Junctions 3 and 4 will be neutral (see Fig. 28b).
In determinlng temperatures it 1s the practice to hold that the

temperatures of the cold junctions 2 and 3 (see Fig. 28a) and the

neutral Junctlons 3 and 4 (see Fig. 28b) 1in the circuit are identical.

The thermoelectromotive forces of the varlous circults will be equal

if the total reslstance of the corresponding wires and electrodesg and

the temperatures of the cold and hot Junctions of these circults will

also be equal.
In actual fact the circuit shown in Filg. 28a consists of three
conductors A, B, and C (the presence of the instrument does not change

the validity of the cited conclusion). On the basis of the second law
of thermodynamlcs, given the equality of temperatures to = t, the

thermoelectromntive force in the circult ig equal to zero. Thils means

that for this case we can wrilte:

e45(t) tege(t)+eca(t)=0,
or

epe (L) +era(t)= —e,p(t). (57)
If Junctlon 1 willl exhibit a temperature t, and Jjunctions 2 and 3
will exhibit temperatures of to,

E gt t) =65 (1)t e5¢ () + ecalto). (58)

Substituting the vaiue of the sum e (to) + eCA(tO) from Formula

BC
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(57) into Formula (58) we will obtain
LU EetmSea@=caty. T (s9) -

As we can see Formulas (56) and (59) are identical; it is theve-
fore posslble to maintain that the thermoelectromotive force developed
by the circult shown in Fig. 28a and that developed by the initial cir-
cult (Fig. 27) are equal.

The following equality 1s valid for the circult shown in Fig. 28b:

E alt to)=e45(f)+€ae(te) +ecalt)+eaa (%), (60)

Taking into consideration the equalities

esc(t)= —ecglt,). (61a)
and
eaa(fo)= —exa(ty) (61b)
we will obtailn
Eap(tit)=eap(t)—eanlty). (62)

Thus the circuit shown in Filg. 28b was also equivalent to the in-
itial circult (see Fig. 27).

It may turn out that the temperature of the cold Jjunction 2 in
the circult in Flg. 28a 1s equal to t'y and that that of Junction 3 is
equal to to. Then

E=e,p(t)+ epc(t) +ecalt). (63)

Subtracting Eq. (63) from (59), we will obtain

Eas (b t)— E=epa(b)+ eca(ty)+-eac (fo). (64)
Taking into consideratlon the following equality
ean (fo)=eac (b) + eca (f), (65)

Ep(t t)— E=eac(t)—exc (&), (65)
Analogous expresslons can be derived for the case of unequal tempera-
tures for the neutral Junctions 3 and 4 in the circult in Fig. 28b.

If the temperature of the cold junctlon In clrcult a or b changes
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or becomes equal to t'o, the thermoelectromotlve force will also change

and become equal to

R 1 R S - u&’ .

Epp(t, t0)=E2a(t, ;) — ean(t0)+eanho). (66)

As we can see Eq. (66) makes it possible to calculate EAB(t, tO)
from the measured quantity EAB(t, t'o) and the correctlon factor for
the temperature of the cold Junction:

ean(t)—ean(ty. -
The thermoelectric circult set up in the manner shown in Fig. 28b

can be used to meagure temperature differences.

In this case Junctions 1 and 2 are hot Junctions and it 1s pre-
clsely their temperature difference that 1s being determined. Junctions
3 and 4 become cold and their temperatures must be i1dentical (1ts mag-
nitude is of no significance).

The magnitude of the correction factor for the temperature of the
cold Junction 1s determined from the calibration graph for the thermo-
couple (Fig. 29).

Iet there be three materials A, B, and C. Let us make three ther-

mocouples AB, AC, BC out of these materilals. The followlng equalities

are valid for these thermocouples:

E gt t)=esp(t)—eaa(t); (67)
Ejc(tt)=e c(t)— e, 0(t): (68)
Epe(t. ty)=epc(f)—epc(fy) (69)

Taking the following equation Into conslderation
ean {fo)+25c (f) 4 ecq (£) =0
and carrying out simple transformationsg, we will obtain
Epc(f,f)=Eg (b1 —Ecy (1, 1). (70)
This equation will make it possible to handle the calculatilons
for any thermocouples of electrodes B, C, D, ete., if their thermoelec-

tromotive forces are known with resgpect to electrode A which 1s desig-
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Fig. 29. Introduc-
tlcon of correction
fector for cold-junc-
tion temperature.

el) Measured emf;

e'o) magnitude of

enf corresponding
correction factor
for cold-Junction

to
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Fig. 30. Thermo-

couple characterls-
tics. 1) Chromel-
copel; 2) chromel-
aluminum; 3) plat-
inum-platinorhodium.

temperaturc; e =
=e; + e'o) total

emf; t'o) cold~junc-

tion temperature; t)
meagured temperature.

TABLE 7
Range of Thermocouple Applicatlon
1 Tepuonapa 206ascTh Eguueneum
3 Viprauit-upuanepoank 8 xo 2000
"4 pizatua-naaTwiopomni 0-+1450
5 Xpoueap-aniomeas —200-+1200
Xpoueap-koneas —200--800
T Ménb-xoucranran —200+350

1) Thermocouple; 2) range of appli-
cation, in °C; 3) iridium/iridium-
rhodium; 4) platinum/platinorhodium;
5% chromel-alumel; 6) chromel-copel;
7

copper ~constantan; 8) helow 2000,
nated as normal. Chemically pure platinum is used as the normal thermo~
electrode.

The functioning of the thermocouple and the limits of temperature

meagurement depend to a conslderable degree on the materlals of the

thermoelectrodes; 1t 1s

therefore extremely important to select these

materials properly., The [ollowing requirements are imposed on the ma-
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terilala:

1) the thermoelectromotlve force must lncrease with a rise in tém-
perature (preferably, linearly);

2) the magnitude of the thermoelectromotive force must be suffi-
clently great;

3) the coefficient of clectrical resistance must be at i1ts min-
imum, whille that of electrical conductivity must be high;

4) the physicochemical properties of these materials must not

change under conditions of normal operatilon;

5) the materials must be corroslon resistant;

6) the melting point must be considerably higher than the temperu-
ture belng measured;

7) the materials of the thermoelectrodes must be rather uniform.

Thermocouples made of metals (noble and base) have gained the
greateat acceptance, but for purposes of measurling high temperatures

metal thermoelectrodes in combination with nonmetals are sometimes

used, e.8., tungsten-graphite.

A list of the most frequently used thermocouples is cited in
Table 7.

 — :::_‘—ﬁi__:j’

§ g .

Flg. 31. Diagram of thermoelectric
pyrometer., 1) Thermocouple; 2-4,

5) connecting wires; 0) additional
a

igtanece: 7) galvanometer.

3w

e
Figure 30 shows the characteristics of some thermocouples used in
testing VRD. The construction of the thermocouples is described in the
section devoted to flow measurements.
Flgure 3i shows a dlagram of the thermoelectrilc pyrometer that is
- 67 =



conventionally used. Thermocouple 1 1s connected to the insbﬁument by

méans of cOnﬁecfiné wirésre-u and73;5g Ir thé‘%hérmoééﬁﬁié‘iﬁ maﬁe Sf
inexpensive materilals, wires 2-4 and 3-5 may be made of the same ma-
terlals.

If the thermoelectrodes of thermocouple 1 are made of noble metals,
it becomes necessary to have connecting wires that should be made of
inexpengive materials exhibilting thermoelectric characteristics close
to the thermoelectrode materials. It 1s always preferable for the tem-
peratures of Jjunctlons 2 and 3 to bhe identical.

Junctions 4 and 5 are cold., They are separated from Junctilons 2
and 3 by a conslderable distance, thus simplifylng the maintenance of
their temperatures which are equal to one another and constant through-
out the course of the experiment. It 1s best to lmmerse these Junc-
tlons into an oil-filled test tube, and the test tube should be placed
in a thermostat with melting 1lce. If there 18 no ice, the cold Junc-
tion can be lmmersed into a vessel with oil (the temperature of which
can be regulated), and a correction factor for the temperature of the
¢0ld Junctions 1s 1lntroduced into the evaluation of the measurement data.

The circults for the connection of the thermocouples to the in-
strument by means of & swltch are used for the measurement of tempera-
tures at a great number of points. In view of the smallnesa of the
thermocouple current (0,5-1.0 ma) all wires have to be thoroughly in-
sulated. If the scale of the electromeasurement Instrument 1s gradu-
ated in degrees, the resistances of all the pyrometers must be identl-
cal, The reslstances are adjusted by means of the additional resilst-
ances 6. A copper wirc i1s used to connect the lnastrument to Junctions
4 and 5.

For purposes of thermocouple deslgn we require data on the ma-
terials used for the thermoslectrodes, the connecting wires, and on
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TABLE 8

Thermecelectromotive Forces of Metals in Combina-
tion with Chémically Pure Platinum at t = 100°C
and ty = 0°C ' o

1 2 Teuneparypl.?u- N
Hanmenosanne Oboanavenne | JMCHCHHR B Tepuoes. a.c.
METaanoB HAY COCTaB —— ,::g:::: e
u Haf 5 nas
~Tanouens 95% NI4-5% 1000 | 1250  j=1.02+4+1,38
(A1+Si+Mn) |
BBosdpau W 2000 | 2500 +0,79
O¥enesn (xumunecky wncroe) Fe 600 800 +1,80
10Koucranran 60% Cu-40% Ni| 600 800 —3,50
11Koneas 56% Cut44% Ni| 600 800 —4,00°
12Mean (xumuueckn uHCTasn) Cu 350 500 40,76
13Mnatuua ,SkeTpa® Pt 1300 1600 0,00
14naarnnoponf . 90% Pt410% Rh| 1300 1600 +0,84
1B Mnaranonpranft . 90% Pt+10% Ir | 1000 1200 <+1,30
16Xpouens 90x Ni410% Cr| 1000 | 1250 [+27++3.13

1) Metals; 2) symbol or composition; 3) applica-
tion temperature, in ©C; 4) prolonged; 5) brief;
63 thermoelectromotive force, in mv; 7) alumel;
8) tungsten; 9) lron (chemically pure); 10) con-
stantan; 11} copel; 12) copper (chemically pure);
13) "Ekstra" platinum; 14) platinorhodium; 15)
platinoiridium; 16) chromel.
the resistance of the instrument. Table 8 presents some data for the
. most widely used materials.

The "+" sign in front of the value of the thermoelectromotive
force indlcates that the current in the cold junction 1is directed from
the given material to the platinum. Using the data in Table 8 we can
determine the thermoelectromotive forces of certaln thermocouples and
the pogsibilities for thelr application.

Example. We must determine the thermoelectromotive force of a

chromel-alumel thermoconnle at t = 100°¢ and ty = 0°C, if in combina-

tion with platinum they develop thermoelectromotive forces of

Exr(100°,0°) = -+ 2,70 MV,
Ean(100°,0°) = = 1,38mv. -

The thermoelectromotive force of the chromel-alumel thermocouple
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B0, 0°) = B (1087, ) E,

The "+" glgn indicates that the current in the cold junction flows

from the chromel to the alumel.

Millivoltmeters and potentiometers are used to measure thermo-

couple thermoelectromotive forces.

Figure 32 shows a circult which clarifies the basls of the poten-

tiometric (compensation) method. In this circult the resistance R is

known, whille the current source B keeps the current I virtually con-

stant throughout the measurement. The slide b slldes along the rheo-

stat to which the current source A and one clamp of the thermocouple

are attached. The null lndicator NP 1s connected to polnt a by a single

clamp, the other clamp being attached to switch P by means of which 1t

is possible to disconnect the thermocouple or the current source A,

T
© A :
—p
N
Flg. 32. Sche~
matic cireult
diagram of po-
tentiometer. 4,

B) Current
gources; Et)

thermocouple
emf; NP) null
indicator; b)
glide; P)
switch,™
BE=B; H=2N;
MT=Eg

W

In fhe measurement of thermoelectromotive
forces the NP instrument ls comnected into the
thermocouple circult by means of switch P and
slide b changes the reslstance of the circult un-

til the pointer of the NP [null indlcator] points

to zero.
Clearly, in this position
E,=IR,,
where Rl 1s the resistance of the segment ab; Et
ls the thermoelectromotlve force of the thermo-
couple. .
Then the switch P cuts in source A and slide

b again 1s used to achleve zero readings on the Eﬁ'

For this cese
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Ey=IRy,
where E 18 the emf of the normal element A; Ry 1s the new resistance
of the segment ab.

Having transformed the derived equallties for Et and En’ let us

find the value of the thermoelectromotive force of the thermocouple
R’
Er=_E-#.;- (71)
Thils method ensures high accuracy in the measurement of tempera-
tures and 1s used in research work. At the present time automatic elec-

tron potentlometers are widely used in research and production work.

Thermometer calibration and thelr accuracy

Reslstance thermometers and thermocouples are calibrated in water
or oll thermostats or at high temperatures in tubular electric fur-
naces., Flgure 33 shows a thermostat for the testing of thermometers in
the temperature interval from 5 to 30000.

For purposes of qgualitative calibra-
tlon of thermometers the thermostat must
satisfy a number of requirements:

1) the temperature field of the thermo-

stat must be uniform, with a variation not

to exceed O.SOC;

Fig. 33. Thermostat
for the calibration of
thermometers in the

2) in the time between two readings,

interval from 5 to the temperature of the llquid should not
3009¢. 1) Working ves- °
sel; 2) metal casing; change by more than 0.1°C;

3) heat insulation; 4)
heater; 5) agitator;

6) drain: 7) rheostat:
8) electric motor, mestat during the process of the calibration

3) the level of the liquid in the ther-

must remain constant.
The specimen-standard mercury thermometers of the first or second

class, with dlvislons of 0.1°C in the interval from —T0 to +102°C, and
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Fig. 34. Tubular electric furnace for

calibration of thermocouples., 1) Metal-

1ic block; 2) rheostat; 3) electric

furnace; 4#) thermocouple beling tested;

5) speclmen-standard thermocouple; 6

connecting (copper) wires; 7) thermo~

gstat for cold Junctions.
divisions of 0.2°C in the interval from +98 to 302°c, serve as the con-
trol ingtruments during the calibration process.

A correction factor for the protruding column must be Introduced
into the readings of the mercury thermometer during the calibration.
Verificatilon for the negative-temperature range 1s conducted in ethyl
alcohol cooled by carbon dioxide or freon.

The manner in which the thermocouples are placed inglde the tubu-~
lar electric furnace for purposes of calibration is shown in Fig. 34,
The specimen-standard platinum/platinorhodium thermocouple, verified
by the Committee of Standards, Measwres, and Measurement Instruments,
is used as the control Instrument for the calibration.

The temperatures of the hot Junctions of the control thermocouples
and the one belng calibrated must be ldentical, and for this purpose
they are immersed into a nlckel block as close as posslible to one an-
other and to an identical depth. It has been demonstrated experimen-
tally that a difference of 5-7 mm 1n the lmmersion results 1ln a dif-
ference of 7-10°C between the temperatures of the junctions. The ther-
moelectromotive forces of the thermocouples are measured by means of a

laboratory potentiometer.
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Information on the highest temperature-measurement preclsion is
glven in Table 3. The accuraecy of thé thermometers used for tests may
vary. For-example, the TUE-48 resilstance thermometer which is used to
measure the temperature of water, oll, or the outside air has a scale
ranging from —70 to +150°C and 1s graduated in 10°C divisions. The
measurement error at normal temperature does not excced il-E%-

The accuracy of the thermometers should not he confused wlth the
accuracy of the temperature measurements, since 1in measurement prac-
tice it is rarely possible to equate the temperature of the sensing
element with the temperature of the measured medium. The accuracy of
the thermometer ls determined by the accuracy with which the sensing
element of the thermometer is able to measure the temperature.

3. FLOW AND RATE MEASUREMENTS

Over the past 50 years, in connection with the development of
aviation and power englneering, the methods of measuring streams of
gases have undergone significant development. Much work has been done
in the USSR on pressure recelvers and devices to measure temperatures
in streams; this work has been carried out at the TsAGI (the Central
Aerohydrodynamlc Institute) and the TsKTI (the Central Boller-Turbilne
Institute).

Measurement of flow temperature

It is comparatively silmple to measure the temperature of a lig-

uid moving at low speed. Figure 35 gshows an example of an installation

in which the sensing element of a resistance thermometer 1s used to
weasure the tempcrature of oil. To ralse tle accuracy of the meagure-

ment the chénnel walls must necessarily be insulated againgt heat and

the sensing element must be positioned into the approaching stream.
The exact measurement of the temperature of a fast-moving hot gas

1g olapsified as a complex experimental problem. When the speed of the
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Flg. 35. Reslatance-thermometer re-

celver in oil manifold. 1) Thermom-

eter recelver [the sensing element].
flow 1s lower than 50 m/sec the temperatures of the moving gas and the
gas at rest may be regarded as ldentlcal. In the case of faster speeds,
however, the gas 1ls decelerated at the sensing element and the gas tem-
perature rises. The temperature of an adlabatically decelerated stream
{1.e., in the absence of heat transfer between the measurement zone
and the surrounding space) 1s calculated in accordance with the follow-
ing formula:

. Ac?
Fi=T4 g (72)

where T*t is the temperature of the adlabatically decelerated stream;
T 1s the temperature of the moving gas; A 1s the thermal equlvalent of
mechanical work

(A = 1/427 keal/kg-m);

g 1s the acceleration of the force of gravity; 1s the specific heat

°p
of the gas at constant pressure; ¢ 1s the veloclty of the gas.

In actual fact there is always transfer of heat to the surroundlng
gpace. To take this trangfer of heat to the surrounding medium into
ecomalderation and also to congslder the lncompleteness of deceleration,
the temperature recovery factor gnis Introduced; at this polnt Formula

(72) takes the form

T'=T+r———-';;’£' X (73)

The température recouvery factor r 1s determined from the following
- T4 -
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expressiont

r==l (74)

The criterion M can be lntroduced into

Flg. 36. Diagram
of screened ther- Formula (73):

mocouple. 1; Chan~

nel wall; 2 r—1

screen; 3} thermo- T""T(H" 2 M’)' (75)

recelver [heat
senging element ]. There are no theoretical methods of deter-

mining the magnitude of r and the recovery factor is therefore deter-
mined experimentally. Below gstream temperatures of 300°C the quantilty
r 1s determined primarily by the stream deceleration ratioc in the vi-
clnity of the sensing element.

The thermocouple ingerted in the stream radlates heat to the
colder channel wallg surrounding it. As a result of this radiation the
temperature of the thermocouple 1s lower than the temperature of the
gages which are flowing past it.

Iet us examine the problem of heat transfer between the thermo-
couple and the surrounding medium (Fig. 36). ILet us assume that screen
2 1g temporarlly lacking. Iet Tl be the temperature of the tube walls;
T3 the temperature of the thermocouple; T*t the temperature of the
adiabatically decelerated gas.

The quantlty of heat recelved by the thermocouple from the gases
is determined by the following expression:

Qe=oFyTi—T)), (76)
where a 1s the heat-transfer coeffilclent for the transfer of heat from
the gas to the thermocouple; F3 ip the surface area of the theorm
recelving the heat.

In the steady-state regime the quantity of heat received by the
thermocouple 1s equal to the sum of the radiative heat scattered by
the thennocouple to the channel walls and the heat vemoved through the

5 -
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thermoeouple and its casing.

‘The quantity of radiative heat reléased by the thermocoupls i
determined from the followlng formula:. ..

Te\s _(TLY*
Qa='COFI [(ﬁ) *(100) ]' (77)
where & 18 the reference emissivity; Co 1s the coefficient of radiation.

The magnituwe of the reference emigsivity 1s determined by the

following expresslon:
1

. - —————— , ..
Lk -1—-1) \78)
g Fi\y

where €3 is the emissivity of the thermocnuple; €1 1s the relative co-

efficlent of channel-surface radlation; F1 1s the surface of the chan-

nel wall participating in the transfer of heat with the thermocouple.
The ratlo F3/F1 is close to.zero and therefore

.=Cwfs (3 () ] (79)

In Formulas (77) and (79) C, = 4,9 kcal-me-hr-oKA, while the quan-
tity 83 is a function of the material, the condltion of 1ts surface,
and the temperature. For example, for a platinum wire 53 = 0.073-0.182
at a temperature of 225-137500; for iron 83 = 0,08-0.13 in the tempera-
ture range from 1000-1400°C.

Accepting the equality Qk = Ql and neglectlng the heat removed
along the thermocouple and lte caéing, we will obtaln

n=Te= S - (80)
The consldered formulas lead to the conclusion that the quantity
T3 1s the cloaer to T*t, the smaller 53; the greater o, the closer Tl
to T3. It 1is virtually Imposslble to affect the quantity 53.
It 1s poasible to increase o by ralsing the speed of flow past

the heat sensing element. This can be accomplished by the suction re-
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moval of the gases surrounding the thermocouple. This method 1s some-

what compllcated and anether methed 1s generally employed — the method

of gcreening which makes 1t possible to bring the temperatures of the
thermocouple T3 and the gases T*t clogser together.

If screen 2 1s placed between channel wall 1 and thermocouple 3
(Flg. 36), the screen temperature T3 wlll be higher than the tempera-
ture of the channel wall 1 being cocled, and thils reduces the heat
losses of the thermocouple. The thermocouple screens are generally de-
signed so that they simultaneously act as deceleration chambers, l.e.,

chambers in whlch the gas flushes the thermocouples at reduced speed.

Iet us congider the following example in order to evaluate the w
influence of screening [(baffling] on the magnitude of the temperature-
measurement error. Let the thermocouple indicate a temperature T3 =
= 1073°K and let the temperature of the wall be equal to Tl = 773°K;
a = 200 keal-hr-m®:°K and Coeg = 4.22. Then T#, — T, = 204, 1L.e.,
the measurement error 1ls very great.

The installation of screen 2 will reduce the difference T*t - T3
to 37°C, l.e., the measurement error will be reduced by a factor of
5.5. A further reduction in the error can be achieved by introducing
heat lnsulation for the channel walls and for the s;cond screen. In
measuring the temperatures of hot flows (exhibiting T*t > 600°K) we
find that the greategt source of error is the heat transfer.

Iet us examine the design and tes£ results for geveral thermore-
ceivers [heat sensing elements].

Iecelegahion chlambers in which & thermocouple 15 post
direction of the flow (horizontal deceleration chambers) or perpendicu-
lar to the approaching stream (vertlcal deceleration chambers) are
used to decelerate the flow around the thermocouple. Sets consisting
of several thermocouples pasitloned at specifile points in a single
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frame are used to measure temperature flelds.

Figure 37 shows a heat sensing elemBit With s vértical decelers-
tlon chamber and the change in the temperature recovery factor r as a
functlon of the stfeam velocity (A) and the relationship between the
areas of the inlet to and the outlet from the chamber (X = Fvykh/kah)
is shown. The comparatively sllght change in r with respect to the
veloclty of the flow 1s characteristic of the given heat-sensing ele-
ment.

The thermoreceiver [heat-sensing element] to measure the tempera-
ture of a stream at speeds below M = 1.2 1ig shown in Fig. 38. The
thermoelectrodes are insulated by means of porcelaln tubes. The rela-
tlonshlp between the K areas for this heat-sensing element comes to
0.2.

The heat-senslng elements of precise (control) thermocouplea ex-
hibit a somewhat more complex constructlon, As an example, in Fig. 39

we present the deslgn of such a control thermoreceiver. One feature of

this thermorecelver 1s the presence of four screens, of which the in-

side screen 1s made of ceramlc material. The component parts of the
sensing element, flushed by the hot flow, are made of a heat-resistant
alloy.

Figure 40 shows the desilgn of the TGZ-47 sensing element for the

measurement of the temperatures of decelerated gases.

The thermocouple 1s made of a nickel-cobalt alloy (NK) énd gpeclal

alumel (SA)., The outstanding characteristic of a thermocouple made of
NK and SA alloys conslsts in the fact that the thermoelectromotive
force arligeg when the temperaturce difference t — to > 300°C, ag a re-
sult of which there 1is virtually no need for the introduction of a
correction factor for the cold Junction temperature when working with
this thermocoﬁple.
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Flg. 37. Characterls-
tlc of thermorecelver
[heat-sensing element]

with vertical decelera-
tion chamber.

Flg. 39. Design of
control thermore-~
celver Eheat-sensing
element

Fig. 40. Construction of the TGZ-U47 heat-sens-~
ing element. 1) Sensing orifice; 2) thermo-
couple; 3) tube; 4) ceramic tube; 5) adjust-
ment pin; 6) nut; 7) case; 8) ceramic blocks;
9) nut; 10) flexible hose; 1l) contacts; 12)

. ~outlet. '

Thermocouple 2 1s insulated from tube 3 made of heat-reglstant
steel by ceramic tube 4, The thermocouple casing 1s positiloned to face
the gas stream through the inlet opening L, 3 wm ln dlameter; the gas
(at low speed) passes by the Junction of thermocouple 2 and escapes
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Fig. 41. Diagram of installatlon for

calibration of heat-sensi elements.

1) @rid; 2) antichamber; 3) thermo-

couple for maintenance of regime; 4)

control thermocouple; 5) thermocouple

belng tested; 6) thermostat; 7) po-

tentlometer; 8) switch; 9) manometer;

10) coordinator.
through opening 12 that is 0.8 mm in diameter. Flexible hose 10 pro-
tects the wlres from breaking. The connecting wires are connected to
contacts 11,

Regardless of the design, all of the heat-sensging elements must
be calibrated in specilal installations. One of the possible methods of
setting up the installatlon for purposes of calibrating heat-sensing
elements in a high-temperature stream is shown in Fig. 41, The control
thermocouple and then the thermocouple being callbrated are alternately
(by means of the coordinator) at the same point in the flow at the
nozzle exhaugst. The regime must be kept comstant for a period of 3-5
minutes to eliminate the effect of visual persistence.

Measurement of slievam préssuire and strcam veloeity

In testing VRD components one generally 1s called upon to measure
the pressure of moving liquids; 1in this event, the opening made into
the wall of the tube through which the liquid is flowing can serve as
a static-prossure sensing element. Total pressure is measured by means
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of ingerting a tube In such a manner as to have 1ts opén end face the
approaching stream.

Iet us examine the manner in which one can determine the veloclty
of a subsonic stream of gas by means of a comblned tube. In the com-
bined tube (Fig. 42) the total-pressure sensing element is th~ central
orifice 1, while orifice 2 gervesg the function of the statlc-pressure
senging element. Deceleration in a subsonlc stream follows the re-
versible adiabatic-curve law and the measured pressure p¥ 1is the pres-

sure of the isentroplc deceleration. The inlet orifices 2 are spaced

apart to ensure the equality of the pressure applied to them and the
static pressure p of the approaching stream., If P and p* are known,

the A of the stream 1s calculated in accordance with the well-known

*"‘/E'%[‘-(L-)Lﬂ]' (81)

P

formula

where k is the adlabatlc exponent; otherwilse, thls quantlty can be de-
termined from gasdynamic tables.

If the stagnatlon temperature ls known,
the critical veloclty can be determined from

the followlng expression:

— .
l/leer (82)
while the velocity of the stream is found from

Fig. 42, Disgram of the following formula:

comblned tube. 1)

Totalﬂpressuri sens- c = Aa. (83)

Xammm Al memmd e

Ay wekwiliitedi g -

statlc-pressure The gpeed of a supersonic flow can also

gensing element.
be determined by a combined tube. But in this

cagse orifices 2 of the tube are positioned so that the pressure p meas-

ured here is equal to the static pressure of the stream all the way to
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Flg. 43. Total-pressure sens-
ing element with channel,
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Fig. 44. Characteristics of total-
presgure gsensing element with chan-
nel.
the normal shock which produces the deceleration.
Then the A of the stream 1s calculated from the graph or from a
table of'gasdynamic funetions:

. - 1
P (1 _Ah=1\ri k=1 1\F=
7 \n h+l)(l rr1 ) (84)

where p 1s the static pressure in the stream prilor to the compression
ghock; p* 1s the total pressure behind the compression shock.

It 1s most convenient to use those sensing elemenits exhibiting
but slight senslitivity to bendlng to measure total pressure in a
stream. Flgures 43 and 44 ghow the designs and characterigtics of a
sensing element that virtually does not distort the total pressure

when the veloclty vcctor is deflected from the axls of the sencling ele-
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ment through an angle of up to 25°.

5 TN K 0% Tarbm ety st koot 2

An error in the measurement of total pressure 1s evéluated'by

means of the followlng formula:
Ap_—.ﬂ;';ﬂ_.mo' (85)
(]

where Pq is the pregsure measured where no bending occurred; pp is the
pressure indilcaved by the lnstrument.

A stream of alr or gas passing through an engine exhiblts a vary-
ing total pressure at varlous points. Therefore, 1ln order to clarify

the pattern of pressure losses and for purposes of determining velocl-

ties 1n a stream, a substantlial quantlty of total-pressure sensing
elements are installed.

Flgure L5 shows an example of an installation of total-pressure
sensing elements on the edge of a gulde-vane assembly blade. Ccoled
multipoint total-pressure sensing elements (rakes are used for the
measurement of the total pressgure of a hot gas (for example, at the
nozzle exhaust of a TRDF [turbojet-engine afterburner]).

The static pressure of a stream of gas is measured both at the
boundarieg of the stream and in 1ts depths. The measurement of gtatic
pressures at the boundary of a stream ls carrled out by means of open-
ings drilled into the walls containing the flow. As has been demon-
strated by experiment, a slight (less than 10°) glant of the orifice
axls to the wall exerts no influence on the accuracy of the readlngs.
The drilled holes generally have diameters ranging between 0,3-1.2 mm.
The edges of the holes must be finished and free of burrs.

Statlc pressures in a stream sectlon are measured elther by means
of the atorementlioned combined tubes or by means of gpeclal static-
pressure sensling elements.

Flgure 46 shows a needle sensing element for the measurement of
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Fig. 45. Imstallation of total-
pressure sensing elements on the
edge of a gulde-vane assembly
blade. 1) Total-pressure tube; 2)
gensing element case; 3) blade.
A) Sensing element; B) sensing-
element cross sectlon.
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Flg. 46, Static-presasure Fig. 47. Characteristics of com-
nesedle gensing element. bined gensing element.

statlc pressure and lte characterlstlc with respect to A 1s presented,

4 A +mimant) ag o Mination af 2 (Planr) ab A . 5 wm and § [~
Leloy v crument) ag a2 uneticn oI A (Jiow, 8T QO = s> mm and ¢ - 5

m.

A diagram of the combined sensing element for the measurement of
total and static pressures, as well as 1its characteristilc, i1s presented
in Fig. 47. As we can see from the filgure 1t has been possible to ob-
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tain a linear characterigtlic throughout the entlre range of chénges in
2. for this sensing element. ) - 7 )

In tests ofnozgzles, turbines, and compressors, where itris prefer-
able not to overload the sectlon, the temperature and pressure of the
flow can be measured by means of a single adJustable sensing-element
coordinator.

A coordinator is a mechanilsm which makes 1t possible to lnstall
the sensing element 1n the required position and to record thls posil-
tion 1n rectangular or polar coordinates. Coordilnators may be equipped
either wlth manual or electric drive.

Meagurement of stream direction

The direction of [low can be determined by means of a ailk thread
or by the immersion of a "wind vane." However, such determination of
directlon 1is 1lnexact and occaslonally ilmpossible because of the intense
vibration of the direction indicator.

In testing practice a pneumatometric method of determining the
direction of a stream is used. Figure 48 shows a dlagram of a pneumato-
metric sensing element which makes it possible (and more exactly with
visual methods) to determine the direction of a stream in a plane, and
the calibration curve for thls instrument 1is also gilven.

The M(ach) number of the stream 1s plotted along the axls of ab-
sclssas, and along the axls of ordinates we have the derivative

__‘1_(2 P— P \
da g

where Py and o2 represent the pressures in tubes 1 and 2; p 1ls the den-
glty of the gas; c 1s the veloclty; and a 1s the angle of taper.

This graph can be uged in the following manner. Iet p = 0.114 kg X
X secQ/mM’ ¢ = 170 m/sec, and M = 0.5; from the graph we will find

-‘-(2 "'—";2’—)=0.0374

da
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Fig. 48. Pneumatic Fig. 49. Schematic
sensing element for the diagram of throttling
measurement of stream instrument (dla-
direction and the char- phragm) and the dis-
acteristics of said tribution of pres-
gtream. 1 and 2) Inlet © sures along the
tubes of gensing ele- length of the chan-
ment. nel. ‘

d'=o,01374 4 (2 L;;Ez’") :

Substituting the corresponding values for p and ¢, we wlll get

=L d(pi—p).
d""-m'ad(}"x Py

If the difference
d(py — py) = 60 kg/m®,
then
VY3 W
The cilted example:shows that 1t 18 possible to determine the di-
rection of a stream with sufficlent accuracy by means of a pneumato-
metric sensing element. '

Measurement of liquid and gas flow rates by means of throttling in-
Etrumonts

To measure the flow rate of steady-state streams of liquilds and
gases we empluoy lhrottling instruments, il.e., dlaphragms and nozzlcs.
Iet us examine the operating princilple and the nature of the flow of a
liquid or ges. through a throttllng device on the basis of the example
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of the dlaphragm shown in Fig, 49,

Iet us examine the flow of the gas in sectlon 1-2. As we can see,

in section 1 the flowing gas completely fills the tube. Two reglons
can be distinguished before and behind the diaphraéﬁ,.iQe., é_stream
region and an anmular-vortex reglon; the vortex region behind the dla-
phragm 1s signiflecantly larger than In front of the dlaphragm. As 3
result of the constriction In front of the dlaphragm, the gas 1s ac-
celerated both 1n the axlal and radial directions, and this results in
the appearance of corresponding pressure differences.

The change 1n pressure at the tube wall 1g shown by the solid

line, while the pressure along the stream axis 1s gilven by a dashed
line. The presence of radlal pressure dlfferences causes the narrowest
stream sectlon F2 to shift into the reglon behind the dlaphragm. The
phenomenon is complicated by the presence of frictional forces at the
boundaries of the stream.
Let us examine the simplified theory of a throttling device for
an incompressible stream. Iet frictlon be absent in sectlon 1-2; in
this case the D. Bernoulll equation 1s valid:
B S B4 (86)
T % 1%
where 0'2 is the ideal velocilty in the absence of friction (the remain-
ing denotatlons are given in Fig. 49).
It follows from the equation that
p=pi=g (e’ —ep). (87)
The magnltude of the stream section F2 can be expressed in terms
of Fo: '
Fy=uFgy (88)
where p 1 the convergence factor which is determined experimentally.
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~ Taking into conslderation the continuity equation

(A

from Formulas (88) and (89) we will obtain e g
= | (90)

Substituting the value of c¢', from (90) Into (87), we will obtain
the value for the 1ldeal velocilty:

T Y i, (91)
V 1_,‘2(”

In actual flow there are losses due to friction and the nonuni-
formity of velocity in sectlon 2. Moreover, even in an ideal flow the
averaged pressures p’l and p’2 are not mcasured at all, but rather the
pressures p, and Do, i.e., in front of and behind the diaphragm. To
take this point into conslderatlon let us introduce the correctlon fac-

tor €; the value of the true velocity will then be

- ¢ PTEI TN
b / 1__}‘2(2_): l/2gﬂ_;&— (92)

The weight flow rate of the Incompresslble gas can be calculated

from the rollowlng formula:
G=Fyre, (93)
After substltution of the values of F2 and cy We will obtain

V 221(Pr—Pe). (94)

rately and ror this reasun the Iollowing flow-ratc £octor 1z intro-
duced in practical work:

"7‘;{‘:@ -_ (95)

The flow rate can then be asleulated from the following formulas
- 88 o
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G=oF, Y 21(pi—p)." - (96)
The quantlty v for gases l1s generally determined from the equa-

tlon of state

Y = py/RT¥,, (97)
where pq is the static pregsure in front of the dlaphragm; T*l 1s the
atagnation temperature of the stream in front of the dlaphragnm.

The temperature 1s measured at a distance equal to 10-20 tube dil-
ameters in order to eliminate the effect of the heat-sensing element
on the flow in the throttling ingtrument and on the readings of the
sensor. Thus the speclfic welght v of the gas in the gilven fermula is
a conditional quantity.

In determining gas flow rates, we introduce a correction factor ¢
for the expanslion of the medlum belng measured to account for compres-
sibility and the formula for the calculation of the gas flow rate
takes the followilng form:

0=¢="'on_, (98)

For gases and vapors £ < 1; for liquids e = 1,

The construction and dimensions of throttling instruments have
been standardized. The method for the design of throttling devices is
presented in the "Regulatilons 27-54 on
the Applicatlon and Verificatlon of Flow-
meters with Normal Dilaphragmsg, Nozzles,

and Venturl Tubes."

Flgure 50 shows a standard diaphragm

devices for the removal of pressure. The

dlask flange devices are shown in the up-

Flg. 50. Standard dla-
phragm (a) and nozzle (b). per parts of the sections, while the

chamber flange devices are shown in the

-89 -




oroomy LT OB TR

lower part of %the sectlon.

Chamber devices are more complex éhdrmbrereipehéiﬁe,'but”preésﬁré
measurements Iin annular channels yleld more exact résuits, thus making
it possible to reduce the length of the over-all sectlon of the meas-
uring device. Diaphragms are simpler than nozzles and have been studled
more thoroughly, but in comparison with the nozzles they exhiblt
greater hydraulic resistance.

Throttling devices are used wilthout calibration 1f D > 50 mm and
d/D lies within a range from 0.2-0.85 for the diaphragms and 0.2-0.8
for the nozzles.

Materials not subject to corroslon are used for the fabrilcation
of diaphragms and nozzles, i.e., stainless sieel, brass, bronze, or
ordinary steel wlth a protective coatilng.

The condiltions under which diaphragms and nozzles are employed
are extremely varled and therefore in calculating the flow rate of
gases according to the readings gilven by throttling instruments 1t ls
necegsary to introduce a nhumber of correctlon factors.

The flow-rate coefficient may be represented in the form of the
followlng product:

Ca=aKuKuK Ko (99)
where o, 1s the initial flow-rate coefficlent; Ku is the correction
factor for visgcoslity; Ksh is the correctlon factor for roughness; Kk
is the correction factor for the blunﬁness of the edge; K. 1s the cor-
rection factor for the thermal expansion of the diaphragm (nozzle).

The magnitudes or the correction factors depend on the parameters

of the process and the design of the throttling instrument:
d D
Kowe! (5 Re=),

where v 1s the coefficlent of kinematic viscoplty for the gas, in n?/sec;
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K.=v (D.T‘)-) .
Ku=+(D;-%)-:
K,=1().

There are curves for dlaphragms and nozzles by means of which 1t
is possible to find the values of the correction factors. Thus, for
example, the quantity IS_L = 1,915 foi' a dlaphragm when the tube diam-
eter D = 100 mm and 4/D = 0.5 (for Re = 10,000); K, = 1.008 and K =

= 1.008.
Under the same conditions, for nozzles Kﬁ = 0,965 and Ky, = 1.000;

the value of Kk is always equal to unity.
The quantity Kt 1s a function of the material used for the dia-

phragm (the nozzle) and of temperature, The values of the correction

factor K% for brass are presented in Table 9.

TABLE 9

Values of Kt for Diaphragms and Nozzles of Brass
e C 20 100 200 300 400 .- 500
K 1.000 | 1,003 1,007 .1,011 1,015 1,019

In the selection of a dlaphragm or a nozzle 1t is necesgsary to
take into congideration the permissible magnitude of pressure logses,
the possibility of fabricatlion, and the cost of the instrument and the
operating condltions. It is also important to follow the instructions
regarding the installation of throttling instruments. In the case of
horizontal or inclined installation of the instruments 1t 1s necessary
to provide openings, 1l.e., in measuring the flow rates of liqulds, to
releage the alr and vapor from the chambers, and to permit the settlling
of the condensate in the measurement of gas flow rates.

Rectllinear settling sectlons must be provlded both in front of
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and behlind the instrument. The lengths of the se@tliﬁé

Bections 1, (in front of the instrument) &nd 1, (behind
the Instrument) are functions of the presence of per-
turbling devices in the stream and a settling chamber,
and they are also functlons of the ratio d/D. For exam-
ple, 1f there are valves 1n front of and behind the in-

l strument, at 4/D = 0.5 Zl/D = U7 and 1,/D = 5 are re-

: quired for a diaphragm without a chamber whille for a
HL—l—-L diaphragm with a chamber we require i,/D = 12 and 1,/D =
Fig. 51. = 5. This example demonstrates the extent of the role
Venturl
tube. played by the chamber for the settling of pressure in

the measurement zone.

4 third type of throttling device — the Venturi tube (Fig. 51) -
has found some application at testing statlong for the measurement of
great fuel flow rates. The primary advantage of the Venturl tube, in
comparison with nozzleg, and partilcularly in comparison with dlaphragms,
lies in 1ts low resilstance. In measuring fuel flow rates it is com-

pletely sultable in terms of dimensions and operationally reliable,

Volume flowmeters

"Samplers" and rotary flowmeters (the latter can be used for the
measurement of gas flow rates as well) are used for the measurement of
liquid volume flow rates.

Flgure 52 shows a "sampler" with photocells to note the time at
which the fuel level pagses ths control grooves, A "sampler" 1s part
of the fuel system.

Flow tank 2 1p connected to frame 15 of the floating valve by
means of & sleeve with orifices 1. Disks 13 are seated on the central
tube 3 and these disks geparate the measuring chambers. Window 4 pro-
vides f'or visﬁal observation.of the passage of fuel through the messur-
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ihg channels, Bypass 5 wlth coﬁnéction ﬁube 6Ifor fuei passage 1iﬁks
flow tank 2 with compensation tank 10.

In COmpensation tank 10 there 1s window 7 for observation of the
1iquid level in regulating the counterpressure. Overflow tube 9 pro-
vides for the passage of air from compensation tank 10 to flow tank 2.
Alr pressure in compensation tank 1Q 1s controlled by a valve set into
cover 8. Connectlon tube 6 and the frame of valve 20 are connected
with the manifold supplying fuel to the "sampler," while the outlet
connectlon tube 17 1g connected wilth the manifold supplyling fuel to
the engine. Photocells 12 are mounted in the column and "observe" the
passage of fuel at dlsks 13 of the measurlng chamber.

During engine operation the float in frame 15 is in 1ts top posi-
tion and the lever rests against plate 16, as shown in the dlagram. If
lever 18 of cam 21 is vertical, the cam holds valve 22 open. The cam
spring in this case 1s at 1ts minimum length. The fuel passes through
the valve into frame 15 of the floating valvg and then into the engine.

The tube supplying fuel to the compensation tank through connec-
tion tube 6 and the flow tank 2 are filled with fuel, while the great-
est part of the compensation tank 10 1s filled with air. The level of
fuel in the compensation tank can be controlled by changing the air
pressure wilth the valve mounted in cover 8.

To measure the fuel flow rate the shaft of cam 21 is turned manu-
ally to the position shown 1in the diaéram. In this case valve 22 closes
and lever 18 of cam 21 moves iIn behind cam 19 of the float. Since the
wvalve ig c]qﬁed, the fuel begins to flow from the flow tank 2 and air
from compensation tank 10 begins to take 1ts place. Fuel enters the
newly vacated space in tank 10 through connectilon tube 6. Tube 9 pre-
vents thils fuel from overflowlng into flow tank 2 so long as the fuel
in tank 10 has not reached the upper rim of tube 9. When the fuel level
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Fig. 52. "Sampler." 1) Sleeve; 2) flow tank;
3) central tube; 4; window; 55 bypass; 6)
connection tube; T7) window of compensation
tank; 8) cover; 9) overflow tube; 10) compen-
sation tank; 11) upﬁer flange; 12) photo-
cells; 13) dilsks; 14) lower flange; 15)
frame [case] of floating valve; 165 late
lock; 17) outlet connection tube; 18) lever;
19) float cam; 20) valve case; 21) opening
cam; 22) inlet valve.

The spring turns cam 21 and automatically opens valve 22, 1ln thls
cage the fuel enters the engilne and through sleeve 1 proceeds into
flow tank 2, while air again flows Into compensation tank 10.

The tims.;equired for the fuel to pass digks 13 of flow tank 2 is
recorded by photocells 12. The space bepween disks 13 1s known ezmactly
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Flg. 53. Dlagram of automatic fuel

flow rate measurement system. 1)

"Samplexr"; 2; illumination light; 3)

photocell; 4) amplifier; 5) thyra-

tron relay; 6) chronograph; 7) high-

voltage generator; 8) spark flash;

9) objJective; 10) f£ilm; 11) camera;

12) turn counter; 13) timer.

A) Start/stop.
(it 1s determined during the period of calilbration). The fuel flow
rate 1ls calculated from data on the measurement of the meterlng cham-
ber, the time of fuel consumptlon, and the speclfic welght of the fuel.

The fuel level in compengatlon tank 10 can be regulated so that
as the fuel reaches the upper rim of sleeve 1 it beging to flow through
tube 9 into flow tank 2 and engine feed is not disrupted even if the
system of valve 22 falls to function satlsfactorily (for example, if
the spring of cam 21 should break).

The photocells are incorporated in the gystem for the automatic
measurement of fuel flow rate that 1ls shown in Flg. 53, When the fuel
level passes the reglon "observed" by the photocell, it releases a sig-
nal through amplifier 4 and the thyratron relay 5 to the "start" of
chronograph 6 and the spark flash 8 of the camera. At the instant of
the spark flagh the readlngs of timer 13 and the turn counter 12 for
the engine shaft are photographed.

Figure 54 shows the diagram of a votating counter with oval gears
which, when engaged wlth one another, turn under the action of the lig-
uild pressure differences across the inlet to and outlet from the 1in-
strument.
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The volumetric flow rate of the fuel 1s

calculated 1n accordance with the faiiaﬁihg '

formula:

Fig. 54, Diagram
of rotary counter. ==ﬂé%4vn (100)

where Vl 1s the volume encompassed by the gears;
Bxodease n 1s the 111 factor by means of which we take

into conslderation the losses through the clear-

ences; n 1s the shaft rpm.

/; i ' Standard counters of this type are suit-

y//a able In terms of dimensions and weight only for
operatlons under ground conditilons.

Flgure 55 shows a diagram of a rotating

2 Boudd zare gas counter. The blades ("figure-eighta"),
Flg. 55. Dilagram mounted 1n the counter case, are shaped so that
of rotatl gas
counter. 1) Gas they touch neither the case nor one another;
inlet; 2) gas out-
let. gears situated beyond the limits of the working

cavlity transmlt rotation from one blade to another. The blades are set
into rotation by the pressure difference between the inlet and the out-
let; this difference on a normally functioning counter does not exceed
30 mm water column.

Rotating counters are rellable 1n operatlon and rather exact, but
they do not offer high capacity. Flowmeters of this type may also be
used for the measurement of nonsteady-state flow rates.

Rotameters

The construction of a rotameter is shown in Fig. 56. A [metering]
float 2 1g positioned iIn the rising stream of fuel in a conic [rotam-
eter] tube 1 which hag a scale. As the liquld moves the flcat 1s car-
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and the weight of the liquid displaced Ly ihe

Fig. 50. Dia- float.

gram of rotam~

eter. lg Conlc Iet us write the equilibrium equatlon tor ihe
tube; 2) float.

{loav in a liguid stream

(}u‘ "In bl’n - ‘{T): C_‘.‘T‘:’ fﬂc?‘ ( 101 )
where Gp 1z the oxecon welpht of 4w Cloni; Yﬁ) R UL L

Tloat: Yp is the gpecific welight of the float; Yy 1s the specilic
weight of the fuel (measured with o hydrometci); Gy 1o vhie cocvivicivan
of [rontal float resistance, a functlon of fuel viscosiiy, tu.l i"low
rate, and float shape, as well as of the positic ot Ll Uleal; r“ i
the area of the maximum cross section of the float; ¢. is the flow
rate ol the liquid in front of the [loat,

Alter a simple transformation we will obtain an exprcession (o

the determination oif the volumetiic flow rate or Lluel:
‘ nL’ ’lll - T'r
Q= py )/ st (107)

where f}2 is the area of the tube cross secﬁion.

Hozameters are compacit, they are simple, ol e poroodr v, oo e
stantaneous value of the volumetric fuel flow rate. They are suituablc
also f'or the measurement oi gcus [low rates, lowe.cr, rotabmeros woc iy
depend on the specililc weight of the fluid, its vigcosity, and o fom-
perature. This reduces measurement accuracy sipgnilicantly.

The gravimetric method of measuring fuel Llow raie

The installation for the measurement of fuel flow ratbes Ly fhwe
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dompeﬁsaﬁidn tank 5, flexible hoses 6 and 8, compensation tubé 2, a ? E

- f

Vthreé;ﬁéyi§élvé 9, and an air valve 4, - 7" T T e e =
To £ill the installation valve 9 is set o position a, valve U s .

closed, and valve 1 1s open. The fuel from the manlfold fills tank T

and a portion of compensation tank 5. Valve U serves %o control the

alr pressure in compensation tank 5 and the Instant at which the fuel

overflows 1lnto tank 7.

For purposes of measuring fuel flow rate, the three-way valve 9
1s set to position b and the time and the weight of the fuel taken
from tank 7 are measured. Dependling on the flow rate, tank 5 is f1lled
wilth fuel through compensation tube 2; when the level of fuel in tank
5 reacheg the upper rim of the overflow tube, the fuel beging to flow

over Into tank 7 and measurement becomes impoasgible.

Alonomenus wpra§ 8 momenm:
a  sanonKenum b samepa

N7/

Fig. 57. Diagram of installa-

tion for gravimetric measure-

ment of fuel flow rate.
1; Manifold valve; 2) compensation tube; 3) scales;
4) alr valve; 5) compensatlion tank; 6, 8) flexible
hoges; 7) flow tank; 9) three-way valve; 10) fuel
manifold. A) Position of valve 9 at instant of: a)
£illing; b) measurement.
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The scales must be of the Indicator type and rather sensitive.

Yoy

The sensltlvity of these scales in the system can be checked by observ- :

PT IR B2 P PE, 1 o p e v e

ing thelr reaction to slight load in the case of the flow rates corres-
ponding to the three baslc engine operating regimes. The gravimetric
measurement method 1s more complicated than the volumetric method, but

1t requires no measurement of the gpecific weight of the liquid (fuel,

oil).

Accuracy of flow and flow-rate measurements

Data on the maximum accuracy achleved in the measurement of the

temperatures of nonmoving medla and the measurement accuracy achieved

with industrial thermomctcrs are prescnted in Tables 10 and 11.

% TABLE 10
: Metrological (Maxlmum) Accuracy in Temperature
2 Measurement
. 1 Teumneparypa |2 rorpemsocts |3
crorpany?a)ﬁ [UEEETY um%%:auuu Hanmenovanue npuopa
—183 40,005 Ul TAepmouerp CONPOTHBACHNS 3TANOH-
HH
0 - +0,003 5 To xe
. 100 40,005 To we
> 444,6 10,012 To ke
500 +0,020 6 TepMoMeTp CONPOTHBAGHHA O6Pa3-
108N #
- 600 40,100 ‘7 TepMonapa MAATHHOPOIMA-NAATHHO-
: . Bag, 9TanoHHaAN
- 1300 +0,200 To xe
) 2000 +4,0 8 Oninyeckut NHPOMETD BTANORHBIRA
3000 ) 45,5 To xe

1) Temperature of centigrade scale, in ©C; 2)
measurement error, in °C; 3) designation of 1n-
strument; 4) standard resistance thermometer;

5) the same; 6) specimen-standard rcsistance
theriicmeter; 7) pliatinorhodium-platinue olandard
thermocouple; é) standard optlcal pyrometer.

ol ol e R TR RS 3 e

The errors In the temperature measurements of fast-moving gases
result from other causes.

With proper selectlon of the shape and dimensilons of the decelera-
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TABLE 11

Accuracy.of. Meaguring Temperatures of Media by
‘Means of Industrial Thermometers '

1 Teunepatypa |2 3
Norpeumnocte
crormpg:‘y:uon. uauex;‘eunn Hauueuosanne npaéopos
—183+600 +1,0-+1,5 or sepxuero 6Tepuonerp CONPOTHBACHHR
npeaefa mWKaAW - )
600+ 1300 +0,3 | TTepsonapa naaTHuOpoAHA-NAS~
THHOBAH
600+ 1300 +1,0 oF Hameprexoh §’£epuonapa XPOMEAb-aAONEAC.
TeMneparypu
o 1400 QO0nruyeckult nHponerp
20 2000 . 1 To xe 10

1) Temperature of centigrade scale, in °C; 2)
measurement error, in %; 3) designation of in-
struments; 4) ... of upper limit of scale; 5)

..., of measured temperature; 6) resistance ther-
mometer; 7) platinorhodium-platinum thermccouple;
8) chromel-alumel thermocouple; 9) optilcal py-
rometer; 10) the same.

tion chamber which simultaneously functlons 1n the role of a single-
ply screen, the thermocouple measurement errors in flow below 900°C
can be assumed to be equal to +1.0-1.5%., This error 1s obtalned upon
the insertion of a heat-sensing element into an uncooled tube and dur-
ing the measurement of the thermal emf with a PP-type potentiometer,

The'accuracy of stream-temperature measurements with seriles-
produced electrical reslstance thermometers is characterized by the
following data.

The standardized TUE-U48 electrical resilstance thermometer for the

measurement of oll, water, and alr temperatures in the range from —70
to ilEOo, vields an error of +4 3% Tha errar of the 1GZ.LT thermo-
couple 1n the worklng range from 400-900°C, according to data from the
manufacturing callbration process, amounts to 8-20°c. When mounted in
an engine, this [thermocouple] error Increases as a result of Intensi-
fled heat traﬁsfer.
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In measuring the pressures of moving gases, 1t 1s necessary to
add the errors of the pressure-sensing elements to the manometer er-
rors. The errors of the total-pressure sensing elements in subsonic
and supersonlc flows are very small.

The measurement of statlc pressures, as a rule, 1s less exact.
Static-pressure sensing elements yleld an error generally not higher
than 1.5%.

The accuracy of the determination of A for a flow is governed by
the accuracy of the pressure measurements. For needle sensing elements
the mean square error of the calibratlons, determined from the devia-
tion of the experimental points from the linear characteristic, does
not exceed 0.6% in the range A = 0.3-1.4.

In the manufacture of throttling instruments in exact conformity
with Regulations 27-54, flow-measurement accuracy can be achieved with
an error of the order of il%- The error of the throttling lnstruments
rises sharply when measuring the flow rates of pulsating streams and
may lnvolve tens of percent.

The measurement accuracy of fuel flow rates 1n the case of "samp-
lers" depends on the accuracy of calibration, specific-weight deter-
mination, and time measurement. Time 1s measured by means of a con-
ventlonal timer exhlbiting an error of about 0.3 sec, while the human

[experimenter'!s] error in reading the time of fuel-level passage comes
to about 0,.2-0.3 sec.

In the case of measurements lasting 30 gec, the error in the es-
timation ofrthe fuel flow rate is.of the order of 1,5%. If the volume
of the flagks used in this case 18 increased and calculated for 60 sec,
and 1f a chronoscope with a balance-ogcillation half-perlod of 0.0l to
0.02 sec is used as the timer, the error is of the order of +0.5%. The
accuracy can be increased by employing automatic recording of the time
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vequlred for the fuel to flow out of the measuring chamber.

The error of volumetrlc Gounte¥s With oval gears (SVSh 5-16/40)
is équéi fé 56:5% of'the meaéureaddﬁé;£it§iAiﬁéf;ffb; iﬁrfhéfcgséfbfrrr
rotameters 1s equal approxlmately to +2.5%.

The accuracy in the gravimetric method of measuring fuel flow
rate 1ls determined by the accuracy of the scalcs and the accuracy of
time recording for the fuel flow, The scale-meagurement accuracy 1s of
the order of io.z%. If a chronoscope and a photocell are used for pur-
poses of tilme recording, in meaguring flow rate for a period of 30 sec
(the measurement error in the case of time ls of the order of 0.1 sec)
we will obtain a total error of the order of 1+0.5%.

To increase the measurement accuracy with the glven equipment; we
can recommend the method of multiple measurements. The results are
evaluated by averaging the derived data.

4, GAS ANALYSIS

The gas analysis of the products of combustlon is carrled out
only in the case of gpeclal investigations conducted on combustlon
chambers. Two types of gas analyzers have galned acceptance in prac-
tice, 1l.e., chemlcal and electrical analyzers. The electrlcal gas ana-
lyzers are less preclse.

Among the simplest analyzers 1s the portable GKhPZ chemlcal gas
analyzer which determines the percentage content of CO, 002, and 02.
The operatlon of the gas analyzer 1s bésed on the capaclty of solu-
tions to absorb gases and luvolves the measurement of the volume of
gas _

Figure 58 ghows a disgram of a GKhPZ analyzer. The working parts
of the GKhPZ are made of glass, The gas 1s taken into burette 8 having
a volume of 100 ml; the volume of the gas after absorption is measured

by means of this same burette. The lower part of the burette, uged 1n
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the determinatlon of the absorbed gases,
permlts the measurement of the gas vol-
ume more exactly than the upper part
(since it has a smaller dlameter). The
burette 1g immersed in a water-fllled
vegsel, thus reducilng the temperature
fluctuations durilng the course of the
gas analysis.

The absorber vessels 7 (the U-shaped
veasels) are filled with glass tubes and

absorbent solutions; the tubes lncrease

Fig. 58. Diagram of gas

analyzer. 1) Ieveling the absorption surface and thus apeed up
vessel; 2) filter; 3)

rubber sack; 4) connec- the process of the analysis.

tion tube; 5) three-way

valve; 6) distributor Distributor tube 6 connects vessels
tube; 7) absorbers; 8)

burette; 9) bulb, 7 and burette 8 to gas filter 2 or bulb

9 (depending on the position of three-way valve 5). The glass-wool
packed U-ghaped tube which is gas fllter 2 traps the solld particles
that are 1n the gas that 1s belng analyzed. Bulb 9 is used to suck the
gas through filter 2 and to flush the distributor tube 6 with the test
gag coming in from burette 8. Tube U connects the absorber vessels 7
with the rubber sack 3 seallng the system from the air.

Gas analysls can be dlvided into two operatlionsg, i.e., prepara-
tion and the actual analysis. 7

In the preparatory stage filter 2 1s connected by means of the
cooled copper tube to the gas separator; valve 5 connects the manifnid
and filter 2 with bulb 9 which provides for gas suction. Burette 8 and
tube 6 are flushed with gas by means of leveling vessel 1 and bulb 9;
the gas 1s taken into burette 8 by lowering vessel 1 with the trapping
liquid. Then fhe gas-ailr mixture 1s removed by ralsing vessel 1 and
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bulb 9.

After the gystem 1s flushed 1t ls filled with a pure sample of -

the géa béihg éﬂai&ééd. Valve 5 of thé'mééﬁuriﬁgié§§£éﬁris insulated
from filter 2 and bulb 9. The pressure in the system must be equal to
the outside pressure (i.e., the level of the trapping liquid in burette
8 must be 1dentical to the level in vessel 1).

The valve of the first absorber vessel 7 1s opened and the level-

ing vessel 1 is raiged 1n order to carry out the analysls; the gas 1s

pagssed from the burette to the absorber vessel several times; when
veggel 7 is fllled with gas, the liguid 1s removed to another part
(the U-shaped vessel), and the air is tauken through Lube 4 Lo sack 3.

Upon the completion of the abgorption in the first absorher ves-
sel, the valve of thls vessel i3 closed off and the volume of the re-
maining gas 1s determined. The operatlon 1ls then repeated with the
other vegsela. In measuring the volume of the unabsorbed gas, the
levels in vessel 1 and burette 8 must be made to coincide.

Salt water (sometimes, mercury) is used as the trapping liquid in
the leveling vessel. A solution of 100 g of caustic potash (KOH) in
200 g of distllled water 1s used for the abgorptlon of 002; a golutlon
of 80 g of KOH and 30 g of pyrogallol in 100 g of distilled water is
used for the absorption of 02; for the absorptlon cf CO a solutlon of
250 g of ammonium chloride (NHACI) is used together with 200 g of cup-
rous chloride in 750 g of distilled wafer. Only the nltrogen remailns
unabsorbed.

The accurzcy of this method nf determining the composition of a ‘
Las 1s approximately 0.1-0,2%.

5. MEASUREMENT OF THRUST AND MOMENT

The measurement of thrust is a necessary element in the testing

of all air-reabtion engines including turbojet englnes; in the testing
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of these engines 1t 1s, moreover, also necegsary to measure the magni- :
tude of torque. . B

The measurement of thrust or a moment can be reduced to the meas-
urement of the forces for the determination of which the following are
used: lever dynamometers, dynamometers, spring dynamometers wlth elec-
trical sensing elements, etc.

Lever dynamometers

Figure 59 shows & dilagram of a lever dynamometer with an optical
system of transmltting readings and magnifying the scale,

The force of engine thrust (or the force due to the moment) is
transmitted by the movable platform 1 on which the englne 1s mounted
through connectlon 2, the intermedlate connecting rod 3, the horizon-
tal T'-shaped lever 4 and the scale connecting rod 5 (force causes con-
necting rod 5 to expand). The force of thrust is picked up by the ver-
tical I'-ghaped lever 16 and thls is transmitted by means of the inter-
mediate coupling rod 17 to the lever 18 of the dynamometer. Weight 6
for the preliminary loadlng of the system and oll damper 19 for the
attenuation of system vibrations are attached to lever 18,

The force 1s then transmlitted through connsecting rod 7 to the
lever with weight 14 that serves to determine the values of the divi-
sions, and this lever also carries damper 15 which attenuates the vib-
rations and reduces changes 1n the load.

Thén the force 1is transmitted to a pendulum with weight 9 which
balances the force being measured; this transmlssion proceeds through

e in

the rod and_steel strip resting against the profile. With a chang
force scale 12 shifts and 1ts readings are transmitted to the dynamom-
eter screen 13 by means of bulbs 10 and the mirror system 11,

The dynamometer under congideration 1is extremely simple and reli-
able in operaﬁion. However, vibrations may cause the mechanical system

- 105 -



£

Fig. 59. Diagram of lever dynamometer wilth an
optical system for the transmission and magni-
fication of the scale. 1) Moving platform of

the stand; 2) transmission connection; 3) in-

termediate coupling rod; 4) horizontal T'-

shaped lever; 5) coupling rod to scales; 6)

load for preliminary loading of syatem; 7)

vertical coupling rod; 8) exact-adjustment

screw; 9) balancing load; 10) optical system
2

(bulb

11) mirror; 12) dynamometer scale; 13)

dynemome ter screen; 14) scale division setting
weight; 15) damper; 16) vertical I'-shaped
lever; 17) intermediate connecting rod; 18)
dynamometer sensing lever; 19) damper.

to experience resonance vibratlons and this markedly reduces measure-

ment accuracy.
drawback.
Moreover,

Lasmn dlam samm AL
AdiE WIS Uupe Vi

The dynamometer gystem can be tuned to eliminate this

there are many hinges in the dynamometer system lnvolv-
b e)

At dfmd abinn
Cid W dede e i U el

must be protected against contaminatlon by dlrt or water, since the

accuracy of the dynamometer 1s reduced 1f these bearings become fouled.

The appearance

ment aoccuracy.

of rough spots on the bearing races also affect measure-
Therefore, in measuring systems of this type every ef-
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fort ls made to fabricate the hinges in the form of prismg or flexible
bands.

Liquid dynamometers

In actual practice laboratories and testing statlons make use of
nonflowthrough and flowthrough liquilid dynamometers.

The nonflowthrough dynamometers (l.e., without a constant flow of
liquid), having a rotatlng cylinder or piston set into motion by a

speclal electrlic motor, are complicated but exhiblt higher accuracy

7
4
7
%
*
i
N

-J CLll _4\ ——

lui/////////////-"’//////////////////,,!! ;

Fig. 60. Nonflowthrough dynamometer

with distributor dlaphragm. 1) Case;

2) lock ring; 3) piston; 4) dia-

phragm; 5) gulde dlaphragms; 6) con-

nection tube.
than other nonflowthrough dynamometers. Dynamometers with distributor
dlaphragms are structurally simple but require the absolute airtight
construction for exact measurements that is lacking in a gystem of ailr
contalners and the system must moreover be lngensltlve to fluctuations
in temperature. _

Figure 60 shows a nonflowthrough dynamometer with a distributor
diaphragm. The liguid dynamometer conslsts of piston 3, case 1, and
digtributor dlaphragm L. The locl ' rin 5 the piston siroke
and the flexible dilaphragms 5 dlrect its motion. Connection tube 6 is
used to measure oll pregsure.

A ligquld dynamometer operates 1ln the following manner. The force
to be measured is applied normally o the pilston and halanced by the
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Fig. 61. Diagram of pils-
ton dynamometer with
variable [adjustable] oil
inlet and outlet area. 13
01l tank; 2) oil pump; 3
inlet manifold; 4? re-
celver chamber; 5) dyna-
mometer cylinder; 63 in-
let-valve sgring, in-
let valve; outlet
valve; 9) outlet-valve
spring; 10) pilston; 11)
outlet manifold,

der of 0,05-0.10 mm. If there

counteraction of diaphragms 5, dlaphragms
L, and the pressure of the working fiuld.
Transformer oll, glycerine, a mixture of
glycerine and alcohol, and other llquids
are used as the working fluids, insofar
ag they are capable of maintaining Llhelr
low viscoslty when the temperature of
the surrounding medium 1is low. The pres-
sure of the working fluild is measured by
a preclse manometer that ls calilbrated
for the force being measured. The effect
ol dlaphragm flexibility 1s taken into
consideration in the calibration. The
plston stroke must be small - of the or-

are alr sacks in the aystem and the tem-

perature exercs an effect on the chamber contailnlng the liquid, meas-

urement accuracy 1s reduced. These shortcomings are absent, to a sig-

nificant degree, in the flowthrough dynamometer.

Figure 61 shows a dlagram of a flowthrough dynamometer in which

the inlet and outlet areas can he regulated. The oll passes from oll

tank 1 through the filter into oll pump 2 in which there 1g a reduc-

tion valve that keeps the pressure in the inlet manifold 3 constant,

knowing beforehand that thils pressure is higher than might be requilred

in the power-measurement device.

©

The U.L.J.. i supplied ©

o e
vile L'eve .l

eylinder 5 under high pressure (for exemple, at 50 kg/cm ). There is &

gpring 6 and an inlet shutoff

valve 7 1in the recelver chamber 4, The

outlet valve 8 together with spring 9 are seated on a common shaft

with the inlet valve 7. Thare

is an orifice in p
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tion of oll through manlfold 11 into the oil tank. Under the action of

TV A0 s « oo et o i

the force P being measured pilston 10 shifts and valvé 7 opens. The oll ;_;
enters the pilston cavity untill forcé P is balanéed by thé oll préésﬁre .
and the force acting in the valve system.

.’—W _ If force P is reduced, the piston will

(2 move to the left, valve 7 wlll close the I1n-

flow of oll, and valve 8 will open the outlet

=
= & orifice causing the o0ll pressure 1in the pls-

!
%f;=—. ton cavity to drop. The oil pressure in the

plston cavity 1s measured with high accuracy —

‘ of the order of +0.1%.
A hydraulic sensing element 1 (Fig. 62)

Fig, 62. Diagwram of

£ precise oll-pregsure with precision pendulum balances 2. The oill
measurement in dyna-
mometer. 1) Hy- from the piston cavity is carried to the hy-
draullc sensing ele-
ment; 2) accurate draulic sensing element of the dynamometer;
scales.

s the force actlng on the piston of the hy-

: draullc gensing element is offset by the precision pendulum balances.

: The entire measurement system 1ls callbrated by means of precise weights.
Figure 53 ghows a cross section of a dlaphragm flowthrough dyna-

mometer bperating on the same principle as the flowthrough piston dy-

namome ter, since the measurement cof forece in the flowthrough dynamom-

eter im carried out at the ingtant of equilibrium, air bubbles and

changes 1n temperature conditions exert virtually no influence on the

accuracy of the readlngs. The pilstons of the dynamometers execute ex-

P s

« tremely small s
mometers ralses the measurement accuracy.
Of consgiderable interest for the technlques of testing turboprop
engines 1s the torquemeter (IKM — [lzmeritel' krutyashchego momental).
The IKM [torquemeter] is a component part of a TVD [turboprop engine]
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Fig. 63. Design of flowthrough dynamometer
with adjustable o1l inlet and outlet areas. 1)
Inlet connecticn fube; 2) cylinder; 3) inlet
valve with spring; 4) steel diaphragm; 5, 7)
fiber spacers;-6§ 1ubber spacer; 8) plunger;
9) outlet valve with spring; 103 limiter ring;
11) piston; 12) plates preventing the bendi
of the piston; 13) outlet connection tube. ﬁ%
Drain.

Fig., 64, Schematie diagram of hy-
dragulic TKM with »pnllera. 1) Ena
gine shaft; 2) gear wheel; 3; pis-
ton; 4) oil-drain orifice; 5) out-
let shaft,

and makes 1t posslble to measure torque bhoth on a test-statlon stand
and in flight;
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The hydraulic IKM [torquemeters] are the most common., One of the
possible versions of a hydraulic IKM 1s shown in Flg. 64. A reaction
moment is applied to the fixed gear wheel 2 during the transmission of
engine power through a planet gear to the outlet shaft 5; the wheel
moment (force PO) 1s transmitted to the housing of the reduction gear
through rollers that transform the rotational motlon of the wheel into
the translational motion of pistons 3 (under the action of force ™.
The stroke of piston 3 is halted at the instant when the force acting
on the piston is balanced by the oll pressure that is increasing as a
result of the reduction in the area of the outlet orifice. 01l pres-
sure glves an indication as to the magnitude of the torque.

Because of lnadequate accuracy on the part of the TKM [torgue-
meter] 1t 1s not yet possible to eliminzte the test-stand systems of
meaguring torque, although IKM [torquemeters] have gained conslderable
acceptance in turboprop-engine operation.

Spring dynamometers wilth electrical sensing elements

The acting force in such dynamometers is absorbed by the spring
and deforms 1t. The deformatlon of the spring may be measured by induc-
tilon, tensometer [straln gauge], or similar
sensing elements. Figure 65 shows one of
the possible circults of an induction meter

for deformatilons. In this circult the volt-

age of the output dlagonal of the bridge

AL = BLIY, (103)
rig. 65, Clreuit of whore £ 1s 2 coefficlent that i1s a functlon
deformation lnductlon
meter. m) Armature; of the design of the colls rq and ry; U is

Zq, Z,) magnets; Ty
r,) resistances; ro)

control resistance; U) the shift of the armature m from its neu-
clamp voltage.

the AC voltage applied to the bridge; 6 is

tral position.
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bridge and the quantity AU 1a propor onal to this shift.rThejarmature

may be connected to an elastlc element which absorbs the force being
measured; thus the magnltude of the force can be read off from a prop-
erly calilbrated millivoltmeter scale.

Accuracy in the measurement of forcesg and moments

The methods and instruments described above for the determination
of forces yleld various errors.

By means of nonflowthrough dynamometers in whilch oill pressure is
meagured by means of a plston manometer, active forces can be measurgd
wlth an accuracy of iO.Q%. In this case, an error of iO.l% 1s attrilbu-
table to the plston manometer, while -+0.1% results trom the dynamom-
eter.

Approximately the same accuracy 1is offered by the flowthrough dy-
namometers, but it 1is significantly easler to achleve this accuracy,
since in this case no absolute alrtight construction nor cleaning of
alr bubbles from the system are requlred, and moreover changes in the
temperature of the surrounding medium are not as significant.

Spring dynamometers do not, as yet, provide the required accuracy.
5, MEASUREMENT OF REVOLUTIONS

Instruments for the determination of engine and machine rpm are
known as tachometers and counters. In testing practice, mechanical,
‘,eetromechanical, and a variety of magnetlc and electrical tachometers
have come into use, these devlices measuring the lnatantaneous wvalue of
the number of revolutions. Tachometers tor a range or 1000-20,000 rpm
are uged for tests of gas-turbine englnes;some machines exhibit greater
rpm; for example, the turbines of alrcraft turbine-driven cooling units
operate at speeds of up to 100,000 rpm. In the case of extremely high
speeds (numbef of revoluilons] the latter are reduced to magnitudcs
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which can be measured by 1ndustr1aily produced tachometers or they are
measured by means of speclally deslgned tachometers.

Counters indicate the total number of revolutions for a given

time segment.
Counters

Counters are simple, reliable, and glven constant engine rpm,
they are extremely accurate. These counters record the number of shaft
revolutions executed wilthin a glven time interval (1-2 min).

Figure 66 shows the diagram of a counter. The counting mechanism

Fig. 66. Diagram of counter. 1) Drive
ghaft; 2) worm gear; 3) friction clutch;
4) disk pins, 3% counter disk; 6) counter
reset dial; lever to actuate counter;
8) auxiliary timer key; 9) timer; 10) but-
ton to reset hand of timer to zero posi-
tion,

conglsts of a number of disks 5 with pins 4 that are connected to one
another 1n series, the gear ratio In this case being 1/10. If the
righi-hand whieel execuleny 1000 revululions, the wheel beblud e Civstl
will execute 100 revolutions, the following wheel 10, etc. There are
numerals on the surfaces of the disks and it thus becomes possible to
read the number In the decimal system.

A worm gear ls seated freely on shaft 1 and uwntll this gear meshes
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with the shaft the counter mechanism does not functloh. If lever 7 ig

- ralsed upward, the downward movemen#rof'the sleeve links -the worm gear
with shaft 1 and actuates the counting mechanism. Tﬁnef 9 goéﬁ intd
actlon at the same time. The counter can be stopped by exerting force
on lever 7. Button 10 resets the timer to the zero posltlon, while but-
ton 8.1s used to start the timer independently.

Electrical tachometers

Iet us examine the operating principle and the structural elements
of a magnetlc-induction tachometer of the ITE-1 type (Fig. 67). With

k] LT

G s

Fig., 67. Schematic circuit-dlagram

of the ITE-1l magnetic-inductilon
tachometer. 1) Winding of sensing-
element stator; 2) sensing-element
rotor; 3) hysteretic disks; 4) rotor
of meter; 5) six-palr magnet; 6

stator winding of synchronous motor;
7) sensing element; 8) spring; 9)
aluminum disk; 10) scale; 11) polnter;
12) fixed magnets.

the turning of rotor 2 of the sensing element a three-phase current
with a frequency proportionai to the number of engine revolutilons is
exclted 1n the winding of stator 1. The current is transmitted to the
winding of stator 6 of the synchronous-motor of the rpm counter over
wires and 1t sets rotor 4 into motion.

A lZ-pole Blx-pair magnei 5 ls seaied uvo Lie rvotor shaft of the
engine. A sensing element — dlsk 7 — 18 posiltloned between the poles
of the magnet; eddy currents are induced in thils element ag a result
of magnet rotation. The torque applied by the magnetlc field to disk 7

is proportionél to the revolutlong of the engine. The gpiral apring 8
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balances the active moment; thus the number of revolutlons 1s measured
by the turn angle of pointer 11 and the value of the number of revolu-
tions 1ls read from scale 10 in absolute terms or in a percentage.

Magnetic braking 1s employed to settle the measuring system; an
aluminum disk 9 1s fastened between the fixed magnets 12 on the shaft
of pointer 11 and eddy currents are lnduced in this disk. The interac-
tion of the magnetic filelds of the disk and the magnets leads to the
appearance of the braking and damplng moment.

Figure 68 ghows a longitudinal cross section of the measuring
unit of a tachometer. Thls measuring unit consists of two components:
a synchronous motor and the measuring mechanigm.

The synchronous motor consists of stator 17 and rotor 4 made in
the form of two crossed magnets 5 and a starting element, 1l.e., three
hysteretic disks 3 positioned on sleeve 2. The permanent magnets are
freely positioned on the shaft and connected to the latter by means of
spring 6 through which they transmit the torque to the engine shaft of
the motor.

The magnetlc unit 8 consists of two plates into which permanent
maghets 9 have been pressed. The opposite poles of the magnets are lo-
cated opposite each other and concentrate the magnetic flux about the
outer edges of the sensing element (the disk) to derive the maximum
moment of rotation. The measuring mechanism has a sensing element 10
positioned in the alr space of the magnetic unit between the ends of

the cylinder magnets.

anla 1929 Af the mesounine
ca.se Lo 0L Lo meaavring

unit ghows
revolutions per minute of the engine shaft of an alrcraft. The material
of which the gsensing element is made is an aluminum-manganese alloy
exhiblting a low thermal coefficlent of electirical resistance, as a

result of which a change in temperature exerts little significant ef-
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fect on the readings of the instrument.

Temperature compensation in the measuring unit is achileved in the
following manner; a magnetic shunt 16 made of a specilal alloy whose
magnetic permeability diminishes with a rise 1n temperature and in-~
creases with a drop in temperature is positioned on magnets 9 of the
magnetic unit. With the surrounding medium at a constant temperature
the shunt draws a portion of the operating magnetlc flux to ltself and
thus reduces the operatling flow in the clearance between the ends of
the magnets of the magnetilc unit.

With an increase in temperature the operating magnetic flux in
the clearance 1s increased, while with a drop in temperature the op-
erating magnetic flux is reduced. A change in thc opcrating magnetic
flux in the clearance as a result of a change in magnetic permeability
on the part of the shunt corresponds to a change in the electrical re-
glstance of the sensing element which preserves the magnitude of the
moment of system rotatlon produced by the magnetic unit virtually un-
changed.

The sensing-element unit is fastened onto three supports 14 by
means of adJjustment nuts 15. There is a special magnetic unit in the
instrument which provides a braking moment for the moving system, thus
increasing the stabllity of the pointer.

The DIE-2 sensing element of the tachometer (Flg. 69), used 1n
the place of the ITE-1 indicator, 1s a three-phase AC generator with a

permanent four-pole magnet acting as the rotor. Rotor 2 is cast from

able coercive force, Stem 4 transmlts the rotation of the aircraft-
engine driveshaft to the sensing-element rotor.

Stator 1 1s made of transformer-iron plates to reduce eddy.-current
losses. The stator plates are insulated from one another. The stator
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Fig. 69. DTE-2 tachometer sensing
clement. 1) Stator; 2) rotor (four-
pole magnet); 3) shaft; 4) stem; 5)
cap nut; 6) three-prong plug.
winding ~ four-pole and three-phase — 1s made of copper wires. Each
phage of the stator wlnding has four coils. The phases are connected
by means of a wye-connectlon and the asgsembly wiring from the measure-
ment unit to the sensing element 1s connected by means of a three-
prong plug 6. The sensing element 1s attached to the aircraft-engine
drive by means of cap nut 5.
In addition to the DIE sensing element, the more exact standardlzed
ferrodynamic test-stand TSFU—l'tachometer 18 also used. The cur-
rent frequency of the sensing element 1s proportlonal to the number of
alrcraft-engine revolutlons and 1s meagured, 1n this case, by means of
a frequency meter employing a resonant-compendation circuit (Fig. 70).
A compensation ferrodynamlc AC ratiometer with a steel magnetic

clrcuit 1 is vsed in the circuit for the meagurement of frequency.
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Fig. 70. Schematilc circult dilagram
of resonance-compensation frequenc
meter. 1) Yoke-magnetic circuit; 2
pointer; 3) coil; 4) coll form; 5)
choke.

Coil 3 is wound about the projection of yoke 1. The movable coil form
N can turn about a shalt, l.e., the steel core. Pointer 2 lndlcating
the number of revolutions 1s fastened to the movable form 4. Form 4
closes on choke 5. Upon passage of current through coil 3, a variable
magnetie flux is set up 1n the yoke and induceg the emf Ea which re-
sults in the appearance of a current in the coil form 4. As a regult
of the interaction of the yoke and coll-form filelds a rotational moment
M appears and seeks to turn pointer 2 to the 00 position, which 1s sup-
ported by the induction of choke 5. The active moment appears as a re-
sult of the application of a variable voltage U and the appearance of
the emf Ex in the circuit with capacitor CO and the actlive resistance
roe

The fixed coill 3 1s supplied from the same source of variable
voltage U through capacltor C. The current Id of the form 1ls a func-
tion of Ea induced in form 4 and it is also a function of Ex applied
to the form from the measuring cironit. The valtage at choke 5 func.-
tions in the-role of Ex' '

The rotational moment of the ferrodynamlc measuring mechanism is

a function of the magnitude of the form current I of the magnetic

d!
flux of ¢3 of the fixed coil, and the angle of ghift for the phages

- 119 -




between them:

The cirpuit is designed so that the inductlon of the flxed coll 3
and the capacitance of the series-connected capacitor C are in reson-
ance when the mean value of the measured frequency 1ln the given range
of revolutions is attained.

The capaciltance Co of the parallel circult, the actlve resistance
r, of the parallel circuit, the inductlon of choke 5, and the active

resistance of form 4 are selected so that in the case of the mean fre-

quency in the measured range of frequency the current Id in the form
will be shifted wilth respect to the flow ¢3 of the fixed coll through
an angle of 9f°. ¢lven such relationships, the moment of the form is
equal to zero, the movable part is in equilibrium, and the pointer in-
dicates the middle of the scale.

The resonance in the circuit of the fixed coll 3 1s disrupted when
frequency changes 1n any directlon and the phase-shift angle ¢ of the
frame current Id 1s no longer equal to 90° with respect to the magnetic
flux ¢3. The moment M of the form .in this case 1s no longer equal to
zero and the form will deflect to the right or to the left from the
central position until the phase-shift angle ¢ between the form current
Id and the magnetic flux ¢3 of the fixed coll again becomes equal to
90°. The robational moment again ig equal tc zero and the form remalns
in 1ts new position of equilibrium which corresponds to the angle a.
Because of the induction of choke 5 gtable equilibrium of the moving
part of the ratiometer is achieved in the form cireuit.

A definite angle o of polnter deflectlon from the neutral posi-
tior 50 corresponds to each value of frequency wilthin the limits of
the given range. The instrument scale may be calibrated in fractlons
of revolutioné, in whole reveolutions, or In cycles per second.
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The measuring device in the cilrcult described here exhibits good
accuracy, and slight sensltivity to fluctuations in magnitude [ampli-
tude ] and shape of the sensing-element voltagé.

Verification of tachometers and accuracy in the measurement of the

number of revolutlonsg

The influence of the errors in the measurement of the revolutilons
on the accuracy of determining thrust and specific fuel consumption

for a single turbojet engine when n = 12,000 rpm 1ls shown in Table 12

presented bglow.

TABIE 12

1 MorpcwiocTL N3nme- 2 OfiocHTEAbNAR OWNGKA B %
PeHHY 4KCaa 060pOTOB

3 aﬁ(co%-';ls;l;:i)lﬂ 4 o'mocu;réenbnan 5 - 6 pacxona Tomausa
10 0,083 0,38 0,32
2 0,167 : 0,80 0,63
40 0,333 1.57 1,27
%0 0,667 ,  3.13 2,60

1; Error in measurlng the number of revolutions;
2) relative error, in %; ?) absolute (rpm); 4)
relative, %; 5) thrust; 6) fuel flow rate,

The exact measurement of the number of revolutlons can be achieved
through the utillzatlon of high-quallty tachometers and by checking
these on a regular basls. The tachometers are checked by comparing
their readings with data from a control tachometer. Counters, precise
watchwork tachometers, and quartz or tﬁning fork-tube frequency gen-
erators may be used as the control ilnstrument.

One of the posslble verslons.of an installation for the checlking
of tachometers 1s presented In Flg. 71, The installation consists of
electric motor 5 which can be moved by means of handle 3 and friction
gearing consisting of a small disk 2 and a large disk 1, The test and
control tachometers 4 and 7 are connected to the shaft of the friection
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gearing., The friction gearing makes it pos-

sible to change the revolutiéns of the tachori-

eters smoothly wlthin a given range. The ac-
curacy of tachometer callbration depends on

the precision of the control tachometer.

The accuracy of the counters is rather

Fig. Tl. Installa-

tion for chacking of hlgh, i.e., 1n measuring the number of revo-

tachometers. 1)

Large dilsk of fric- lutions within a period of 60 seconds, we

tlon gearing; 2)

amall friction-gear- find that the measurement error lIn the case

ing disk; 3) handle

to shift electric of time amounts to 0.03-0.05 seccnds, which

motor; 4) tachometer :
belng tested; 5) ylelds an error in the case of a uniformly ‘
electric motor; 6)

eleztric-motor rotating engine shaft, of the order of +0.1%.

guldes; T7) control

tachometer. The accuracy of the ITE-1 and ITE~2 mag-

netic-induction tachometers 1is characterlzed by the data presented in
Table 13.

TABLE 13

Accuracy of Magnetilc-Induction ITE-1 and ITE-2
Tachometers as a Function of Tempersature

2 MNorpewnocts » % nps remneparype 8 °C

Tpenea Hauepeuult
" +20 +50 —60
1060 +1,0 +1,5 +2,6
60—100 +0,5 +1,0 *1,5
100—-108 : +1,0 - 1.5 +2,5

1) Measurement limits, in %; 2) error in %, at a
temperature in °C.

The test-stand ferrodynamic tachometers of the FT-49 and the
FT-49/13.5 type exhibit greater accuracy; the error of the FT-.49 does
not exceed +0.5% while the error of the FT-49/13.5 does not exceed
+0.35%. The test-stand TSFU-1 tachometer provides for extremely high
accuracy in the measurement of numbers of revolutlons (the measurement
error does nof exceed +0,2%).
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7. MEASUREMENT OF RAPIDLY CHANGING QUANTITIES

Rapidly changing quantitles in a VRD [ramjet engine] are measured
by means of special sensing elements which convert nonelectrical param-
eters into electrical parameters whoge change 18 determined by means
of oscillographs. A record of rapidly changing revolutions 1s required
for a study of transient engine responses. The measurement of rapidly
changing presaures and temperatures makes 1t possible to gtudy such
Important processes as surge and temperature fluctuatlons.

Engine balance i1s one of the most important indlces of the opera-
tional sultahrlility of an engine., Balance can be evaluated by recording
the frequency and amplitude of frame vibrationg. The recording of com-

pressor and turblne component vibrations aids in the determin

tion of
engine resonance regimes and serves to eliminate the breaking of com-
ponent parts due to vibratilons.

Below we will examine the construction of the oscillographs and
sensing elements for the recording of vibrations, revolutions, and
rapldly changing pressures and temperatures,

Ogcillographs for the recordlng of rapldly changing procesgses

Magnetic-electric (loop) and electron (cathode-ray) oscillographs
are used.

Figure 72 shows the diagram of a loop (or vibrator) magnetic-
electric osclllograph. The loop consists of a permanent magnet 4 in
whoge field there 1is a current-conducting loop 1 to which tension is

applled by means of spring 5 and which is connected $o two insulating

mo 2. Mirror 2 1z glued to the loop. If a2 current

Q
Iz

variable amno
litude passes through the loop, the mirror wlll begin to vibrate as a
result of the interaction between the fields of the loop and the mag-
net and the incldent beam on the mlrror will be deflected. To damp the
vibrations after the digsappearance of the exciting pulses, this system
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18 immersed in oll. The frequency of oseiliations recorded by ‘Buch

Figure 73 shoﬁs the diagramiof the optical system of a i;oﬁrﬁééil- 7
lograph. A beam of light from lamp 1 passes through condenser 2 and
diaphragm 3; this beam is directed to the mirror 10 of the loop by
means of a refraction prism 4.

Because of the variable current passing through the loop, the mir-
ror begins to osclllate and the beam of light to the deflected prism 9
also oscillates. The portion of the beam passing through the deflected
prism 9 impinges on the rotating facets of the mivror drum 8. Because

drum 8 is faceted we achleve a time sweep of the beam and 1t becomes

possible to observe the curve of the process on ground-glass screen 5.

Fig. 72. Mag- Flg. T73. Diagram of loop oscllilograph.
netic-electric 1) Light source; 2) condenser; ? di-
loop ogeillo- aphragm; 4) refraction prism; 5

graph. 1) Loop; ground-glass ascreen; 6) eylindrical

2) support lens; 7) drum with photographic paper;
priem; 3) mir- . 8) faceted mirror drum; 9) deflecting
ror; ﬁ) megnet; prism; 10) loop.

5) tension -

spring.

The portlon of the beam passing beneath the prism 9 through the
cylindrical lens 6 impinges on the rotating drum 7 which 1s covered
with photographic paper. In additlon to the curve of the process, a
slnusoidal curve whose perilod of omcillailon is Mmown ezactly (for ex-
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Fig. T4, Dlagram of cathode-ray oscll-

lograph. 1) Cathode; 2) dilaphragm; 3)

anode; 4, 5) deflecting plate; 6)

screen.
ample, 500 cps) 1s recorded on the photographic paper. This curve 1ig
produced by one of the loops of the oscillograph known as the time
marker. The time-marker curve 1ls also projected to the ground-glass
screen 5.

The general-purpose [unlversal] eight-loop magnetilc-electric
portable MP0=-2 oscillograph has gained widespread acceptance in our
industry. It 1s operationally convenlent and exhibilts small dimensilons
and welght. The optical recording of the processes 1ln this device is
achleved by means of a 35-mm wide film strlp which 1s passed through
the unit at a speed of 5 m/sec. Thanks to the great sensitivity of the
film strip, an electric lamp of only 7.5 w is used as the light source
in the MPO-2.

Electron [cathode-ray] osclllographs (Fig. TU4) are used for the
recording of high-frequency oscillations. The heated cathode 1 emilts
electrons which pass through the slit 1n dlaphragm 2 and are scattereau
by the electric fleld of plate 3; the harrow bundle of electrons passes
between the vertical and horizontal deflecting plates 4 and 5. Each of
the plate pa;rs 1s provided with lnsulated leads from the tube. One of
the plate pairg 1s connected to a voltage changing according to a def-
inite law, e.g., a llinear law. The voltage being teated is applied to
the second plate pair. Under the actlon of the plate flelds the beam

describes a cﬁrve on gcreen 6 that 1s covered with a fluorescent com-
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bosition. The curve can be photographed by means of a camera attachment

for purposes of later study.

Measurement of engine vibrations
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Vibrations are recorded during tests of full-scale engines. The
Ingtruments used for the measurement of vibratlons are known as vibro-
graphs., They consist of sensing elements, integration-differentiation
amplifiers, and an indicator. Thus, for éxample, there are 6 sensing
elements in the AV-42 vibrograph (4 horizontal and 2 vertical sensing
elements), 3 integration-differentiation amplifiers, a control panel,
and connection hoses. The readings of the vibrograph can be recorded
on any loop oscillograph.

Iet us restrict our examination to the construction of the vibro-
graph sensing element (Fig. 75). Shaft 8 keeps heavy magnet 4 in bear-
ings 6 that are kept in place by covers 1; the heavy magnet can move
freely along the frame.

Springs 2 and 5 represent elastic supports for the magnet. The
natural frequency of the spring-magnet system is significantly lower
than the vibrational frequency of the engine or unilt being tested;
therefore, the mhgnet remains fixed in position (alcong the axis) in
the caserof engine vibration, whlle the housing of the sensing element,
fagtened by flange 9 to the englne, is set Iinto vibration. The mag-
netic filux passes through the clearances and closes on the iron hous-
Ing of the senslng element. A magnet 1s 1nserted inside coil 3 with a
winding, one end of which leads out to c¢lamp 7 while the other is con-
nected to the sensing-element housing.

As a result of the motlon of the sensing-element and coil housings
wlth respect to the magnet, an emf 1s Induced in the coil and the mag-
nitude of this force 1s determined from the following formula:

E-cov, (105)
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Fig. T75. Vibrograph sensing
element. l; Cover; -2, 5)
rings; 3) coll; 4) magnet;
6? bearing; 7) clamp; 8) mag-
net ghaft; 9) flange.
where E is the emf, in mv; ¢ ls a coefficient, in mv.sec/mm; v is the
speed of the relative motion, in mm/sec.

The sensltivlity of the sensing element 18 determined from the fol-
lowing formula:

K = E/fs, (106)
where g iy the vibration amplitude, in mm; f is the vibration fre-
quency, in cps.

Since the change in emf is proportional to the speed of the rela-
tive motion of the housing and the magnet, an emf differentiatlon and
integration circuit is incorporated in the amplifiler; integration
yields the shift curve, while differentilation yields the acceleration.

The vibrograph normally functions at a vibration frequency of 20
tc 200 eps; the arcceleration amplifude is 0.5-10.0 g% the velocity amp-
litude is 10-375 mm/sec, and the amplitude of the shift is 0.02-1.5 mm.

Measurement of rapidly changlng numberg of revolutions

An osclllograph can be used as a revolutions counter and 1t may
alao be employed to record the instantaneous angular-veloclty values.
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Fig., 76. Diagram of the recording of the instan-

taneous values of angular veloclty and a specimen

of the oscillogram. 1) Osclllogram; 2) curve of

the number of revolutions; 3) base line. A) rpm;

B) loop; C) from the speed-voltage generator.
Figure 76 shows the circuit diagram for the recording of the instan-
taneous values of angular veloclty and a specimen of an oscillogram.
The voltage of the three-phase speed-voltage generator is applled to a
gelenlum rectifier. A filter is connected into the circult to smooth
pulsations.

The rectified constant voltage V 1s supplied through the extra
resistance Rdob to the shunted (Rsh) loop of the oscilllograph. To in-
crease sensltlvity, the circuilt is provided with a compensation loop
which includes battery B and resistance Rk' The currents of source B
and the speed-voltage generator are subtracted from one another; with
a change in the number of revolutions the difference between the cur-
rents changes and this causes the loop of the osclllograph to deflect.

Measurement of rapldly changing pressures

Two groups of sensling elements are used for the measurement of
rapidly changling pressures:

1) sensors whose senslng element consists of a flexible membrane;

2) c5
under the influence of the changing pressure.

The first group includes capacltance sensing elements, measuring
devlices with wire straln gauges, induetion sensgors, lon-mechanical
sensing elemehts, optlcal-dlavhragm devices, and magnetlec-compensation
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sensling elements.

The second group Includes plezoelectrilc sensing elements, magneto-
strictive sensors, electrokinetic units, radiloactive-lonized sensors,
and carbon sensing elements.

The operating principle of these sensing elements can be studied
in detall in the bock by G.P. Katys.f Iet us examlne the operating

- rinciple of the most frequently used in-
12 3nine . P P q ¥

duction and plezoquartz sensing elements.
Figure 77 shows a pregsgure pickup with

an Induction sensing element. Under the ac-

Flg. T77. Dressurc tlon of the pressure difference membrane 3

plckup with inductilon

genglng element. 1) in this sensing element is bent. The equl-

Permalloy magnetic

wire; 2) winding; 3) librium of the bridge into which this sens-
diaphragm; 4) connec-

tion tube for applica- Ing element has been connected is dlsrupted

tion of pressure.
as a result of the bending and this disrup-

tion 1is recorded flnally on the oscillograph.

A sensing element of this type can be uged for the recording of
various pressure differences, depending on the thickness of the dla-
phragm. Thus, for example, if the diaphragm 1s 0,025 mm thick, it is
possible to measure a difference ranglng from O to 0,05 kg/cmgg if the
dlaphragm is 0.20 mm thick, the range of differences that can be meas-
ured extends from 0 to 5 kg/cme. Because of the small dimensiong of
the cavities, dlstortions in the measured differences do not exceed
10% below frequencies of 400 cps. The weight of the sensing element is
negligible and 1t can be made to very small dimensions.

Figure 78 shows a plezoquartz sensing element for the measurement
of rapidly changing high pressures (of the order of several tens of at-
mospheres)., This senslng element 1s included in the plezoquartz indi-

cator.
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Flg. 78. Plesoquartz
senslng element for
the measurement of
rapidly changing
pregsures. 1) Insu-
lated lead; 2) insu-
lator; 3) water-
cooling tube; )
senslng-element hous-
ing; 5) insulated
electrode; 6) quartz
plate; 7) spring for
preliminary compres-
sion of column of
quartz plate; 8)
cooling cavity; 9)
mushroom-ghaped rod
for transmission of
force to quartz
plate; 10) sealing
membrane.

o 14

Fig. 79. Schematic circult-dlagram
of pilezoelectric indicator. 1)
Piezoquartz plate; 2) plezoquartz
sensing element; 3) capacitor; 4
electrometer tube; 5) amplifier
tube; 6) oscillograph loop.

Quartz plates 6 with the insulated slip

ring 5 pressed between the plates represent
an lmportant element of the sensing unit. The
variable gas pressure is transmitted through
a sealling membrane 10 and a mushroom-shaped
rod 9 to the plezoquartz plates that convert
the work of the pregsure forces into electric
power. To prevent the senslng element from
overheating, 1t is cooled wilth water.

Figure 79 shows one of the possible ver-
sions of a plezoquartz indilcator. The plezo-
quartz plates are positioned so that the elec-
trical charges that form as a result of the

compression of these plates exhiblt a single

gsign (minus), these charges being removed by the slip ring. The posi-

tive charges are taken up'by the mass. The magnitude of the formed

charges is proporilonal Lo bihie aciblive forces., Thus the measurement of

forces in guch indlcators involves the measurement of electrical

charges.

An electron voltmeter 1s used as the device to measure charges.

The charge from the quartz plates 1 ig appllied to capacitor 3 and the
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control grid of the electrometer tube 4. As a result of the established
potential there 1s a change in the plate current of the tube, and it
should be possible, in principle, to measure this current by means of

a galvanometer. The current will be proportional to the force acting
on the quartz plates. The current of tube 4 1s somewhat too weak and

it is therefore amplifled by means of ftube 5.

Loop 6 of the oscillograph is connected into the plate circuit of
tube 5. A battery for the compensatlon of the null current of the amp-
lifier 1s connected in parallel to loop 6 through the controlled re-
sistance R4. Piezoquartz indlcatorg are used on a wide scale in the
investlgation of pressure fluctuations.

A shortcoming of ithe plezoguartz sensing elements is the fact
that the magnltude of the plezoeffect ls a function of temperature. At
4 temperature of 570°C the quartz completely loses its property of be-
Ing able to develop electrical charges under pressure.

Accuracy in the measurement of rapldly changing quantilties

It is extremely complicated to determlne the accuracy with which
rapldly changlng quantltles are measured. The AV-42 vibrograph de-
scrlbed earlier ylelds a basic error in the determination of any vibra-
tion parameter without the +10% decoding error in the frequency range
between 25-300 ¢ps and the i15% in the frequency range between 20-25
cps having been taken into congilderation.

The error in the measurement of the angular varlable veloclty is
composed of the time-marker error and the decodlng of the oscillograms.
Decoaing accurdacy can be lncreascd by speeding up the speed with which
the photographlc paper is fed through the device., The error in the case
of loops employing oill damping approaches i3%: whlle 1n the case of
electromagnetlc damplng the error approaches il.B%.

The crrof in the measurement devices uped for rapidly changing
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préssures has been estimated at 5-T# and consists of the sensing-
element errors, and those of the amplifier and the oscillograph.

8. MEASUREMEN‘I‘ OF VIBRATIONS AND TEMPERATURES IN ROTATING COMPONENT
PARTS

We have developed a number of methods for {he measurement of vib-
rations and temperatures in rotating component parts. Thus, for the
recording of vlbratlons we use capacitange and straln-gauge senging
elements, carbon-type sensing elements, etc. Thermocouples, & measure-
ment method involving the hardness scale, fusible plates, thermocolors,
etc., are used for the measurement of component-part temperatures. Let
ug examlne the widely used method of measurlng vibrations by means of
strain gauges and the method of measuring the temperatures of rotating
component parts by means of thermocouples.

Measurement of vibrations by means of strain gauges

The measurement of vibratlons by means of strain gauges 1s based
on the exploltation of the propertles of certaln metals noticeably to
change their ohmic reslstance in the case of deformetion. Constantan,
nichrome, manganin, chromel, ete., are used as the strain-gauge materi-
als, Wires 0,01-0,03 mm In dlameter are generally used in strain
gauges. The wire is pasted in between strips of thin paper in the form
of flat loops, as shown 1n Fig. 80. The strain gauges are attached to
the component part belng tested and the gauge 1s deformed together
wlth the pari.

With deformstion of Al mm the resistance of the strain gauge

changes 1n accordance with the following law:

Ak.-lR-‘;-,. (107)
where AR 1g the change in wire resiétﬁn;e; k 18 the coefflcient of sen-
sitivity to deformation; R is the inltlal reslstance; ! is the length
of tho wire af null voltage..
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Fig. 80. Types of straln gauges. a) Strain
gauge for a base of 5-25 mm; 1) bottom paper
layer; 2) top paper layer; b) strain gauge
for 5 mm bage and lower, with splral winding;
e¢) foll strain gauge with lower coefficient

. of transverse straln sensitivity; d) strain
gauges for study of complex stressed state.

Fig. 81l. Circuits for the in-
clusion of strain gauges. a)

Circult showlng connection of
potentiometer; Rd) resistance;

R,.) strain gauge; C) capaciltor;

I) measuring unit (electron os-
@illograph); b) single-bridge
circult; R2R3) resistances; Ry

and R4) strain gauges.
The accuracy of measurements carrled out by meansg of strain gauges

is primarily a funetlon of thelr quality and the quality of the gluing

med mln o~
dAi Lol

process, The_surface ol Lhie camponsnt parv is machincd to a b
no less than v6; the machining striations must be perpendlcular to the
loops of the sensing element. Celluloid, carblnol, bakelite, bakelite-
phenol (BF-2, BF-l4), etc., are the types of glues used for the glulng
proccsa., 7
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% The strain gauges are connected to the measuring system by means
: of wires, and the system 1s generally set up in the form of a poten. =
tiometer or single-bridge circult. 7
The potentiometer connection circuit (Fig. 8la) 1s used when only
the variable component of resistance 1s of interest. The constant re-
sistance component 1is filtered out at the transducer Rp by capacitor C.

An oscillograph is generally used as the measuring unit I.

F

Flg, 82, Position of strain gauge on blade and
diagram of connection between straln gauge and
slip ring. 1) Straln gauge; 2) gillver.coated
electrically insulated rings; 3) wipers,

The single-bridge circuit (iig, 8lp) 18 usea considerably more
frequently, and the operating transducers are connected into one or
two arms of the bridge. For dynamlc measurements an unbalanced-bridge
circult is geﬁerally used. In this case, the measurement 1s carried
out directly on ithe basis of readings from thc mcasuring unit I con-
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nected into the bridge dlagonal.

Since the change ln the strailn~gauge resistance 1ls very small,
partlcular attentlon must be devoted tod offsettihg the change of this
resigtance due to fluctuations in temperature; we should also devote
particular attention to the influence exerted by the difference be-
tween the expansion coefficients ol the component part belng tested
and the material of the strain gauge. The influence of temperature on
the measurement accuracy may be considerably reduced by the incorpora-
tion of a special compensation sensing element into the adjacent arm
of the bridge (on the opposite side of the measuring diagonal), the
ldentical temperature conditiong belng provided tfor this compensation
senging element as for Lhe basic sensing element.

Figure 82 shows an example of the attachment of a gstrain gauge to
a compressor blade. The transmlgsion of current to the straln gauge
and away from the strain gauge 1s a difflcult problem when the current
itaself and the current osclllations are inslgnificant. In the case un-
der conglderation this problem l1s resolved Iln the followlng manner.

A wire from straln-gauge 1 is connected to the electrically in-
sulated silver-coated rings 2 of the slip-ring armature; the fixed
wilpers 3 made of a congtantan wire 0.2 mm in diameter slide over these
rings. Wipers 3 are pressed to rings 2 by elagtic force and it provides
for excellent removal of current with negligible rilng wear.

Measurement of component-part temperatures

The meagurement of the temperature of fixed component parts gen-
erally presenis nu parilcular aifficulty. The thermocouple &
in the component part and the leads from the latter are, 1f at all pos-
sible, carried away over l1lsothermal surfaces (to reduce the transfer
of heat from the thermocouple bead). The problem of measuring the tem-
pcrature of répidly rotating component parts such as, for example, tur-
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Fig. 83, Circuit for the measurement
of temperature by means of the com-
pensation method. 1) Millivoltmeter
of fixed thermocouple; 2) thermoatat;
ﬁg Junetion of fixed thermocouple;
hot Junction of rotating thermo-

couple; 5) null indlcator; 6) tur-
bine rotor; 7) hot Jjunction of rotat-
ing thermocouple (mounted on compo-
nent part); 8) contact disks; 9)
sliding pressure contact; 105 rheo-
stat.

bine blades and disks, l1s conslderably more complex.

Iet us examine a method of measuring the temperatures of turbine
blades by means of the compensation method with the uge of thermo-
couples; this procedure 1s shown in Fig. 83. Hot Junction 7 of the
thermocouple 1s attached to the blade. The wires are carried over the
turbine disk and the shaft to disks 8 which carries contacts made of
sllver, Steatlte tubes are used to insulate the wires. The wires are
soldered to the disks.

The contact disks 8 transmit the current to the slliding contacts
9 made of constantan wire. The current of the measuring thermocouple
is balanced by the current of colid Junction 4 in thermostat 2. The tem-
perature of the thermostat 1s measured by means of a flxed thermocouple
3. At the instant the temperature of the Junctlon 7 and the junction 4
are equal, a highly sensitive mirror galvanometer 5 indlcates the null
current.
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An advantage of the compensation method ls the conslderable re-
duction in the role played by the contact resistgnces in ﬁhe circult
and the measurement accuracy 1is therefore increased. A shortcomlng of
this method involves the length of time required to carry out experi-

ments because of the thermal lag of the thermostat.

Manu-

script '
Page [Footnotes]
No.

35 The collectlon "Physical Methods of Measurement in Gasdy-
namics and in Combustion," the translation edited by Yu.F.
Dityakina, IL [Foreilgn Literature Press], 1957.

130 G.P. Katys. Methods and Instruments for the Measurement of
Parameters in Nonsteady-State Thermal Processes, Mashglz
[Machine Indusiry Press], 1959.
Manu-
script [List of Transliterated Symbols]
Page
No.
37 k = k = kaplllyarnost! = capillarity
56 B = v = verkhnyaya = upper
56 ¢ =8 = sreda = medlum
62 cp = sr = sreda = medium
70 HI = NP = nulevoy pribor = null indicator
70 T = t = termopara = thermocouple
70 H = n = normal'nyy [element] = normal [element]

75 K = k = konduktslya = conduction

76 n = 1 = luchistyy = radlatlve

81 Kp = kr = kriticheskaya [skorost'] = critical [speed]

83 0 = p = pribor = instrument

a0 m = sh = sherokhovatost! = roughness

90 K = k = kromka = edge

97 n = p = poplavok = float

97 T =t =

toplivo = fuel

- 137 -

PE

Pk



Nanu-
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Page

No.

109

109

126

129
129
i29

[Iilst of Transliterated Symbols (Continued)]

= IKM = lzmeritell krutyashchego momenta = torquemeters

= TVD = turbovintovoy dvigatel! = turboprop engine

= MPO = magnltoelektricheskly perenocsnyy ostsillograf =
= magnetic~electric portable oscillograph

= dob = dobavochnoye = extra

sh = shunt = shunt

k = kompenslruyushchly = compensating

-1138 -
L.




Chapter 4
A LABORATORY FOR TESTING OF ENGINES,
AND THEIR UNITS AND COMPONENTS

Laboratories are set up in conjunction wilth the experimental de-
8lgn offices of factorles as well as at sclentific-research and educa-
tional institutes.

It is the primary function of these factory laboratories to detver-
mine the operating cycle and strength of the unlts and elements of
those engines on which the glven factory or group of factorles ig work-
ing.

Scientiflc-research work in the fleld of engine and engine-compo-
nent cycles 1s conducted in the laboratorles of the institutes; in ad-
dition, these laboratorles are engaged in a thorough study of engine
and engine-component characteristics.

A system of sclentific-regearch institutes generally has high-
altitude installations at its disposal for the testing of full-gcale
engines.,

1., GENERAL INFORMATION ON LABORATORY EQUIPMENT

The followlng baslc requirements are imposed on the tegting lab-
oratories:

1) the laboratory equipment must be capable of carrying out the
agsignment of the laboratory;

2) the measurement systems must provide for accurate and rapid
recording of the required quantities;

3) laboratories must have all forme of power supply at thelr dis-
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posal;

4) the products of the combustilon of fuels and the waste liquids
must not be permltted to contaminate the surrounding area; -
5) the testing installations must be provlided with noise-absorbing '

devices.
Let us examine the power systems and the baslc laboratory equilp-
ment.

The alr system

The alr systems of these installatlons are more complex than anal-

ogous systems encountered at factory testing stations, particularly in
the case of simulating flight condiltions.

-lt . In order to achileve the requirc

(,- = ———:=A—T- veloeity and pressure at the iélet to
Q\ the engine the air 1s compressed in spe-

i i ) clal compregsor devices in whilch 1t is
| 2 heated or cooled by means of heat-
D ' exchange equipment; in addition, the air
5 t 4 4 L

. 1s elther dried or made more moist. In
rig., 84, Diagram of alr-

blower device, wlth re-
moval of alr behind the
compregsors of the turbo- for short perlods of tlme the air 1s
Jet engines. 1) Alr inlet
to TRD EturboJet engine]
2) TRD [turbojet engine

3) ejection of gases from
TRD; 4) removal of air
bzhind compressor5 5)

installations which are operated only

first pumped by means of a compressor
into recelvers (tanks), subsequently sup-

plied to the engline during the périlod of

throttle valve; 6) air
manifold; 7) ejector de- the test. In the case of installations
vice; 8) supply of alr to
testing station, s iniended fur proionged vesting, the alr

is supplied to the engine from the compressor which achleves the re-
quired alr flow rate and pressure.

Centrifugal or axisl compressors operated by electric motors,
s Lean turbineé, or gas turbines, are used to comprems the alr. Plston
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Fig. 85. Diagram of alr dryer. 1; Pre-~
heater burners; 2) air cooler; 3) fan;
4) inlet grid; 5) primary filter; 6)
dryer sectlons; 7) secondary fillter.
compressors are used in those cages in which it 1s necessary to have a
comparatively small guantity of alr at high pressure (for example, in
the case of intermittent installatlons with receivers).

Such other methods as the ugse of serles-produced TRD [turbojet
englnes] in which a portion of the ailr is taken directly behind the
supercharger and supplled to the general alr system feedlng the engilne
can te employed in order to achleve the requlred air veloclty at the
inlet to the engine. The advantage of using a serles-produced turbojet
engine to obtain alr exhibltlng comparatively high parameters can be
explalned by the fact that the resultant installatlon 1s compact,
since it combines into a single unit the source of power — a turbilne,
or more accurately, a source of alr — a compressor, and all of the we-
quired power, cooling, and control elements.

In the most common alr-blower design, based on the utilization of

a TRD [Lurbojet engine] {Fisz. 81), the reduction in the quantity of
h

gas passing>throug the turblne of the engine 1g offset by expanding
the exhaust nozzle. Thus the turblne is made to operate at elevated
pressure differences in comparison wilth the rated [theoretical] differ-
ences. To increage the service life of the engine that is belng used
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as thefair blower the temperature of the gases in front of the turbine

should be kept, if at all possible, within theff°110W1hE,1iﬁit$=,&*3 =
= 800-850°K. To increase the mass of air, an ejector may be incor-
porated into the system, but thls will result in a loss of total pres-
gure.

To prevent the formation of a condensate or "snow" in the air-
supply system, the air i1s dried. Silica gel, alumogel, and activated
bauxite are employed as the molsture absorbent;. Figure 85 shows a dia-
gram of such a drying installation. During the operation the valves a,
b, and 4 are closed and the alr passes through filters 5 and 7 and dry-
1ng gections 6 into the channel, After the dryer has become saturated
with moisture, valves b, ¢, and e are closed for purposes of regenera-
tion, The alr 1is drawn by means of fan 3 through inlet grids 4 as parst
of the regeneration of the molsture absorbent; fuel is burned in [spe-
clal] chambers to heat the air which is then passed through the dryer
sections 6 and passed out through valve d. The cooling installation 2
1s shut down during this perilod.

Depending on the nature of the test being conducted, the lncoming
alr to the engine must elther be heated or cooled.

Great quantltles of alr are heated by burning fuel or through the
use of heat-storage devices. In the former case, the air 1ls contam-
inated with products of combustlon and this 1s reflected in the func-
tionlng of the object being tested. Figure 86 shows a portion of a
heat-gtorage device consisting of steel matrices having a total weight
of 36 tons which are heated by means of electric heaters requiring a
power of 1500 lkw. The storage unit is divided into three lengthwilse
sectlons; the valves between these sesctlons make 1t possible, through
the use of pneumatic regulators, to maintain a given temperature at
the outlet frbm each section. Speclal heat controls restrict the max-
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imum matrix temperatures.

Electrical heating during englne tests under natural conditilons

ARG SR T ———

is economically unsound because of the great expenditures of electrical
’ energy (more than 25 thousand killowatts are needed to heat 50 kg/sec
of air to 540°), The majority of instal-

lations for the testing of VRD [ailr-

breathing engines] under natural condi-

tions function with heaters 1n which hy-

drocarbon fuels are burned (gas, kero-

sene, petroleum).

Turbine-driven compressed-alr ma-
Fig, 86. A portion of the
matrix heat-storage unit. chines consisting of a turbine whose
power 1s absorbed by means of brakes are used to reduce the tempera-~

ture of the alr entering the englne. A centrifugal impeller drawing

ailr from the atmosphere functions as such a brake. Freon refrigeration
equipment is used to cool the alr. In thils case, the air 1g cooled iIn
a heat exchanger through which freon vapors cilrculate. The pressure of
the alr entering the englne 1s controlled by means of throttles and
bypass valves.

The dimenglons of the alr manifolds must be adequate to carry the
rated [theoretical] quantities of air for the permissible pressure
losses,

A serious problem in designing an air manifold iz the adaptation
of same to a wide range of alr flow rates. It 1s virtually impossilble
rapidly to qhange alr pressure and temperature in the case of low flow
rates 1n tublng deslgned for a substantlially greater flow rate. This
pertains to a significant degree to alr heaters. Henze follows the con-
clusion that Installatlons for engine tests must be equipped with sev-
eral air-suppiy systems originating from recelvers or compregsor sta-
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The BXhéust—syetem ’ o I e o . . ;'f
To reduce gas pressures in order to simulate high-altitude condi- .

tions, a aystem of preliminary gas cooling and removal 1s installed at

the exhaust of the test installation. The gases may be removed by

means of exhausters operated by electric motors or turbines. Seriles-

produced turbojet-engine exhausters may be used. In some cases it 1s

also possible to use multistage steam ejectors suppllied with steam from

accumulatorg [storage devices] charged by bollers.

The coolling of the exhaust gases may be carried out 1n heat ex-
changers {water serving as the coolant), or by the injectlon of water
into the gas stream. The injectlon system 1s simpler and more expedil-
ent, since it reduces to a minimum the danger of the explosilons that
are possible during the starting or sudden stopplng of the engine be-

ing tested. Occaslonally both methods are employed slmultaneocusly.
The fuel aystem

The fuel systems of the laboratorics are marked by thelr unlver-
sallty, by the extensive possibilitlies of controlling the flow, pres-
sure, and temperature of the fuel at the inlet to the engine, and also
by the great quantlty of monltoring-measuring instruments. Two inde-
pendent fuel systems are necessary to simulate high-altitude condil-
tions. The fuel tank of the first system is sltuated outside of the
heat-pressure chamber, while the fuel tank of the second system ls con-
taincd within the heat-pressure chamber, thus making 1t possible to
change the pressure and temperatufe of the fuel 1n the tank,

Auxiliary systems

Pumping stations providing for the supply of great quantitles of '
water to cool.the installatlons, the exhaust gases, the fuel, etec.,
must be ineluded among the auxiliary equipment of a laboratory. Exlst-
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ing pumping stations at high-altitude laboratories provide a water
feed of up to 25 m3/min for purposes of testling alr-reactlon engines.
In the case of high flow rates the water 1s cooled by means of cooling
towers or pools from which the water 1s returned to the laboratory.

Electric-power distribution pystems are of great gsignificance for
a laboratory. AC electric motors, dynamotors, DC generators, current
transformers, frequency converters, ete., are included as part of the
electrical equipment of a laboratory. The total power of the spent
electrical power is measured in tens of thousands of kilowatts. The
electrical system of the laboratory must provide for the operation of
both AC and DC instruments operating at varlous voltages.

The complexity of the researech, the cumbersgome installations, the
requirements of gafety measures, and the great number of measurements
(perhaps as many as several hundred) carried out during the course of
the experiments within a short perlod of time, bring forth the neces-
sity of providing for remote control, and the observatilon and record-
ing of parameters. Observation ls carried out directly through special
windows or by means of lLelevigion Installatlons. It 1s best to employ
automatic devices for purposes of the recordlng.

The instrument readings can be transferred automatically to the
electric computers that analyze the results. Such systems can take
callbration into consideration and proyide for the ingtantaneous print-
out of test results. The entire measurement cyecle and the evaluation
of these data for the givén condltions requires approximately 1 minute.
For Installations of short operating duratlion this 1s a long time. Au-
tomatlc mecasuring systems wlth storage of the derived data are uscd
successfully in such installatlons. The input readings of the instru-
ments in such_systems are converted lnto digital slgnals and recorded
on magnetic tape. Upon completion of the test the tape 1s passed
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Fig. 87. Block dlagram of control
system. 1) Analog-digital converter
for transient operations; Measure-
ment converters: 2) of pressures; 3)
of temperature; 4; of rpm; 5) of

fuel flow rate; 6) of thrust; 7) .
data-evaluation unit; 8) connection
box; 9) input of digital data from
other cells; 10) memory [storage]
device; 1l1) computer; 12) manual con-
trol position; 13) tabulating ma-
chine; 14) automatic instrument for
plotting of curves; 15) electro-
mechanical data indicator.

through the corresponding converter which produces punch cards that

are then processed through computers.

Figure 87 shows one of the possible test and measurement-recording
control circults. The readings of the 1lnstruments are wire-transmitted
to a central equipment room. The signals are coded In thig central
equlpment room and all of the information 18 transmltted {o a control
center from which 1t 1s directed to a storage unlt. The data are re-
corded or plotted automatilically after the computer analysis. If neces-
pary, some data may be analyzed and automatically plotted 1ndividually
during the course of the tests for purposes of control.

2, LABORATORIES FOR HIGH-ALTITUDE ENGINE TESTS

The recoydlng of altitude and veloclty englne characteristics on
the ground calls for special complex equipment and enclosures espe-
clally adapted for these purposes, l.e., high-altitude laboratorles in
which the following problems are resolved:
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Fig. 88, Diagram of high-altitude installation.
1) compressor; 2, 6, 14, 18) heat exchangers; 3)
alr deyer; 4, 8) turbine-driven compressed-air
machines; 5, T) air brakea; 9) metering nozzles;
10) air heater; 11l) combustlon-chamber testing
installation; 12) heat-pressure chamber; 13) dif-
fuser; 15) heater; 16, 19) spray-nozzle injector
cooling devices; 17, 20) exhausters. a, b, c, d,
e, £, g) Valves.

1) the recording of altitude-velocity engine characterlstics;

2) the determination of surge-reglme regions and the selection of
operational reglmes;

3) verification of engine restart capabilities at various altl-
tudes and at varilous flight speeds;

4) investigation of combustion processes under high-altitude con-
ditions;

5) determination of influence of climatic conditions on engine
operation, ete.

In order to simulate the operating conditions of an engine in
flight on a test stand 1t 1s necessary to provide for the control of
the pressure, temperature, and molsture content of the alr entering
the engine and the heat-pressure chamber, as well as to control the
pressure at the exhaust. In recording characteristics in which external
drag plays a role it 1s necessary to provide for the corresponding con-
ditions of flow past the englne,

The dlagram of one such high-altitude installation is shown in
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Fig. 88. This installation makes 1t possible to conduct research on
the cycle of a full-gcale engine as well as on the combustion proéesseé
in individual [combustion] chambers to altitudes of H = 15 km.

The air having passed through the filter enters a two-cascade cen-
trifugal compressor 1 that 1s set into motion by meana of an electric
motor, Refrigeratlion units are Installed between the cascades and be-
hind the compressor. The temperature of the alr at the outlet from the
compressgor may be o? the order of 300°C, the pressure will be of the
order of 5.6 atm abs, and the air flow rate is constant and equal to
3.17 kg/sec; the air flow rate 1s regulated by means of bypass valves.
The alr enters a tubular lLieat exchanger 2 from the compressor.

The alr subsequently passes Intoc the alr dryer 3 consisting or
two pairs of standard sections operating on activated alumlnum oxide,
these sectlons operating alternatingly. After the air dryer the alr en-
ters the turbine-driven compressed-alr machine 4 whose power is ab-
sorbed by air brake 5 (the centrifugal compressor). The temperature of
the air increases at the outlet from the heat exchanger 6. The working
temperature og the air 1s achleved by means of a second turblne-driven
compressed-air machine 8 in which the temperature can be reduced to
—lOOOC, while the pressure can be reduced approximately to 1,05 atm.
The required temperature is set by means of the bypass valve b. The air
branches out behind the turbine-driveﬂ compressed-alr maechine., The por-
tion of the alr moving to the tesi stahd enters & group of metering
nozzles 9 that are connected in parallel and vary in dlameter, thus
making 1t posslble to carry out exact measurements within a wide range
of alr flow rates.

The electric alr heater 10 fitted out wlth a plate temperature
stablllizer ls positloned behlind the metering nozzles. Passing through
the heater, the ailr is direcied elther to the combustlon-chamber test-
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ing installation 11 or to the heat-pregsure chamber 12,

The heat-pressure chamber has an inside dlameter of about 4 m and
1t exhiblts a length of 12 m. The alr-inlet side of the chamber is de-
mountable, this being necegsary in order to lnstall and remove the en-
gine being tested. Access to the englne during the intervals between
tests 1la achileved through a hatch in the silde wall. The chamber is cov-
ered on the outside wilth a heat-insulation layer. The air inside the
chamber 1is carried directly to the englne inlet.

Turbojet-englne thrust 1s determined either by calculation on the
bagis of exhaust-gas parameter measurements or by means of a dynamo-
metrlc device. The power of turboprop englnes 1s absorbed by means of
a hydraulic prake mounted lnside the chamber.

Fuel 18 supplled from a tank situated 1inside the heat-presgsure
chamber through a number of heat exchangers, thus making 1t possible
to control the temperature of the fuel. The fuel tank 1ls kept under
pressure, the magnitude of which changes as a function of the "alti-
tude" in the chamber. The exhaust nozzle of the engine 1s connected to
diffuser 13, thus making it possible to railse the "altitude'" of the
chamber. The diffuser 1ls cooled by meansg of water, as is the exhaust
tube (cohnected to and inside the diffuser) of the combustlon-chamber
testing installatlon.

The gases leave the diffuser and enter the tubular water-cooled
heat exchanger 14 in which, iIf necessary, the gases can be cooled;
then they pass onto heater 15 and through valve f, whlch serves as an
"altitude’ control, to the spray-nozzle cooling device 16 which con-
slsts of a number of spray nozzles Injecting water into the gas strecam.
The two subsequent elements keep thé parameters of Ehe gas at the 1n-
let to exhauster 17 at the level which corresponds to the working point
of thc latter.
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The heater 15 ig needed for the case in which combustion is cur-
tajled in the engine chambers when the gas tehiperature at. thé inlet to
the exhauster drops somewhat too low. To prevent the 1éhitioh of the
unburned fuel in the heater, the latter is of tubular constructilon and
provided with hot-water heating. The gas temperature behind the ex-
hauster agaln rises by approximately 200°C and the gages are thercforc
again cooled in heat exchanger 18 and the spray-nozzle Injector cool-
ing device 19 before entering the second exhauster 20,

The rated regime of the exhauster must be malntalned by the ap-
proprlate control of the alr pressure and temperature at the 1lnlet and
the alr flow rate. Otherwlse, the exhauster may enter a surge regime
or overspeed [enter a regime of lulolerable numbers of revolubtilons].
The weight flow rate of alr in exhauster 20 1s greater than in ex-
hauster 17, because of the removal of the alr from the surrounding
medium into the spray-nozzle injection eooling device  19. The pressure
at the inlet to the exhausters 1is kept constant by means of the bypass
valves. The exhausters are operated by electric-motor multipliers.

If 1t becomes neceggary to supply a large quantlity of air, a pres-
sure regulator automatically closes valve ¢ and opens valve £ in the
engine béing tested, thus preventing a change in the operating regime
of the exhausters. However, with arreduction in the alr flow rate the
bypass valve ¢ opens, while bypass valve g of the exhauster acts as a
gsafety valve. The required "altitude" 18 achleved by controlling the
alr flow rate with valve g and by controlling the pressure by means of
valve f. The required air temperature is acshlevcd by mean
valve b of the second expansion turbine. .

High-altltude tests of turboprop englnes with propellers present
particular difficulties. Figure 89 shows the.diagram of a stand on
which 1t 1s pésaiblc to test & TVD [turhopron engine)] both on the
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ground as well as uunder high-altilude cvonditions. In the latter case
the air at the inlet to the engine 1s supplied from the compressor sta-
tion through tubes 2. The air by meang of whlch the propellers are
loaded 1s taken from the atmosphere through the noise-reduction device
1 and is applied agalnst the propellers by means of an adjustable fit-
ting 5. The diameter of the latter may change within a wide range from
2.5 to 6,0 m. This measure of control ghould eliminate pulsatlons at
the tips of the propeller blades. The fitting may be shifted forward
or back, depending on the length of the TVD [turboprop engine]. The
exhaust gases from the engine are cooled in cooling devicqs and re-
moved by the exhausters. The streamg from the propeller pass *Through
the noise mufflers 3.

Figure 90 shows a diagram indicating the positlons of the basic
structures and devices of the high-altitude testing laboratory, de-
signed for tests of turbojet and turboprop englnes. Conditions corres-
ponding to high velocities and flight altitudes (approximately M = 2.5
and H = 21,000 m) can be simulated at the laboratory. For purposes of
controlling the above-indlcated parameters within the required range,
the alr pressure at the inlet to the engine must be kept between 0,07
and 3.8 kg/cmg and the temperature of the alr must be kept within a
range from —90 to +190°C, while the pressure of the alr surrounding
the engine must be kept between atmospheric pregsure and 0,035 kg/cme,
which corresponds to the maximum glven altitude.

The high-altitude installations of the laboratory require much
power; ror example, the elcctric motors employed Lo deive all of the
compressors mey exhilbit power of the order of 30,000 kw.

The laboratory has an lnlet division in which the ailr 1s brought
to the proper_parameters, and there 1s alsc an outlet sectlon. These
two pectlons are found in individual bulldings.
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Fig. 89. Diagram of TVD [turboprop en-
gine] test stand. 1) Device for muffling
the sound of the inlet alr; 2) supply of
alr from compressor; 3) mufflers for ex-
haust and exhaust pipe; 4) TVD [turbo-
prop englne] installed for purposes of
high-altitude tests; 5) adjustable ailr
fitting.,

Fig. 90. Dlagram showlng positions of basglec structures and devices
at the high-altitude laboratory. 1) Administratlve compound; 2)
substation; 3) exhauster housing Soutlet gection); 4) bullding
housing compressor test-stands; 5) primary cooler; 6) secondary
cooler; T7) fuel storage; 8) compressor gtation (inlet section); 9)
cooling tower; 10) presgure chamber; 11) pump station.

The compartment used for testing under conditions of high alti-
tudes consigt of two chambers., The flrst of these chambers 1s an alr
intake which recelves the alr at the rcquircd tomperature and pregsure,
The air intake is equipped with special inlet gulde-vane dia2phragms
and blades to stralghten the flow; in additlon, there 1s equlpment to
meagure temperature and pressure. The second thamber contalns the en-
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gline which 1s mounted on [specilal] units equipped with senging elementis
for the measurement of thrust by means of speclal balances. The test
section 1s fitted out with explosion~proof valves,

The testlng of a PVRD [ramjet] and lts elements 1ln installations
making i1t possible to simulate flight speeds of M = 2-3 is assoclated
with a tremendous consumptlon of power. In this connection 1t 1is fre-
quently necesgsary to regort to supersonic intermittent wind tunnels.
There are three types of supersonic short-duration lnstallatlons that
are possible and are used, and these differ from one another in the

manner in whlch the supersonlc flow ls achleved.

Fig. 91. Diagram of test section of a super-
aonlc installatlon. 1) Connectlon tube to ex-
hauster; 2) adjustable supersonic nozzle; 3)
inlet for air of given parameter; 4) turn
angle to simulate flow drift; 5) diverging
varilable-gecometry channels for blower air; 6;
plstons to shift channel walls; 7) engilne; 8
water-cooled exhaust tube; 9) to subsonic dif-
fuser and blower-air cooler; 10) to englne ex-
haust-gas cooling device.

In the [irst bype the tanks {reservoles] are [1iied with air com-
pressed to several hundreds of atmospheres, thls ailr beilng released in
the form of a supersonic gtream againgt the obJect belng tested (an
engine, an alrcraft model, a missile, etc.).

In the second type a vacuum 1s created 1n the receiver. Air from
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& the surrounding medlum flows lnto the recelvey

o W and an englne or some other object 1s tested in -
\
:; the alrstream. ,
7
2 A x: The third type of itnstallation represents a
24
20— N K combination of the first two.
15 I
12 Installations of the types congidered above
¥ S M

requlre no powerful compressors, but 1t is 4if-

Fig. 92. Dimen-
slons of stream-
lined nozzles re- lations because of the short time Intevval dur-
quired to simu-

late flow condil- ing which the stream parameters can be kept con-
tlons at inlct to

PVRD [ramjet]. 1) stant.

Max1mim nozzle
dimenslons for
great angles of
attack and sub-
critical reglmes;
2} minimum nozzle erted by the angles of attack on englne opera-
dimenglons at

small angles of
attack and super-
critical reglmea.

ficult to carry out experiments in these instel-

In the testing of PVRD [ramjets] 1t is ex-

tremely lmportant {o clarify the 1influence ex-

tion, To simulate changes in the angles of at-

tack 1t 1s the general practice in these lnsgtal-

lations to change not the slope ol the cnglue's axls but that of the
blower-nozzle axls. A drawback of such an installatlon lies in the
fact that it is necessary to change the bLlower nozzle when attempting
to determine the engine characteristics wlth respect to the M(ach) num-
ber.

Figure 91 showg a diagram of the test gectlon of a supersonic
high-altitude chamber with a varilable nozzle. The supersonic rectangu-
lar nozzle ls controlled by means of two flexible walls which can be
ahifted between fixed walls. The diffuser for the air flushing the en-
gine 1is also equipped with adjnatable nfde walla. The stmulation of
flow drift at the inlet is achieved by turning the entlre nozzle., The
pressure in the chamber compartment 1ln which the englne and the dif-
fuser are housed is maintained to coineide with the given rLight 'plti-
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Primary control 1s achleved by changing tﬁé”é;iéiggi section of
the nozzle. The bleeding of alr and the control of the diffuser cross
sectlon is héndled avtomatically and corresponds to the high-altitude
pressure in the chamber., The control system must prevent the occur-
rence of gurge through the system.

In designing systems for the supply of alr to lnstallations with
free flow, the ratio of the blower-nozzle area FS to the area de of
the inlet portion of the engine 1s of particular interest. A graph of
the recommended Fs/de ratios for axisymmetrical nozzles for various
M(ach) numbers is given in Fig. 92.

3. INSTALLATIONS FOR THE TESTING OF BLADED EQUIPMENT

The studies and adjustment of compressors and turbinesg plays a

great role in VRD [ramjet] design projects. Multistage axlal compres-

sors and turbines whose basic element is a blade ring are widely used

7 23 4 5 - &

Flg. 93, Schematic dlagram of in-
stallatlon for recordi of blade-
ring characteristics. ?? Electric
motor; 2) multlplier; 3) throttle;
43 compressor; 5) meterilng nozzle;
6) receiver; 7) nozzle; 8) gulde
vanes; 9) test section of installa-
tion with blade ring.

in contemporary ailr-reaction enginegs. The proper selectlon of the blade
ring provides for Improved characteristies of the bladed machine and
roliloes lis efficiency. Tt 18 natural therefore that particular atten-
tion 1g being devoted to studies of blade rings.
A schematic diagram of an installation for the determlnation ol
blade-ring characterlstics is given in Flg. 93. Alr passes from the
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compressor through the receiver, nozzie, dud inlet gulde-~-vane agiembly
into the téat secdticn of the instaliation in which the angle of attack,
the blade-settlng angle, and the spaclng between thé blades [buckets]
can be changed wlthin a wlde range.

/w0
B a e

Fig. 95. Diagram of in-
% stallation t'or determina-
‘ tlon of blade-ring reac-
tion foree. 1) Diffuser;
2) blade ring; 3) re-
celver; 4) flexible ele-
ment; 5) support; 6)
metering nozzle.

11

Fig. 94. Structural
diagram of test sec-
tion of installation

Figure 94 shows one of the versions of
for determination of

blade [profile] char- the structural diagrsm of the installation
acteristics. 1)

Blade ring under in- test gectlon. The angle of attack can be
vestigation; 2)

gulde plates; ig con- chenged by means of two rotating shaped in-
necting rods;

rotating shaped in- gserts 4, The inserts form a passage 1in which
serts.

a ring of guide plates 2 can be mounted to
provide Ffor the better straightening of the stream. The glven m:sni-
tude of ag is monitored by means of a dial,

The pressure and velocity flelds before and after the blade riug
1 being tested are recorded by means of pneumstle probing. It should
be pointed oul that this mcthod 13 exbtremely cumbergome and requilres
the expendlture of conaiderable time tn carry out the experiment; how-
ever, 1f these experiments are carried out carefully, the method en-
surcs high measurement accuracy.
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The reaction-force balanclng method consildered below makes it pos-
sible to derlve the lntegral characterlstics of blade rings at a con-
slderably reduced expenditure of time for the experiments. The high
productivity of the method makes 1t possible easlly to obtaln a com-
parative evaluation of the blade rings, differing in blade shape, and
in geometric and regime parameters.

Figure 95 shows the dlagram of an lrstallation for the balancing
of reaction force, this installation also making it posslble to deter-
mine the circumferential and axlal components of this force. The air
from the compressor passes through the meterilng nozzle 6 and diffuser
1 from which it is directed into recelver 3 in which the blade ring 2
13 mounted. The recelver with the blade ring is mounted in the ver-
tlcal section of the air duct which is equlpped with a fixed support 5
at the top.

The blade ring being tested is mounted on a horizontal flat sur-
face. The reaction force 1ls absorbed by a flexlble element 4 which ig
simply a thin-walled section of the duct. Four straln gauges are at-
tached to the surface of this element along two mutually perpendicular
axes ab and cd (the sectlon AA). The presence of two sensing elements
on & single axls increases the sensitivity of the bridge and enhances
thermal compensation. The two sensing elements that are situated on a
single axls form the two arms of the measuring bridge, while the re-
maining two arms are connected to a spécial rheochord [slide wire]

which makes it possible to callbrate the bridge.

componei.t Ra of the reaction force R, whille the sensing element situ-
ated on the c¢d axls measures the circumferential component Ru of the
reaction force.

Knowing the true ailr flaow rate Gv’ measured by means of the meter-
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ing nozzle, and knowlng the reactilon foree R

| R=VR¥RL “(108)
whoge components Ra and Ru have been determined by means ol siraln-
gauge balances, makes it possible to determlne the mean veloelty at

the outlet

: R .
a=£=. (109)

the veloclty and flow-rate coefflicients

p=- - (110)
Cir
and
G,
o, 111
b=t (111)

as well ag the mean stream angle at the outlet

a,=arctg%1. (1.22)

.

The value of the velocity Cig and Lhat of the flow rate Gv.t are
found from the usual gasdynamic formulas.

The installatlon under conslderation makes 1t possible to deter-
mine the influence =2xerted solely by the M(ach) number ou the charac-
terlstics of the blade rings.

Figure 96 shows a diagram of an installation for alrstream tcsts
of blade rings, this installation permitting conslderation of the 1n-
fluence exerted by the Re(ynolds) numbers on the characteristles. It
1s posslble in thls case to change the M and Re numberg ilndepeundently
of one another, and this ls achieved by changlng the differences in
pregsure and denslty of the air flowing past the blade ring in tnig
gystem that 1s closed alrtlght during the tesi. Such fent remults arve
used in calculating the high-altitude characterlstlcs of englnes,

The alr proceeding from comprepsor 3 1o cooled in heat exchanger
4 and 1s passed through nozzle & Lu e blade wing 7 being Scrbed. The
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Filg. 96. Schematic diagram of ingtalla-
tion for alrstream tests of blade
rings. 1) Electric motor; 2) multip-
lier; 3) compressor; 4) heat exchanger;
5) metering nozzle; 6) nozzle; T)

blade ring under study; 8) exilt valve;
9) throttle; 10) vacuum-pump valve;

11) vacuum pump; 12) inlet valve.

! 2 3 4

-§
7 &84 9

Fig. 97. Diagram of Fig. 98. Diagram of closed-

installation for test- type vacuum ingtallation.

ing compreasor stage. 1) Air turbine; 2) spring;

1) Electric motor; 2) 3) compressor; 4) multip-

multiplier; 3) com- lier; 5) electric motor; 6)

pressor stage; 4) heat exchanger; T7) vacuum

throttle valve; 5) ) gump with electric motor;

cooler; 6) air dryer; ) throttle valve; 9) alr

7) heat exchanger; 85 dryer.

metering diaphragm; 9)

air filter. .
£ air flow robe ip determined by means of metering nomzle 5. A large num-

ber of valves are provided for in the installatlon, these belng neces-

: sary for purposes of control. The density of the alr in the closed sys-

- tem of the installation is reduced by means of vacuum pump 11.
Iet us now turn to the examinatlon of installations for the deter-
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minatioh’of compressor and compressor-stage characterigtics. _

’ Filgure 97 shoﬁs the diagram of éﬁlinétéiiéﬁibh faf Eﬁé'féﬁ%iﬁ@xbf
the stages of an axlal compressor. Regimes with various alr flow-rate
and parameter values at the Inlet can be egtablished for the compres-
sor stage belng tested by introducing appropriate changes 1n the revo-
lutiong of the electrile motor, the posltlong of the throttle valves,
and the thermal effect on the alr In th? heat exchanger aund the cooler,
The dlagram of the installation for the tesling of a full-scale com-
pressor 1s analogous to the one described. A compressor is frequently
studled directly within the engine gystem. However, in thils case the
compressor characteristic may not be recorded completely, butl only
within a comparatively narrow range.

Figure 98 shows the diagram of a cloged-type vacuum ilnstallation
by means of which it is posslble to conduct tests al the seme volumet-
ric ailr flow rate as under actual condltlons., The weight [flow rate of
alr in thils case wlll be lower., The compregsor helnp tegted, the
throttling device, the heat exchanger, and the alr turblne which re-
turns a portion of the power expended on drlving the compressor are
included in this system. A powerful electric motor (as indicated in
the dlagram) or a gas turbine may be employed as the powerplant in
this case. _

The alr filling the lnstallatlon is filrst drled In order to avold
the icing of the measuring ingtruments during the low-temperature re-
glmes. The test regime ié controlled by changing the revolutions, the
quantlity of removed heat, the pressure at the Inlet to the compregsor,
and also by means of throttlling. The temperature of the ailr at the in.
let to the compresgor can be changed over a wlde range, and thisg 1g
extremely impqrtant for purposes of gimulaling high-altltude and high-
speed conditlons durdng the tests.
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It 1a not necessary to use an aiv turblne in the insgtallation,
slnce the throttle and the heat exchanger make 1t possible to estab-
lish the required parametera. However, in thlg cage congiderable ldsses
during the throttling of the alr take place, and the heat exchangers
prove to be extremely cumbersgome.

The turbine characterigtles are recorded on special Ingtallations.

The power of the turbine is absorbed by means of a hydraulic
brake or compressor (Fig. 99) which draws air in from the atmosphere.
The power requlred by the air brake 3 is controlled by changing the
alr flow rate by means of valve L. As can be seen from the diagram,
gases from chamber 13 enter the turbilne 4 being tested. The turbine
power, equal to the compressor power, 1ls determined by ihe following

formulat
Guep (T2—T1)

NemNe=——= (113)

T K

where T*l is the stagnation temperature of the lncoming alr; T*2 is
the stagnatlon temperature of the alr at the outlet from the air brake
33 Gv ls the ailr flow rate through the air brake; cp 1s the specific
heat of the alr.

In the Installation under consideration the turbine and the air
brake are controlled independently, thils making 1t possible to change
the operating regime of the turblne within a wide range. The testing
of turbines whose power 1s absorbed by means of a hydraulic brake pro-
duces more accurate results.

L. TNSTALLATION FOR TIE TESTING OF COMBUSTION CHAMBERS

In view of the fact that the problems assoclated with a wind-
tunnel chamber and combustlion procegses wlthin such a chamber are ex-
tremely complex, exlisting combustion chambers are perfected, primarily,

by experimentation.
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Fig. 99. Diagram of Installation flor
turbine teating. 1) Throttle valve; 2)
metering dlaphragm; 3) air brake; )
turbine being tested; 5) compresscr; 6)
multiplier; 7, 1l) eliecivic motors; Q)
gampler; 9) fuel manilold; 10) valve;
12) fuel pump: 13) combustion chamher,

Filg. 100, Diagram of installation [or
study of combustlon processes. 1) Com-
bustion chamber belng tested; 2) heat
exchanger; 3) alr feed; 1) water cooler
to cool gases; 5) high-altitude exhaust

gystem; 6) muffler for exhaust to atmos-

phere (ground condltiona).

In order to reduce expenditures on the desipn of new chambers, 1€

would be desirable to switch from natural [full-secale] tests to tests

of models, the final test being conducted on rull-scale chambers. How-

ever,

becauge of the difflcultiles

this "two-stage" deslgn method 1a not wnned.

testing of combustion processes. A8 can be peen {rom the diagram the

Figure 100 shows the diagram
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alr enters chamber 1 from the compressor statlon through heat exechanger
2 in which 1t 1s heated by the gases removed from the chamber. The
presence of heat exchangers makes 1t possible to have an elevated tem-
perature at the lnlet to the combustion chamber — thils temperature
characterlstic of combustion-chamber operating regimes in the case of
high~velocity fllghts. Moreover, the speclal guctlion system wlth the
cooler 4 makes it possible to achileve low pressures at the Inlet, these
corresponding to high-altitude condiltions.

In carrylng out experimental tests of combustion chambers, it 1is
necesgary to devote particular attentlon to the determination of the
heat-liberation coefficient €, the pressure-recovery factor o¥*, as
well as to determine the uniformity of the temperature field at the
outlet from the chamber.

The heat-llberation coefflclent 1s defined as the ratlo of the
quantlity of heat Q,d actually liberated during the combustion to the

quantity of heat Qt supplied with the fuel:

Qx

E———a- (114)

The quantity Qt can always be determined by calculatlon if the
fuel flow rate and 1ts heating value are known. The determination of
Qd presents consliderable difficulty.

In principle, Qd can be determined by the calorlmetrilc method, by
changing the temperature and composition of the gases directly, as
well as by welght methods based on the measurement of the reaction mo-
mentum of the gaa atreams leaving phe chamber. The above-enumerated
methods of détermining £ automatlcally include losses through the cham-
ber walls to the amblent medium.

The calorimetric method 1s extremely cumbersome, since it requires

the development of a large calorimeter for the determination of the
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quantity of heat released by the esxhwunt genes [rom the chambes That
ane coqied inrthgfqg}éfiégter. - o B

It 18 necessary to poilnt out that the flow at the outlet from the
combustion chamber 1s not uniform wilth regpecl to ftemperature, density,
and velocity, as well as with vespeet Lo gas composition. In this con-
nectlon a gasg gample 1lg taken from several points ol the section, and

the mean-mass value of € ia determincd Trom the following expressilon:

n
D Grpep by

'-—-_l v
it (115)

where Gg 1 is the gaa flow rate throurh thae corrceasponding .fmcl.'l.on_:o)j

1ls the mean specific heat of the gascg ln thla gectlon; Ati = T*3i —
- T*2 is the heating of the gasgses in the scction 2-31.

The welght method offers congiderably leasg dlffilculty, l.e., the
method of measuring the reaction force of the gag gtream emanating from
the chamber. This method immedlately yilelds the mean-mass value of £
without tedlous meagurements at separate points along the flow.

In order to determine the presswrce-recovery iactor for the com-
bustlon chamber

=2 (116)
it 18 necessary to know the total pressuve p*? at the 1nlet to the
chamber and the total pressure p*3 at the outlet from the chamber. 'The

total pressures do not remaln constant through these sectlons. For

this reason 1t is necesgsary to uge the following formula

v 1l
represent, respectlvely, the- gas &and aji ¥1oW vaves through the ith
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Flg. 101l. Schematlc diagram of installation for
testing model combustlon chambers under ground con-
ditions. 1) Fuel tank; 2) flltera; 3) stopcocks;
4) sampler; 5) fuel pump; 6) ccoler; 7) drain for
removal of water from water Jjacket of exhaust re-
celver; 8) spray-nozzle injector; 9) chamber being
studied; 10) trap to balance exhaust gas stream;
11; trap rod to which strain gauges are attached;
12) exhaust receiver; 13) outlet of gases to at-
mosphere; 14) water spray; 15) oscillograph; 16)
receiver; 17) metering diaphragm; 18) compressor;
19) compressor drive; 20) throttle valve.

sectilons; p*31 and p*21 represent, respectively, the total pressures

In the sections 31 and 21; GV and Gg

and gas flow rates through the chamber,

represent, respectively, the air

The total head at the various points of the section under inves-
tigation ls measured by means of a total-head fitting equilpped with
"rakes" or "combs." The sensing elements on such a total-head "rake"
are positioned so that they are located 1n the middle of the equal-
sized areas .nto which the glven gection has been divided. Thils dis-
tribution of the sensing elements makes 1t posslble to determlne the
mean pressure value., The high gas temperatures at the outlet from the
chamber make necessary the utilization of sensing elements that are
cooled or made of heat-resistant materials.

- 165 -

bl R R




e

ekl Bl

Aoyt ony W A1

Vi ann

Figure 101 shows a schematic diagram of an Installiation

testing of model combusbion chambers Widér EEound cordltions., A spe-

clal deviece for the measurement of the reaction force of the gas
stream emanating from the chamber 1ls used In thls lnatallatlon.

Trap 1 (Flg. 102), suspended In cantilever faphlon from rod 2, ls
rigidly attached in flxed gleeve 3 and 1t shl{ts under the aectlon of
the flow entering the trap from the chomber. The rod is subjected to
bending deformatlons; two ldentlcal wire meaplgtance gensing elements
(strain gauges), representlng the two arms of the Wheatstovne bridpe,
are attached to the parallel surfaces A and B of {the rod, these sur-
faces equldistant from the trap shaft.

These two senslng elements, experilenclyng ldentical temperatuve
conditions, but subjected to various deformatlons (tenslon and com-
pression), provide for thermal compensatlon, l.e., they eliminote the
influence of the change in the temperature ol the gurroundling medium
and the rod on the Instrument readlngs, and they ralse the asensitivity
of the bridge by a factor of two. The mont convenlent clreull for the
meagurement of deformations 1is the circult for an unbalanced bridge
operating on alternating current. The changesy in the current in the
bridge, resulting from the deformatlon of the rod, are proportional to
the magnitude of the shift of the trap along the xx-axis, l.c., they
are proportional to the value of thruat and are recorded by means ol
an osclllograph.

Flgure 103 shows a dlagram of a device wlth an Inductlon sensing
element that merves alsoc to balance the exhaust sircam. The coupling
rod 5 of the sensing element is attachcd to diaphragms 2 and 4. Under
the action of the pressure of the productn of combuntion the nsensing
element shifts and changes the clearance & between armature 6 sitting
on the coupling rod and the magnetic civenit 7 ot the transyormer in-
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Fig. 102, Dia- Fig. 103, Diagram of im-

gram of impulse pulse meter with lnduc-

meter with wire tion sensing element, 1)

sensing ele- Nozzle; 2) trap; 3, 4)

ments. 1) Trap; diaphragms; 5) coupling

2; flexible rod; rod; 6) armature; 7) core;

3) sleeve. 8) primary winding; 9;
secondary winding; 10

sound generator; 11) loop

oscillograph; 12) detec-

tor. A) Sensing-element

unit; B) compensator unit.
ductlion coll, The Instrument 1ls connected to an AC supply. This instru-
ment exhibilts the advantage of eliminating the need to amplify the
pulse, even if the values of the latter are low.
5. INSTALLATIONS FOR THE TESTING OF AUXILIARY ELEMENTS OF AVIATION ENGINES

The'auxiliary engine units are generally tested in laboratories.
The turbine starters, generators, fuel and oll pumps, various regula-
tors and distributors, auxlliary gas turblnes, spray-nozzle injectors,
devices to drive the alrcraft units, etc., are initlally tested on spe-
cial installations.

A powerful starter 1s required to actuate a gas-turbine engine
that develops great thrust. In this case a turblne astarter whose opera-
tion is limited in terms of ghutdown time and number of revolutlons is
frequently employed. An analysls of the specifics of turbine-starter
operation indicates that the.method of statlc tests for conventlonal
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Fig. 104, Diagram of teutb-stand {or dynamlc

tests of turbine atarters. 1) 011 tank with

heater; 2) pump; 3) thermometer; !I) manom-

eter; 5) votatlng valve; () alr.-brake vanco;

7} flywheel; 8) ailr-brake housing; 9) clutch

coupling; 10) torgion mhaft: 11) oll valve:

12) tachometer; 13) turbine gtartor.
gas~-turbine englnes lnvolving the meagurement of englne parameters In
constant astabllized regimes does not provide for sufflciently acecurate
control of the operation of the starter unit prlor o 1ts installatlon
in the main engine. The approximation of the parameters ol the starter
GTD [gas~turbine engilne] tothe operatlonal parameters under tesl-stand
condltions is posslble only through a combination ol the corresponding,
gtarter load and a reglme of continuous acceleration.

Figure 104 shows a dlagram ol a stand for dynamle turbine-starter
teats making 1t posslble to observe a regime clone to the operatlonal
acceleration regime through an entlre atartinm cyele and {o measure
the instantaneous power values for varioug [numbeors of ] revolullons of
the drive shaft. The agtard 1s equipped with a dual gupported rotor ol
simple design end a drive gpring -~ the claastle portion of the torsion
dynamometer. Simlilar to the transmlgylon of fhn wain cngine, the test-
stand rotor durdng the starting procedvra developn inertlal reglstance
to rotational acceleration and blower deccleratlon,

The rotor is a steel disk-flywhcel geatcd on the whartt, the ~nd
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, surface of the disk being fitted out wlth aerodynemic-dcccleration

Ll

blades, simllar to the blades of a centrifugal blower. There are open-
ings in the rotor frame for the 1lnlet and outlet of air, The inlet
openings can be throttled by means of a special rotating screen.

1 mRsnR2l 8

\
7 38

Fig. 105. Diagram of hydraulic installa-
tion for testing of fuel pumps. 1) Flow
tank; 2) stopcock; 3) pump; 4) low-pres-
sure throttle valve; 5) distributor
valve; 6% rotameters; 7) low-pressure
filter; 8) pump inlet valve; ) pump be-
ing tested; 10) radilator; 11) manometer

stopcock for pressures below 6 kg/cm2;
12) manometer for pressures below 6

kﬁ/cme; 13) high-pressure throttle valve;
14) manometer valve for pressures below

25 kg/cmgs 15) manometer for pressures
below 25 kg/cm?; 16) manometer for pres-

sures below 150 kg/cme; 17) safety valve;
18) low-pressure safety valve; 19) valve;
20) pilezometer; 21) valive; 223 distance-
reading thermometer; 23) emergency valve.
A; Emergency drain; B) from water main;

¢) to water maln,

AL

The power for the turbine starter in the case of the acceleration
. regime Is purtially accunulaied in e flywheel and pariisily absorbed
by the alr brake. A hydraullc torsion dynamometer 1s used as the de-
vice to measure M, on the starter shaft.
Great attention is belng devoted in the laboratories to the test-
ing of fuel-system units. As.-an example, Flg. 105 showa a dilagram of
- 169 -
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a hydraullc system for an Installation vged 4o vent fuel punmps: Duming

the testing of these pumps the following charasterintlcs Are cheoksd:

the capacity of the pumps, the control and operating range of the over-

speed governor, the functioning of the valves, the over-all alrtight
sealing, etec.

When the teast stand is in operation the fuel lg passed (rom the
flow tank 1 through the stopcock 2 under the actlon of gravilty into
pump 3. Under the presaure generated by the puwop the fuel la then
passed through the low-pressure throttle valve I Lo one of the rotam-
eters 6 and then through low-pressurc {ilter [ and valve 8 lutn the
pump 9 belng tested. From thils pump the fuel passesn through ragdlator
10 and partially through the high-pressurc throttlce valve 13, from
which 1t returns to flow tank 1.

The fuel pressure 1n front of the rotameterya iz controlled hy
meana of the low-pressure throttle valve . The fucl pressure in Cront
of valve 8 1s monitored by means of manometer 12. The pressure at the
inlet to the pump 1s controlled by valve & and monltored by meang of
plezometer 20, The pressure at the outlel r'vom the pump ls controlled
by the high-pressure throttle valve 13 and monltored by means of manom-
eters 1570r 16, depending on the magnitude of the pressure. The tem-
perature of the fuel at the lnlet to the pump belng, tested ls monltored
by means of a dlstance-reading thermomctier 27 and coutrolled by means

ol the water flow rate through radlator 10,
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f{I1st of Transliterated Symbols]

= vozdukh = glr
v.t = vesy tenzometra = strain-gauge balances
= tenzometer = gtraln gauge

turbina = turbine
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= kompresgsor = compressor

deystvitel'no = actual
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Chapter 5
TESTING STATTONS
1. CLASSIFICATION OF TESTING STATIONS AND REQUIREMENTS IMPOSED ON SAME

Testing statlions are employed tfor purposes of testling aviation
engines under ground condltlons. The slabtlons represent a complex of
bullt-up structures cquipped in the proper fashlon. The bapic struc-
tures in thls case include the following: vrvoms (testing cabing) In
whlch the englnes to be tested are installed; control rooms from which
the englnes are controlled and the functloning of the englnes 13 mon-
itored; and flnally there are production buildings to house fthe vari-
ous power-supply systems for the tegtlug lustallatlons.

The auxiliary structures requlred to pervice all of the gtatlong
include a transfer station, machine and electrical workshops, a moni-
toring-measuring instrument dlvision, productlon departments, adminils-
trative sections, a central fuel gtorage, ete.

The central fuel storage 18 sltuated approximately 200 m from the
statlon bullding and 1t congilsts of a certain number of underground
reservoirsg that are lnterconnected. The fuel 1s gupplied mechanically
to the testing installaticns (by means of pumps), or under the pres-
gure of dry air or some inert gas forced Into the reservolrs.

Each testlng station ig fitted out with a apeclal plece or equilp-
ment by means of which it 1s posaibhle to determline the magnitude of
thrust or torque, or both, in the tesiing of a VD [turboprop cuglne];

in addition, each tegtling Installation hap the tollowing sysbems: fuel,
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There is an engine control panel on the lnstallatlon, and this panel

is equipped with monitoring-measuring instruments. The above-enumerated
equipment and systems make it possible to cérry out the tests and to
record the required engilne characteristics.

In order to ensure safety and hyglenle conditions, the station
structures have been provided with ventilatlon systems, they have been
soundproofed, fire-fighting equlpment has been installed, etec.

Varlous types of stations are employed in testing practice. De-
pending on the purpose of the test, statlons can be divided into ex-
perimental and routine stations. The type of engine belng tested deter-
mines the use of a statlon for the testlng of compresgorlegg air-
reactlion engines or of a station for the testing of alr-reaction en-
glnes with compressors, while the operating conditions determine the
use of an open- or cloged-type of station.

In selecting the type of statlion, we find that the determining
factors are the following: the type of engine; the purpose of the test,
the designation of the enterprise of which the statlon is a part; the
type of equipment used in the station; the nature of the terrain in
which the station is sltuated, and the climatic condltlons prevalling
over this terrain; and finally, the cost of the test station.

The open-type statlons are the simplest; in statlons of this type
the engines being tested are kept in the open alr and they are pro-
tected agalnst atmospheric precipltation only by means of hangar-type
gtructures, the control and observation operations being conducted
from rooms situated alongside. Statlons of this type are quite mobile
and can easgily be transferred from one area to another.

Cases are possible in which 1t would be expedlent to reject the
use of an engine-mounting installation, but rather to mount the engine
directly 1in the alrcratt, conducting the test in this manner. Such an
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installation would make 1t possible to meagure the actual force of en-
gine thrust, while at the same timé téﬁiﬁ@,iﬁtb bcnsidéra%iQn‘éﬂé
losses 1n the intake and exhaust channels of the alrcraft for all op-
erating regimes of a TRD [turbojet enginel.

Open-type stations are comparatively lhexpenslve, but exhiblti the
following significant drawbacks: they cannot bhe set up near populated
areas because of a lack ol gpecilal noilsc.roduelny systems; the scetting
up of an engine in the open air results in Inconvenlence for the per-
sonnel servicing the statlion; i1t hlnders the condltioug under whleh
the tests are carried out, ete. Open-type teating stations are used at
repalr bases.

Testing statlons exclusively of the cloged type, in which the en-
gine is kept wilthin an enclosure throughout the entire period of the
tegt, are uged in series-production aviatlon-engine bullding planty
gituated 1n the vieinlty of major populated centers, Cloped-type sta-
tions provlde for the required convenlence of personnel and make 1t
posslble to use highly effectlve nolpe-weductlion methods.

Several versglons of closcd-type testlng astatlons whoge apecillc
characteristics are governed by the tasks and reaquirements cnumerated
below have galned wldespread acceptance, dependilng on the deslipgn of
the test sectiong and thelr locatlon relatilve to Lhe control rooms.

In serles production a testing statlion must provide ror lLesting
wlth minimum expenditure of tlme on the Clitling out and mount ingm ol
the engine, for tegting condltions that simulate the operational con-
ditions of the englne to the maxlmum, lor the supply of great gquantl..
{leg of filtered fuel, for tqﬁting ceconomy, for fflre asafety, and for
noise-reduction and proper ventilation.

This chapter presents the fundamental daia on closed-Lype factory
statlionas for the testlng of turboprop and turbojet cnpines.
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2, TEST SECTIONS
The following requirements are imposed on test sectilons:
i) the inlet portidn of the test sectlon must provide for the sup~-

ply of air to the engine being tested, thils air to be free of dust and

exhauvst gases;
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Fig. 106, Types of test sectlons. 1) Entry
with noise absorber; 2) guide vanes; 3) inlet
gates; 4) aerodynamic wind-tunnel ring (for
testing of TVD [turboprop enginel); 5) engine;
6) ejector; T7) outlet gates; 8) outlet dif-
fuser; 9) outlet with noise absorber.

2) the inlet portion must be filtted out wilth a noilse absorber;

3) the test sectlon must provide for a supply of air from the in-
let portion to the working sectlion which carries the engine being
tested;

4) the exhaust portlon of the test section must be equipped wlth

a device to remove the exhaust gases and wilth a gound-absorptlon de-

r4Aam e mAadiian A mAadas w 1
O Y A AT A N P ¢ L L A 3 “w

5) the test section must be provided with doors in order to per-
mit entry to and exlt from the teat section for the englneg and the
1liftlng devices; .

6) the walls of the test section must be strong and protect the
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gervicing personnel in the case of an accldeut ot 1f the ewging should
be. destroyed during the course of a tept.

Since test sectlons are desligned to serve for thektéétihg dfiany
type of gas-turbine englne,tbhe parameter which deleimines the dlmen-
sions of the installation is the alr flow rate through the englne and
the propellerg, i.e., a tegt section ls degipned Lu be abile to wWwithe-
stand the power developed by some futuve TVD |[turboprop engine| during
the course of a test.

Four types of test sections, like the ones shown in Flg. 1006, are
used in testing practice. Of these, the most common are the tenl sec-
tions shown in Fig., 106a and b, The lngtallatlon of a vertlecal shalt
at the inlet provides for a supply of pure sir v ithe enpiine, The hori-
zontal ejectlon of the products of combustion makces 1t possible to ve-
duce the noilse adequately at a lower cost than would be possible in
the case of vertical ejectlion, From thils standpoint, a test scclion
with two horizontal shafts exhibits the best condltlons for nolse ab-
gorptlion and it also exhibits the best aerodynamic characteristilces.

The gelectlon of a glven type of test sectlon ig governed by the
location of the factory, the type and powar of the englne helnp tested,
and by the dlstance between the test statlon and other plant strue-
tures.

The test section, as can be seen from Fig. 106, conglsts ol three
nln parts: the inlet sectlon, the test section, and the exbauwii neec-
tion. A stand 1s posltioned on a speclal {oundation in the test scc~
tilon, the engine to be tested beluy wounbud ua this stand. 77 the cn-
gine is of the turboprop varlety, 1t is necespary to install an acro-
dynamic wind-tunnel ring sl the inlet to the test mectlion In such o
manner that the propeller of the englne s nlilualed lnside thin »ing
and that thelir axes colncldc. The dlstance betwoen the propeller blade
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tips and the walls of the ring must not be less than 0.5-0,75 m, thus
providing adequate clearance to avoid the vibrations that are excited
by the movement of the blade tlps. The aerodynamlec wind-tunnel ring
ensures better conditlions of airflow past the propeller.

At the outlet from the test sectlon we find an ejJector tube
through which the products of combugtlon are removed, thus reducing
the temperature and veloclty of the exhaust gases (due to the intake
[suctlon] of air). The ejector tube and the engine must be situated on
a common axis.

Flgure 107 shows the working sectlon of a test installatilon. The
engine 1s passed into the test gectlon through special gates, and then
an electrically operated 1ift moves the engine to the test stand that
is mounted on the gpecial vibration-absorbing foundatlon.

The vlbrations in the foundation are partlally absorbed by an in-
sulation cughlon 2 made up of cork plates, speclally treated wood, or
felt., There 1s an alr space 15-20 cm thilck to provide insulation
agalnst lateral vlbrations. The stand foundation must be deeper than
the foundation of the bulldlng walls 1n order to reduce the vibrations
of the latter.

In order to reduce the fatlgue stresses caused by vibrations in
the working section, the latter should be constructed of prestressed
reinforced concrete, the wallg of the structure being approxlimately
200 mm thick, |

Pigure 108 shows the engilne equipment on the stand in the test
gection prior to Ghe stacl ol the lesi, while Fig. 109 shows a TVD
[turboprop engine ] mounted on the stand.

It 1s extremely important to make proper selection of the speed
of the alr inrthe inlet portlon of the test section, as well as to se-
lcct properly the gpeeds of the alr and the products of combustion in
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{he exhaust sectilon., Data on the velocliy of the aly and the exhbuist
gages 1n the various ségments of a TVD [tufbopr@p engine ] test seetion
are presented below to provide the aerndynamic characteristlcs of test

sectlons.

Foriie ] i
- *ﬁ?zﬁz
TLEAEHE ik
2

Fig. 107. Test section of testing lnstallatlon. 1) Stand;  2)
insulation cushion; 3) ailr space; 4) foundatlon; 5) test-
gsectlon inlet; 6) louvera; T7) Llade ring; $) inlet nolse re-
ducer; 9) air inlet; 10) drilve; 11) aerodynamlc wind-tunnel
ring; 12) engine; 13) ejJector; 14) elcetrleally operated
11ft; 15) outlet noise reducer; 16) repulsloun blades.

Fig. 108. Readying an cngline on tie ptand
prior to the ilesti.
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Flg., 109, Turboprop englne on
test stand.

The alr ls introduced to the suction part at a speed of 10-20
m/sec. The mean speed of the air through the sound-reducing unit may
be assumed to be 20-30 m/sec in the suctlon sectlon whlle 1n the
gtraightener-grid section the air moves at a speed of 15-20 m/sec. The
speed of the air in the plane cut by the propellers (at the outlet
from the aerodynamlc wind-tunnel ring 4 in Fig. 106) 1s derived from
the calculations for the propeller. When the propeller efficlency 1is
equal to 0.55 (flight speed V = 0), the speed of the air amounts to 45
m/sec,

The veloclty of the alr ls assumed to be of thc order of 30-40
w/sec in the noise-reduc
alr at the outlet to the atmosphere 1s of approximately the game value.
The pressure In the suction part of the test sectlon is generally
lower than atmospheric pressure by a factor of 100-300 mm water col-

umn because of the movement of the air, and 1t is higher than the at-
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mospheric pressure by & factor of 200-400 mu wotew Qolumnrin;ffont

of the exhAust ndise-reduction vhlt. TWls TiTewistines FiEE DS acs
counted for in the strength calculationg for the test sectlon.
3. CONTROL ROOMS3

During the course of an engine test the technlcal personnel are
located in the control room that 1 situated nexl to the teat sectlon.
To ensure the control of the engine and the wonttoring of its opera-

tion, the control room must:

1) be suffieclently large to house all equlpment, Instruments, and
personnel;

2) provide facilities for vlgual obgervation (through special wine
dows) of the condition of the engine belng tested In the test section;
3) guarantee complete safety foxr the pergonnel 1n the control
room durlng the test and it mugt be properly sound-treated and equipped

with good ventilation facllities;

4) be properly lighted (desirably, with naturnl light during the
day).

Depending on the number of teot scctlonn nerviced, control rooms
can be of the Individual (one- or two-slded) and Joint types. The con-
trol roomsgervicing more than two test poecetlonyg ave known ag Joint con-
trol rooms. The best conditions for Lthe scrvicling personnel are pro-
vided by an individual control room. The Joinl contrel room i more
sumpact, legs expenslve, and convenleuni. 0w the management of a shilflt
(the possibility of simultanecously supcrvialng the work of all crews
[brigades] servicing an installation).

The selection of a glven type of control rcom i governed by the
scheduled englne-productlon program, Lthe type ond power of these en-
glnes, the positioning of the englnes in the test pecetlon, and the de-
slgn ot the test section.
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The floor of the control room is installed on special columns and

it 1s not linked with the walls of the test section, thus significantly i@%
reduclng the vibrations that would be transmitted from the engine be- )
ing tested.

Special equipment is housed in the control rooms of test stations,
and the basic element of thils equipment 1s the engine eontyol panel
which is equipped with monitoring instruments.

The control panel 1s generally ingtalled beyond the plane of en-
gine-rotor rotation. The control units of the englne and 1lts elements
and auxlliary systems are mounted on the control panel, as are the
monltoring ingstruments, the auxiliary instruments requlred for the
measurement of the test magnitudes of interest, and finally there 1s a
signaling system that 1s also part of the control panel. An obgervation
window 1s situated immediately above the control panel,

The fundamental requirements imposed on a control panel call for
the pesitioning of the instruments and control units in such a manner
as to make possible englne control with the greategt convenlence as

well as to observe the instruments and record thelr readings.
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Fig. 110. Control panel.
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Figure 110 shows a control panel. The control levers are siftuated

in thé centrdl portion of the parel, and heré wé algo find the buttons
of the electrical atarting system and the Ingtruments which character-
1ze [describe] the operation of the enginc.

The Ingtruments gilving readings that must be recorded are located
as close as posslble to the central sectlion, whlle the automatic re-
cording lnstruments are sltuated somewhat farther away. ILike instru-

ments or instruments intended for the measurement ol specific (quanti-

ties must be grouped together. Instruments with partlcularly sensltlve

mechanisms must be mounted at points nol subject to vibrations, on
foam-rubber pads.
In the cage of testing installations the contro.l panel 1is kKept at

a rather great distance (4-6 m) from the englnec. Under such condltions

K (RS IR, T

the tranamission of movement from levers on the control panel Lo [cor-

3 regponding] levers on the engine belng tested presents some difficulty.

Remote~control transmission must provide for:

1) smoothness of stroke and absence of pgreat frictilon;
f 2) tuning accuracy;
: 3) constancy of mutual position ol control-panel lever and con-
trolled lever;

4) insensitivity to vibratioqs and change 1n temperature of am-
blent medium;

5) rapld and easy connectlon and disconnectilon to and from levers,
regpectilvely.

Hinged coupling rods as well ag eable, c¢lectrlcal, and nydraullc
drives arc uged to achleve the link hotween the control-panel levera
and the control units on the engine.

Operational experlence has demongtunted that with careful adjust-

ment and proper care &ll of the above-indicated types of drilsv  [unc-




Flg. 111. Schematile diagram of hydraulilc
drive. 1) Transmission element; 2) mani-
fold; 3) sensing element; 4) engine lever.

tion normally and provide for reliable englnc control. It is truc that

they do not all satisfy the above-enumerated conditions in identical

IR LR AR

fashion or in complete measure.

Of the above-enumerated drilves, the operationally rellable and

z easlly controlled hydraulic drives have galned rather extensive ac-

ceptance, In the use of cable transmissions we encounter difficulties

In the elimination of the free play that disturbs the precige tuning

of the englne to a glven regime., Electrical transmissions restrict the
B potentials of the test, since it 1s impossible to execute a nonuniform
shift of the control levers.

Figure 111 shows a schematic dilagram of a hydraullc drive. The

drive consists of a transmitting and receiving [sensing] element, con-
nected to each other by means of a tube. The system 1s fillled with
LK

4 A delamd s
“oov vou

10 A
a5 &e3ire uild

rmer oil or, if o
be reduced, the system is fllled with a mixture of transformer oll and
kerosene. Each of the elements of the drive is fitted out with a pls-
ton that 1s spring loaded. Identlcal shifting of the transmlssilon angd
recelving elements is provided for in the system. Because of the ac-

- 183 -




™
1
i

]

s

tion of the springs the liquld is conBtant;y under presgsure.

The manifold between theé trapsﬁiésiéﬁf@%éﬁéniﬁ@5(on the panel) -
and the recelving [sensing] mechanism (on the engine or test Sﬁéﬁdy
can be placed anywhere 1n the test section.

Signal lights (lights of various colors on the conirol panel) are
wildely used in the control rooms for convenlence in gervicing the in-
stallation during the test. Thus, for example, a slignal llght can in-
dicate the flow of current to the Jngtallation, preparedness for en-
gine start, fuel supply to the engilne, cte.

The signaling systems (including the systems used for measurement
purposes) are lnstalled to correspond to the Uype ol cngine employed,
as well as to match the testlng lnstallatlon and the manner in which
the equlpment has been positioned on the teist gtand,

The aif in the control room should be changed at least every 10-1%
minutes. It 1B recommended that the entire fuel-manlfold system be en-
closed in a speclal cagling for whlch Individual ventilation is pro-
vided.

4, TESTING INSTALLATIONS AND THEIR DISPOSITION AT THE STATION

Two types of testlng installations are presently 1n use (Pig.
112). The basic difference between these installations liea in the dig-
position of the engine being tested 1in the test section wlth respect
to the control panel and room. In the installation shown in Flg. 112a,
the englne is positloned parallel to the control panel, whlle the en-
glne 1s positioned perpendlcular to the control panel 1n the 1lnstalla-
tion shown 1ln Fig. 112b. The test sections are structuraily liussg cume-
plex 1n the first type of 1lnstallation and satinfy the aerodynamic re-
quirements in simpler fashion. Greater safely for the servicing per-
gonnel 1s ensured in the installatlons of the second type, alnce the
rotation ot the compressor, ihe Luwrbline, and the prepeller telkes place
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in a plane parallel to the control room. The location of the test in-

stallatlons at a statlon is based on the type of test installation

gselected.

-,

4

]

Flg. 112, Diagrams of testing installations.
1) Test section; 2) control room; 3) opera-
tlonal housing; 4) control panel; 5) observa-
tion window;: 6) engine; 7) air inlet; 8)
ejector tube.
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Fig. 113. Dilagram of test-installatlon posil-

tion at station (arrows indicate direction of

alr movement in tegt sectilon). 1) Test section;

2) control room; 3) test stand with engine; 4)

control panel: 5) trangfer point, *

Flgure 113 ghows four versions of installation disposition. The

diagrams in Fig. 113a and b show atatlons wlth test sectlons in which
the engines are positioned parallel to the control panels, while the
remaining dlagrams show statlons with test sectlons i1n which the en-
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gines are posltioned perpendlcular to Lhe centwul pancls. In gomée sta-

tiqns,(Fig. ll3a, , and d) uge 1g made of 1nstallations with individ-
ual control rooms (single-slded in Fig. 113a, and double~glded in Pig.
113b and d), while the remaining figures (Fig. 113c) show a Joint con-
trol room.

The test sectlons of all testing lnstallatlons must open on a
transfer point 5 in which the engine 1s prepared for the test and from
whilch the engilne 1s sent on to the reassembly shop or the shipping
warehouse.

The diagrams in Fig. 113a, b, and ¢ show a single-row disposition
of testing installations at a statlon, while the dliagram In Fig, 113d
gshows a double-row disposition. The single-row test-installation dis-
position facilitates the settlng up of a statlon on the grounds of a
factory and makes possible centralized fuel asupply, facilitates fire-
protection conditions, and also simpllfies the supply of pure alr to
the englnes.

In addition to the above-mentloned bvasic bulldings, a conslder-
able portion of the area at a station 1s set aside for auxiliary ser-
vices. The area for the auxlliary structures 1s selected and allocated
on the basis of existing norms.

That portion of the statlon where the auxillary structures are
located (the warehouses, the administrative offices, and the personnel-
gerviclng departments) must be get up in a two-story building. The sta-
tion area i1s generally set up at the edge of the plant grounds, next
to the assembly shop, the prevailling wind dlrection belng taken into
conglideration here. The cxhaust gases should not be carried onto the
plant grounds. Rallroad sldlngs should be avallable near the test sta-
tion 1n orderlto provide for the supply of fuel to the fuel storage
area. The shipping sectlon to which the engines that have successiully
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passed thelr tests are sent should be located close to the statilon.
5.. TEST STANDS AND METHODS OF DETERMINING THRUST

The force of thrust must be determined wlth great accuracy. In
measuring thrust the permissible error should not exceed iO-S% of the

magnltude of maximum thrust.

The various types of test stands should satisfy the following re-
quirements:

1) they should exhibit sufficient mechaniecal strength and rigidity
with relatively small dimensions and low welght;

2) they should produce no additional resistance to the approach
of the alr to the engine;

3) provide for reliable mounting of the engine and convenience of
accegg to the englne for the purpose of performing the work associated
with the servicing of the engine; .

4) the design of the stands must permit of the testing of various
modifications of a given type of engine;

5) guarantee sufficilently long service life,

The existling stands can be dlvided into fixed and movable. In the
cagse of fixed stands the frame carrying the engine 1s not movable., Un-

like theée, the platform on the movable stands can shift within limits
governed by stopping devices.

Determination of thrust on flxed stands

In tests carried out on filxed stands, engine thrust is determined
by calculation on the basis of the following well-known formula (for

the case, flight velocity ¢ = 0)

RS Serk Fypipo) (118)

Formula (118) shows that in order to determine the value of thrust

it is necessary to know the area F5 of the exhaust nozzle, as well as
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; the alr flow rate G, the fuel flow rate G, the velocity Cg of the

gasea ai the outlst from the noszle, ihé sAte pressuré by at the out-
let from the nozzle, and the pressure p0 in the test sectlon. This
method 1s complex and cumbersome; moreover, it is impossible to meas-
ure the alr flow rate and the gas exhaust velocity with a high degree
of accuracy. For thls reason this method 1s rarely employed.

If the following values, known from the familiar gasdynamlics for-
mulag, are substituted into Expression (118)

G,4Gy=G,= -

£ (23
¥ * \
: —nY et () - T LA .
i "/g“‘[(ﬂs) (%) lvam (119) 1

and

f =/ sestorri[1-(2) ] (120)

and if simple transformatlions are carried out, we wlll obtain an ex-

pression for the determination of thrust in the following form:

, £t
o\ ®
R=2 klps[(&‘) ‘"l]Fn‘i"Fs(Pr“Po)- (121)

k— Py

The value of the adiabatic exponent k in Expressions (119)-(121),

a function of the composition of the gases and the temperature, can

with a suffliciently high degree of accuracy be assumed to be constant.

The reaction-thrust value referred o the Internatlonal Standard
Atmosphere (MSA) 1s generally of interest in engilne testing:

M nan
3y

Rog=R == (122)

Substituting the value of R from Formula (121) into Expresslon (122),
we will obtaln
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Rypy=1,033 z—:F.[z ﬁ—f[(%) ' —1]+(1—%)l. (123)

Thus in order to determine the value of the engine's reaction
thrust, referred to the MSA, 1t 1s necessary to measure the mean total
and static gas pressures at the outlet from the exhaust nozzle and the
pressure in the test sectlon, and then to employ Formula (123),

The valueg of the total and statlc pressures at the exit from the
nozzle can be determined by means of three 'rakes" mounted at angles
of 120° to one another and connected by means of a common header for
purposes of averaglng. For the case in which the pressure p5 = Pg»

Formula (123) assumes the following form:

Rup=2:086 " Fs{(%)+_ l]- (124)

The gasdynamic method on a fixed stand yields thrust measurements
that are less accurate than thoge achieved with a dynamometer on a
movable gtand; however, these results are completely in accord with
the technical requirements lmposed on the releage of geriles-produced
TRD [turbojet engines].

Determination of thrust on movable stands

The method of measuring the force of thrust dlrectly on movable
stands has gained wildespread acceptance. In this case the engine is
mounted on a gpeclal platform or frame which can shift 1in the direction
of the thrust developed by the engine. The platform shift is governed
by a rorce-measuring device and ranges Irom U,2 to 3 mm. ''he platrorm
generally hag 1ts own stopping devices that restrict 1ts motion.

All movable stands conslst of a movable platform (frame) and a
fixed base. In terms of atructural indlces, these sgtands can be divided
into three basic groups: stands with a platform on rollers; stands
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with a suspended platform; and stands on Which thé platform is fastened

40 flexible rods. U COALE R S

Fig. 114, Stand with suspended platform on con-
necting rods. 1) Support struts; 2) yoke; 3 and /)
connecting rods; 5) I'-ghaped lever; 6) connectl
rods; T) lower pins; 8) stopplng-device screw; 3%
pins; 10) movable-platform strut; 11) hinged sup-
port; 12) thilrd-support unit; 133 lower-gupport
connecting rod; 14) movable platform.

The flrst wldely used types of stands employed in the testing of
alr-reaction engines were units consisting of roller-mounted platforms.
They were marked by thelr low sensitivity and poor stabllity of read-
ings, because of the high contact stressges ln the rollers and the rapid
wearing out of thelr races. For this reason, roller-mounted platform
stands are not used at the present time.

Suspended test-stand platforms can be suspended from the celling
of the test section or from speclal support struts that are rigidly
fl1xed to the foundation. The test-stands with platforms suspended from
apeclal support struts exhlbit considerably greater operational advan-
tages. Depending on the type of suspension, this category of test-
stands can, in turn, be divided into two forme: test-stands with plat-
forms suspended from connecting rods, and test-stands ln which the
platform 1s suspended from flexible strilps.

A connecting-rod platform-suapension stand conslsts of four sup-
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Pig. 115. Stand with suspended plat-

form on flexible strips. 1) Dynamom-

eter; 2) base; 3) flexible strip; 4)

device for calibration; 5) platform.
port struts 1 (Fig. 114) rigidly fixed to a special foundation; in ad-
dition, there 1s a movable platform 1! suspended from four connecting
rods 6, a thrust-transmission mechanism connected to the metering de-
vice, two struts 10, and supports 12 for the mounting of the engine on
the movable platform of the test-stand.

The use of spherical (self-stopplng) bearings 1in the hlnged sus-
pension joints permits the easy shifting of the platform upon applilca-
tlon of force. The upper head of the connecting rod is fitted with a
single bearing, while the lower portion of the connecting rod, made in
the shape of a yoke, 1s fitted with two bearings and is connected to
the eyelét of the platform 14 by means of pins 7. The magniltude of the
shift in the longitudinal direction is restricted by screws 8. The
lateral shifting of the platform during the course of englne operatlon
on the test-stand is limlted by means of speclal stopping devices. The
lateral shifting of the platform permitted by the limlting devices
ranges itrom O.l to 0.3 mm.

The shifting of the test-stand platform in the longltudinal dilrec-
tion under the action of the force of thrust produced by the engine
belng tested ;s of comparatively great magnitude (2-3 mm); with shift-
Ing of this magnitude, the hosc of thc fucl gystem connected to the
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engine, the fuel system being under high pressure dueing the course of
the teét, introducés'd;stortions into the measurement é@épréYli;t is
impossible to reduce the shifting of the platform, since 1t 1s impos-
sible completely to eliminate the free play in the hinged connectlons
of the test-sgtand.

The measurement accuracy for thrust 1s reduced also as a result
of the lateral shifting and the frilction that arises as a regult be-
tween the guide bearing [a pillow] and the limiter.

Despite the indicated shortcomings, this test stand 1s occasilon-
ally used in testing seriles-produced VRD [alr-reactlon engines].

Flgure 115 shows the diagram of a test stand in which the plat-
form is suspended from flexible strips. The platform 5 1s connected to
the base 2 by means of four steel strips 3 attached to the platform
supports and the base by means of stress-~bearing bolts. The strips are
speclally thickened to provlde for better attachment wilth the supports.
When using a flexible strip exhibiting an a/b ratio of the order of 50,
there 1s no lateral shifting of the test stand, thus lncreasing the
accuracy of the thrust measurement. A test stand with strip suspension
exhlbits greater simpliclty and support (strip) reliability than the
test stand with connectlng-rod suspension.

The shifting of the test-ptand platform under the actlon of the
force of thrust produced by the englne belng tested must be small (to
eliminate the effect of strilp flexibility) and in contemporary instal-~
lations does not exceed 0}5-1.5 mm.

In some test stands the platform is mounted on vertical flexlble
roda and the shifting of the platform 1s limlted to 0.2<0.5 mm. Be-
cause of this small shift, the accuracy in the determination of thrust
1s 1Increased.

These test stands are gulie simple and they are expediently ewm-
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ployed for engines of small welght.

Of the above diagrams for test stands used to determine thrust, oo

the greatest acceptance has been gained by those stands 1n which the'
platforms are suspended from flexible strips,

Tegt-stand callbration

In order to achieve more exact thrust readingas, i1t 1s recommended
that the movable platform on all types of test stands be prestressed.
It is advisable for this purpose to provide for a tenslon-lever device

which can simultaneously serve as the calibratlon unit.

The test-stand platforms have been equipped with speclal devices
which serve to hold the engine, i.e., englne support frames. The en-
gine-gupport frames are absent in certain types of test stands, Lhe
engines being mounted dilrectly to speclal units on the platform.

The mounting elements are designed so as not to restrict the free-
dom of engine movement after the starting of the latter, in view of
the thermal expansion of certain engine component parts. The englne 1gs
mounted to the test stand at three points.

To maintaln the thrust measurement accuracy, all connections to
the engine supply and control elements are made of elastic materilals.
It 1s impogsible to achileve abgolute aceuracy In the measurement of
thrust, because of the presence of frictional forces in the measure-
ment system and because of the influence exerted by the various con-
nections. In this connectlon 1t is necéssary to calibrate the test
stand together with the méasuring device with which 1t is to carry out
its function.

The test stand is calibrated at a time when an engilne is mounted
on it. There are two types of callbration, i.e., static calibration in
the cage of an inoperative engine, and dynamlc calibration for the
cagse ol an englne 1n operation. Only rarcly i1s a test stand callbrated
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Fig. 116. Device for calibration of test
stands. 1) Yoke; 2) bracket; 3) bracket fasten-
ing bolts; 4) strut for movable platform of
test stand; 5) turnbuckle; 6) stops; 7) strut
of calibrating device; 8) strut-fastening
bolts; 9) weight holder; 10) rod; 11) I'-shaped
lever; 12) pin; 133 lever; 1i) movable counter-

v ot BT A

balance welght; 15

turnbuckle; 16) connecting
rod.

for dynamlc operation; for this reason we wlll not consilder dynamilc

calibration here,

Special devices lnstalled temporarlly alongside the test stand,
or the tension-~lever devices included 1n the deslgns of some test
stands, are used for purposes of calibration. The callbration device
is used artificilally to reproduce a load on the test stand that cor-
responds to the dlrection of englne thrust. The calibration devices
may exhiblt variation in design and operating principle. The simplest
and most commonly used devlces 1n testlng practice are the lever-type
calibpation units. -

Figure 116 shows a callbration lever-type device whose two struts
7 are ablached by means of bulis 8§ Lo Lhe founduiion on the two sides
of the stand. The vertilcal posltlion of the struts 1la controlled by
stops 6 through the turnbuckle 5., I'-shaped levers 1l are connected to
the upper portlon of the struts by means of a hinge attachment; these
levers are connected by mesns of pins 12 to connescting reds 16 which
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“'pan 9 1s suspended from rod 10 to hold ﬁhé qalibfaﬁiqn Wéighf§: T@e

have been provlided with turnbuckle 15. At fhe other énd 6f the levers

other end of the conmnecting rod is linked to struts 4 of the moving
test-stand platform through yoke 1 of bracket 2. A counterbalance 14

1ls attached to lever 13 which represents a continuation of lever 11.

In setting up this calibration device, the length of the connecting
rod 16 1s controlled by means of the turnbuckle so that the axis of

the pin 12 connecting the connecting rod with the lever shifts toward
the engine by some 1.5-2 mm with respect to the axig of the pln con-
necting the lever to the strut of the unit (the lengths of the connecet-
ing rods must be identical in this case). Then the rods with the weight
pans are suspended and the lndicator of the test-stand measuring de-
vice ls set to "O" by shifting weights 1& on levers 13.

Loads ranging in welght from 10 to 25 kg are placed on the pan 9
for purposes of calibrating the test stand and the readings of the
scale are recorded in the callbration log. The loads are successively
increased and the readings of the thrust-measuring devilice are recorded.
The maximum load must exceed the maximum thrust developed by the en-
gine by 10-15%. In this case it 1s necessary to take into considera-
tion the'relationship between arms a and b of lever 1l.

For purposes of verlfying the sensitivity of the test stand, equal
welght fractions are added to the two Weight pans, these welghts cor-
responding to 0.5% of the measured or maximum thrust (which depends on
the actual technical conditions). If the thrust-measuring device does
not .indicate a change in reading upon the additlion of such a weight,
the calibration device must be unloaded and the device must be checked
to make certaln that there are no blocks within the elements [links]
of the test stand, the device, or the measuring unit., Any detected de-
fects must be eliminated, and ihe callbration of the test stand must
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Pbe- repeated.

.. Upon combletioh of-the loAding OF “ths ¢El1bFation

latter 1s unloaded by the grédual removal of the welghta from the
welght pans. During this procedure the readings of thzs measuring de-
vice are recorded for the callbratlion points at which the earlier
readlngs were determined, as the welghts were belng lncreased.

If the thrust-measurement unit readlngs at the analogous polnts
obtalned during the loadling and unloading of the callibratlon device
exhlbit a divergence 1n excess of 10.5% from the maximum (or occasion-
ally the measured) thrust, the stand, the calibratlon device, and the
measuring unit must be checked out and the calibratilon must be repeated.

After the complete removal of the welghts from the callbration
device, the movable platform of the test stand must be roecked back and
forth and glven an opportunity to find its equilibrium position. The
indicator of the measurlng unlt must Iindlcate a zero thrust value at
thig time. Upon completion of the calilbration, a calibration graph for
the test stand 18 prepared on the basis of the mean data derived dur-
ing the loadlng and unloading of the calibration device.

A teat stand must be callbrated at least once a month, as well as
prior to‘and after extensive engine testing and after each overhaul of
the stand. Depending on the construction of the stand, the nature of
the tests that have been carriled out, and the design of the callbra-
tion unit, the calibration procedure may exhiblt certaln unique fea-
tures in connecction with which the sequence of calibration 1s lald
down in the correasponding technlcal lnstructlons.

G. TEST STANDS AND TORQURE-DETERMINATION METHODS

The basle parameter that tharacterizes the efficiency of turbo-
prop englnes is the power absorbed by the propellers. The direct meas-
urement of this bower durihg-the courge of & Tesi would Le ineificieni,
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The effective power 1sg generally determined by an indilrect method in
accordance with the following formula:

_ Mpn

Ny=35 (125)

In determining the power of turboprop englnes it ls necegsary to
devote partilcular attention to the methods and accuracy of determining
torque. The permissible error according to existing technical require-
ments should not exceed 10.5% of the magnitude of the maximum value of
the torque being measured.

The torque-determination methods used at testing sﬁations vary.
But In all cases, the engine beilng tested is mounted on a rigid [fixed]
{with a nonmoving platform) or a movable balance test stand (with a
rocking platform).

The requirements imposed on the above-indlcated test stands are
identlcal to the above-mentioned requlrements Imposed on the test
stands for the determination of reactlon thrust.

Regardless of the type of stand on which a turboprop engine is
belng tested, a necessary element of the test stand 1s the brake which
absorbs the englne power.

Air and hydraulic brakes have found conslderable application 1n
the testing of turboprop engines. Engine propellers are uged as alr
brakes. Air brakes are used to test engines both on filxed as well as
on balance test stands. Hydraulic brakes are used only for englne
tests conducted on fixed test stands.

Iet us now undertake an examination of the varlous methods of de-
termining the torque of a turboprop engine.

Turboprop-engine tests on fixed test stands with propellers and hy-
draullc brakes

Figure 117 shows a test stand consisting of a rigld space glrder,
placed in the foundation and supporting ihe siress-besrlny frame 2
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which contalns the ‘engine framework 1l in which 1s mted bhg,.eneiné_.

». The test

“whose power 1s absorbed by a propelle:
deslgn, easy to operate, and designed for the testing of engines of
great power. The testlng of engilnes of lower power 1g possible through
some simple adjustments of the test stand, i.e., by mounting an inter-

mediate frame on the atress-~bearing ring.

Flg. 117, Rigid test stand for testing TVD
[turboprop englnes] with propeller. 1) En-
gine mount frame; 2) stress-bearing frame;
3, 4) braces; 5, 6) struts; 7, 8) support

points; 9) pins.

It is possible to use a variable-pltch propeller as the brake for
this type of éngine, if the characteristic of the latter 1s clircum-
scribed by the avea OABO (Fig. 118). The line OA corresponds to the
maximum value of the blade angle ¥

max
to the minimum value of the blade angle Ym

, While the line OB corresponds
in’ The point A corresponds
tc the maxlmum torque. The polnt B sets the 1limit for the maxlmum per-
migsible revolutions from' the standpoint of propeller strength. The
line AB characterlzes the change In power at Mkr = const,

In principle, lnowing the relatlonshlp between the power absorbed
by the propeller and the revolutions for the wvarlous values of ¥ =
= c¢ongt makes_it possible to determine engine power. But 1n actual
practlce this method 1s rarely used, since the characteristlcs of the
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Fig. 118. Characteris-
tic of variable-pltch
propeller. 1) For a
'heavy" propeller; 2)
for a "lightened" pro-
peller,

Fig. 119. Diagram of
the mounting of a TVD
[turboprop engine] on
a fixed test stand
with a hydraulic brake
used to absrrb the en-
gine power. 1) Brake;
2) sleeve joint; 3)
engine; 4) test stand.

4
3

Fig. 120, Sehematic
dlagram of hydraulic
brake. 1) Shaft; 2)
brake dlsk; 3) water
feed; 4) valve; ?)
gstator casing; 6
drain; T) worm gear;
8) turning connection
tubes. '

propeller in operation in the teéﬁ sectlon

are not stable and cshnot be derived with a =

I

gufficlient degree of accuracy.

The magnltude of the torque on the
shaft of the engine being tested in a fixed
test stand where propellers awre used as
brakes can also be determined by means of
speclal torquemeters (IKM) (see Chapter 3).

Hydraullc brakes have gained consider-

able acceptdnce for purposes of abgorbing
and measuring power. Figure 119 shows the
dlagram of the mounting of a turboprop en-
gine 3 on a fixed test stand 4, a hydraulic
brake 1 being used as the power absorher.
The test stand consists of a rigld girder
mounted on a specilal foundatilon.

The operating principle of the hy-
draulic brake 1s based on the utilization
of the reslstance that arises in the rota-
tion of disks in a fluld. The schematic «i-
agram of such a hydraulic brake is shown in
Fig. 120. Shaft 1 carries brake disk 2
rotating wlthin the casing of stator 5
which can turn in its bearilngs. Water sup-
plied through valve 4 moves through tube 3
under congtant pressure to the center of
dlsk 2, whence under the action of centrif-
ugal foreces 1t 1s eJected to the periphery
ot the dilsk. The waste water is removed
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consequently, the _power- absorbed by the brake,'

connection tubes 8 which are turned by means of worm gear 7.

The hydraullec resilstance actlng on the disk as 1t moves through
the layer of water produces a braking moment. The latter 1s directed
agalnst the rotation of the disk and balances 1ts equal but oppositely ¢
directed torque, the latter being appliled to the ghaft of the brake.
The work performed by the engline is converted into the heat which
ralses the temperature of the water.

The moment equal to the braking moment, but oppositely directed,
i1s applied through the water to the casing. This moment will turn the
caslng in the directilon of rotor rotation., The magnitude of the moment
is measured by means of dynamometers. Thus the hydraulic brake is used
to measure torgque.

Turboprop engines can be tested on a hydraullc-brake test-stand
with or wlthout a reduction gear. Low-power engilnes operating with a
single propeller are tested wlth a reductlon gear.

The following requlrements are lmposed on hydraullc brakes used
in TVD [turboprop-engine] tests:

1) reliable operation for no less than 2000 hours;

2) the error in the torgque meagurement must not be greater than
+0,5% of the maximum measured moment;

3) provislon must be made for changing the load withln wlde lim.-
1ts at a constant number'of revolutlons;

4) the brake must be simple to operate and easy to control.

With & high theoretlcal number of revolutlons, the hydraulic
brake for the testing of powerful TVD ls qulte compact and light.

The above-enumerated requirements can be satlsfiled by the domes-
tically produced @r-E hydraulic brake (Fig. 121), The hydreulilc por-
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Fig. 121, GT-E hydraulic brake. 1) Freewheeling

coupling; 2) gupport; 3) drain fitting; U4) disk;

5) bearings; ©) support flanges; 7) caslng disks;
sllde valve; 93 middle dusk; 10) settling ring;

11) water pump; A) Fill chamber; B [B]) decelera-

tion chamber; C [B]) settling chamber,

\ tion of the frame consigts of a 1ill chamber A, a deceleraiion chambes
B [B]l, and a settling chamber C [B]. The fill chamber i1s a cavity from
which water flows into the deceleration chamber; the purpose of the
f1ll chamber is to even out the fluid pressure, whilch 1s extremely im-
portant from the siandpoint of the opcrational stability of the brake.
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Mechanical energy ls

chamber, The decelération’ ¢hambér- i-Glosed off on the outside by - -~

means of ring 10 of middle disk 9. Slots for the passage of water from
the deceleratlion chamber to the settling chamber are formed between
the ring and the frame disks 7. On the stator surfaces faclng the
brake disk there are radlal ring [extended surfaces] to ralse the re-
glstance coefficlent of the deceleration-chamber walls.

During the course of the operation air and water vapor acecumu-
lates in the deceleratlon chamber, and this produces shaking and un-
stable operation of the hydraulic brake. To eliminate this defect the
deceleratlion chamber 1is opened to the atmosphere. Water passes into
the brake through a flexible hose trom a constant-level chamber through
gllde valve B controlled by means of an electric motor. In other words,
the slide valve serves to control the magnitude of the power abgorbed
by the brake.

The water pump 11 supplying the ejector of the hydraulic brake is
mounted on the stator. Since the pump 11 1lg drlven by the shaft of the
brake and 1s mounted on the stator housing, 1t [the pump] exersts no
influence on the accuracy of power measurement. The ejector provides
for the stable operation of the hydraulie brake in all regimes.

To avold the formatlon of scale, the temperature of the water
leaving the hydraulic brake must not be permltted to exceed 70-80°¢.

The accuracy 1ln the meagurement of torque 1ls a function of the
maghitude of friction at fhe supports and of the rigidity of the tub-
ing through which the water Ir'lows. ‘''he smaller the turning ol the
stator, the hlgher the measurement accuracy. Tﬁe tubing (hoses) mustf:
be soft.

The torque acting on the stator 18 transmitted to the measuring
gevice. Two levera {Fig. 122) arc attached to the hydraulic-brake
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Fig, 122. Diagram of callbra-
tion devlice and measurement of
torque. 1) Dynamometer; 2) op-
erating lever; 3) rollers; Mg
calibration device; 5) cali-
bration lever.

frame. The calibration lever 5 serves to absorb the forces from the

welghts positloned in the calibration device 4. The operating lever 2
transmits the forces resulting from the reaction moment to dynamometer
1.

The dimenslons of the hydraulilc-brake disk are selected on the
basls of calculation, Considering the friction of water on the two
gldesg of an infinitely small annular brake-disk element and Integrat-
ing the differential equation, we will obtaln the following formula
for the determination of the power of the disk friction:

wd(ri—rp)

N0 (126)

where ¢ is the coefficient which characterizes the influence of the
frictlion of the disks in the fluid on the magnltude of the losses; T
and r, are, respectlvely, the outside and ilnglde radii of the brake
dlsks, in m; n represénts the number of brake-rotor revolutions, in
seconds; C ig a constant.

The design of the @T-E hydraullc brake was carried out in accord-

ance with the seml-empirical formula

_.. 2 \1.8 N 0,2 ,‘szﬂ (’4..3 —_ r:-‘)
An"'c‘(1+-) (2) I Ta— (127)

where Cd 1s a constant characterizing the resistance of the digk (for
the GT-E brake, Cy = 0.208);. a 1s a constant characterizing the influ-
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a = 5); ® 18 the angular velocity of the disk, in 1/sec; v 1s the co-
efflclent of the kinematlc viscosilty of the working fluid, in me/sec;
p 1s the density of the working fluld, in kg-sece/mu.

The quantities v and p are determined from
3 the mean temperature of the water at the inlet

to and outlet from the brake, and thls tempera-

’ ture is usually t,, = 40-45°0, By using Formula

(127) we can construct the characteristic of the
Flig. 123, Iily-

draulic-brake hydraullc brake for the casge 1n which 1t 1s com-

characteristla.
pletely filled, l.e., maximum power ag a funcw

tion of the number of revolutions.
The calculated power 1s used to determine the flow rate of water
through the hydraulic brake:

632.Ny
Q=T’ (128)

where At 18 the temperature difference for the water hetween the inlet
to and the outlet from the brake, generally equal to At = 35-45 C.

The - quantity Q ls used to caleculate the cross section of the tub-
ing at the inlet to the hydraullc brake. It 1s recommended that the
gpeed of the water in the tubing be set to range between 2-3 m/sec,
The quantity Q 1s also used to caleculate the flowthrough passages of
the throttle, the water pump of the elector, and the drain fittings,
hae maximm pressure in k'g_/m2 developed In the deceleration chamber is

calculated from the following expression:

Pan="5 2= (5 (129)
The force applled agalnst the wall of the deceleratlon chamber
can be found from the developed pressure.
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Figure 123 shows the characteristic of a hydraulic brake. If thé
gharaeteristic of the engine being testedrfailsrwithin>tpe area éiff
cumgeribed by the lines OABCDO, thils would be an indication that the
gilven brake can abgorb the power of the engine and measure the magni-
tude of the torque. The initial segment (OA) of the characteristic cor-
responds to the functioning of the brake when filled with water to the
maximum and this segment 18 a curve that 1s close o being a cubile
parabola.

The torque attains its maximum value at polnt A. A further in-
crease in the number of brake revolutions 1s permissible 1f the thick-
ness of the water layer in the brake 1s reduced so that the torque re-
mains constant on the segment AB and equal to 1ts maximum value.

The power abgorbed by the brake attains its maximum at point B. A
further increase 1n this power results in the onset of the bolling of
the water f11ling the brake. The limit angular veloclty of the brake
rotor 1s attained at point C.

The line OD of the characteristic indilcates the minimum power ab-
gorbed by a brake wilthout water because of the frictlion in the rotor
bearings and the frictlon between the disk and the alr.

The'hydraulic brake with a torquemeter 1s callbrated by means of
a calilbratlon device consisting of levers, connecting rods, and welghts;
a dlagram of such a device is shown in Fig. 122. The method involved
in the calibration of a hydraullc brake 1s analogous to the method
used to callbrate the thrust-measurement test stand. The accuracy re-
quirements ror the calibration ot a hydraulic brake are the same as in
the case of the measurement of reaction thrust.

A hydraulic brake ls callbrated at intervals stilpulated in the
technical documentatlon for the testing of a glven type of engine, and
after all, overhauls are preventive-malntenance Inspectilons.
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Flg. 124. Hydraullc system of the lnstallation.
1) Constant-level tank; 2) slide valve with elec-
tric motor; 3) valves. A) Hydraulle brake; B) to
radiators; C) to cooling tower.
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Fig. 125. EBelancing electric motor. l;
Armature; 2, B) stator bearings; 3, 7
struts; &, 6) rotor bearings; 55 stator,

A shortcoming of hydraullc brakes in the testlng of powerful en-
gines having coaxial propellers is the fact that it 1s nccessary to
remove the reduction gear, as a result of whileh the engine power 1s
determined without any conslderatlon of the losses In this unit.

The application of a hydraulic brake as the absorbing device for
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the power developed by the engine being tested results in the addition L
of. yet another system — a water system — to all of the systems of the Lo
test installatlon; a schematic dlagram of this water éysteﬁ is shown

in Flg., 124, The water from a main enters the constant-level tank 1

whence 1t passes into the brake through a filter and a controlled

sllde valve 2. The waste water, as well ag the excess water from tank

1l, is passed on to the coollng tower where it 1s cooled, subsequent to

which it 1s returned to the ;onstant-level tank, The system 1s not

complex, but during the testing of powerful engines it must exhibit

great flowthrough capaclty.

Intests onenglines with an alr or hydraulic brake, a balancing i
electric motor 1s occasionaliy used as a starting device (Fig. 125).
The balancing electric motor makes it possible simultaneously with the
turning over of the engine belng started to determine the magnitude of
the power absorbed by -he engine during the starting procedure. The
moment applied to the stator of the electric motor 1s measured in the
same manner as in the case of a hydraullc brake, by means of levers
and a measuring device., After the engine has entered into 1lts regime
of operational revolutlong, the balance electric motor 1lg shut off.

Flgure 126 shows a rigid test stand for the testing of TVD [turbo-
prop engines] with propellers actlng as brakes, and with a balance
electric motor €6 functloning as the starter. The figure shows dynamom-
eter 9 serving for purposesgs of determlining the magnitude of the power
abgorbed by the engine at'the instant of start and the calibration de-
vice 7 of the balancing electric motor.

Englne tests on balance test stands

The power of a turboprop engine can be determined by means of a
balance test stand. The propeller serves as the brake to absorb the
engine power,
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Fig. 126, Rigid test stand for the
testing of TVD [turboprop englnes]. 1)
Reductlon gear; 2) connecting shafst;

3) engine; 4) dashpot; 5) test stand;
6) balancing electric motor; 7) device
for the calibratlon of the balancing
electric motor; 8) manometer; 93 dyna-

mometer; 10) electric motor; 11

pump ;

12) filter; 13) fuel tank; 14) elec-

trlc heater.

Big, 127, Schematien dla-
gram of balance test
stand. 1) Calibration de-
vice; 2) connecting-rod
system; 3) immovable base;
4) frame; 5) lever; 6
adjustable load; 73 en-
gine; 8) propeller.

Figure 127 shows a schematic dla-
gram of a halance test stand. The test
stand consilsts of a fixed base 3 and a
frame 4 that rocks about the 0 axls. The
engine 7_being tested 1s mounted on the
frame. Durlng engine operatlon propeller
8, rotating counterclockwise, produces a
clockwlse reaction moment on the rocking
axls of the frame. The reaction moment
is equal in magnitude to the torque ap-

plied to the shaft of propeller 8 and 1t

- cauges the frame and lever 5 whilch actu-
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ates connecting rod 2 11nkéd with the torquemeter to turn through a
certain anéle. The calibratioﬁrof.the test sﬁénd by ﬁééﬁ; 6f dévige 1
1s carrled out 1n a manner analogous to the calibration of the test
stands used for the measurement of thrust.

An absolute necessity In the case of balance test stands ls the
positioning of the center of gravity of the rocking system beneath the
rocking axis. The axls of the engine is generally made to coincide
with the axls of the rocking system or it ig positioned somewhat higher.

The twisting of the flow streamlining the engine by means of the

propellers exerts some influence on thé‘accuracy with which the torque
Mkr 1s measured. The twisted alrstream reduces the actual torque by
2-3%.

It is well known that gases are exhausted axlally from a turbine
only in the case of englne operatlon In the rated regime. Analysis of
experimental material shows that the twilsting of the gas stream leav-
ing the turblne may Introduce an error as high ag 10% of the measured
magnitude of Mkr'

In order to eliminate the Influence of the streamlining of the
engine with an airstream twisted by the propellers, 1t 1s recommended
that the'engine be covered during the course of the test with a rapidly
removable cowling made of sheet steel and fastened to the fixed base,
or that a guide-vane asgsembly be Installed bhetween the engine and the
propeller.

In order to eliminaté the iInfluence of a twlgted gas stream bea
hind the turbine on the measurement of Mkr’ 1t is recommended that a
guide-vane assembly be 1ingtalled at tpe outlet from the exhaust nozzle
of the englne, thls assembly belng mounted in a cradle.

After implementing the above-indlcated measures, 1t becomes pos-
sible to measure Lhe Lorque of & TVD [turboprop engine] with an error
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not exceeding 42%.
B8 can be seen from vhé above, the accuracy of torque measwreménts

in engine tests on balance stands does not correspond to the technical
requirements.

The greatest measurement accuracy for torque is achieved by the
hydraullc brake. The testing of engines on rigid test stands with air
brakes and IKM [torquemeters)] for the determination of the magnitude
of Mkr 1s the most promising.

7. STANDS FOR THE MEASUREMENT OF THE EQUIVALENT POWER OF A TVD [TURBO-
PROP ENGINE ]

The efficicncy of a TVD [turboprop englne] 1s evaluated by the
equivalent power whlch represents the sum of the effective power ap-
plled to the shaft and the power produced by the reaction thrust. Un-

der test-stand condltions, this power can be determined from the fol-
lowing expression

N,=N,+091R,, (130)
where 0.91 1is the factor used to convert thrust into power; Ne is the

effectlive power; RS 1s the reaction thrust of the nozzle.

9 . Thus in order to determline N, 1t 1s nec-
ih "'1:' egsary simultaneously to measure the torque
AN
t‘“““““_f”T"' Mkr and the nozzle reactlon thrust Rs'
| i
l\.‘!"ﬂ The stand for the determination of equlv-~
e A

alent power conslsts of elements which make

Fig. 128. Test stand
for the determlna-
tion of eauivalent
power. l; Hydraulie
brake; 2) englne; E Equlvalent power can be determined
movable platform;

flexible strip; 5)
base; 6) dynamometer.

1t possible to carry out the simultaneous and

geparate measurement ot torquc and thrust.

whether the engilne ls Installed on a fixed or
a movable test stand. In this case 1t 1s ex-

pedient to determine reactlon thrust on a fixed test stand by employing
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Fig. 129, Diagram of test-station fuel system. 1) Fllter;

2, 3) pneumatlc valve; 4) flexible hoges; 5) valve; 6) re-
verge valve; 7) three-stroke valve; 8) metering tank; 9)
pump unit; 10) purification filter for starter fuel; 11, 14)
automatic pressure regulator; 12) coarse fuel-purification

’ filter; 13) fuel-flow-rate counter; 15) compressed-air valve;

16) sampler; 17) emergency fire-safety device. A) Control
panel; B) instrument panel; C) from air manifold; D) air; E)
0oil for protection, from oil system; F) oll for protection;
@) fuel draln from manifold.
the gasdynamic method, while 1t 1s best to determine the torque by
means of one of the above-consldered methods.

: The stands in which the engine and the hydraulic brake which ab-

i
sorbs the power of this engine are mounted on a movable platform have
found some application for purpoges of determinling equlvalent power.

\ The diagram of such a test stand 1s given in Fig. 1285. A platform 3 is
suspended on strips 4 from base 5. The engine 2 whose power iz absorbed
by hydraulic brake 1 1s mounted on the platform. The thrust developed
by the gas stream leaving the exhaust nozzle ls measured by dynamom-

eler 6. This method provides.high accuracy in the determination of
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The calibration of the dynamometers used to meapure thrust and

torque on the test stands considered above 18 carried out separately,
but with the englnes mounted and fitted out to correspond to the equip-
ment being used.
8. THE SYSTEMS OF THE TESTING INSTALLATION

In order to make 1t possible to carry out engine tests and to re-
cord the characteristics stipulated 1n the technlcal manuals, testing
installatlions are filtted out with fuel and oll systems, fuel-charging
systems, starting systems, ete. Let us examlne some of these systems.

The fuel system

A fuel system for an installation employed to test VRD [alr-~
reaction englnes] must provide for:

1) uninterrupted supply of the required quantity of fuel to the
englne for all operating regimes;

2) the possibility of rapild measurement of fuel flow rates in all
engine-operating regimes, with an error not to exceed +0.5%;

3) careful separation of air and filtratlon of the fuel supplied
to the engine;

4) supply of two various grades of fuel (starter and main) to the
englne at varlous lnstances;

5) convenience in operation and airtight constructilon.

The fuel 1s fed to fhe engine through a flow tank situated on the
testing inastallatlion, or 1t 1ls supplled directly rrom the ifuel storuage
arco. Contemporary VRD [alr-reaction englnes] expend considerable quan-
tities of fuel, For this reeson virtually all testing statlons employ
a system of direct fuel supply to the englne from a central storage
area. The rfuel is supplled through tublng exhlblting oross scetions
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Fig. 130. Dlagram of central fuel gtor-

age. 1) Entry point; 2) filters; 3) pump;

4? containers; 5; pressure pump; 6) re-

ductlon valve; 7) manometer; O) flow-

meters; ?) valve. A) To the installa-

tions; B) main fuel; G) main fuel (an-

other grade); D) starter fuel.
adequate for the continuous supply of several operating engines, and
the fuel pressure in the system is kept equal to 1l-1.5 atm excess
[gauge pressurel].

A schematle dlagram of an ingtallatlon fuel system in which the
fuel 1s fed continuously i1s presented in Fig. 129, The main fuel from
the central fuel storage area 1s fed through a coarge-purlfication
filter 12, Then the fuel 1s passed through the total fuel flow-rate
counter 13 to the automatlc pressure regulator 14 which maintalns the
requlred pressure in the net. The fuel is directed from the regulator
to the englne through fldwmeter 16, the latter. belng of the volumetric
or weight itype, The fuel eniers Uhe empglue Lhwrough [ilier 1 and pneu-
matic valve 2. The pneumatic valve 1ls designed to ghut off the fuel in
the case of a fire emergency. It 1s advisable to ingtall a rotameter
between the f;owmeter 16 and filter 1, thus making it possible continu-
ously to monitor the magnitude of the flow rate and to maintein the
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stability of the engine operat lng regimes. .
‘ The starter fuel 13 supplied to the engine through fil ep. lO theu

automatlc pressure regulator 1l, and the emergency electromagnetic re-

mote~controlled valve 3, The metering tank 8 is used to measure the
flow rate of the starter fuel. There must be a drain manifold in a
fuel system to provide for the return of the excess fuel intu the fuel
storage area.

The adopted centralized supply of the installatlons with fuel
provides for the continuous movement of fuel to the engines and it
also provides for fire safety. The fuel storage area generally con-
sists of flow tanks, a pump statlon supplying the fuel to the installa-
tions, and a "drain" station which pumps the fuel from the railruvad
tank-cars into the fuel tanks at the fuel storage srea. Three pipelines
are used to supply the fuel to the installations: maln fuel (various
grades) 1s moved through two of these plpelilnes, while the starter
fuel is moved through the other. There 18 an individual pump providing
the required excess pressure in each plpeline, The constancy of pres-
sure In the system is maintained by reduction valves whilch provide for
the bypass of exeess fuel back to the fuel tanks,

Flgure 130 shows a diagram of an approximete disposition of fuel
tanks and equipment at a central fuel storage area, the fuel being
supplled to the 1nstallations by means of pumps.

The fuel entering the engine 1s cerefully purified. The Ingtalla-~
tlon of two fllters is generally provided for in a fuel system, 1l.e.,
a coarge-purltication rilter and a rine-purification {iiter. The [il-
ters lncluded in the system must exhiblt low coefflelents of hydrsuliec
reglstance and they must trap particles larger than 5 | in size.

Silk (capron) fabric or speciel rubberized paper 1s used as the
filiering material., The counstructionm of onc such filter ig shown in
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Fig. 131.

The cholece of the filtering-surface
area depends primarily on the magnitude
of the fuel flow rate, the permissible

resistance of the filter, and on the

proposed [requency of overhaul.

The hermetic sealing of the valves
for a pressure greater than the operat-
Ing pressure 1s checked systematically.

The crogs-sectional area of the

fuel manifold [pipeline] is selected so

Fig. 131. Fuel filter, 1)

Drain valve; 2) silk; 3) that the fuel moves at & speed of 1-2
frame of filtering element;

4) fuel-supply connection m/sec. To reduce possible losses in
tube; 5) upper cover plate;

6) fuel-removal connection pregsure, the radil of curvature are

tube; 7) housing.
generally made to exceed three diameters

of the manifold,

All manifold connections must be easily accessible for inspection
and rapid replacement. In order to eliminate the influence of the fuel-
supply tubing on the measwrement of thrust or engine torque (when test-
ing engiﬁes on nonrigid test stands), the fuel manifold is connected
to the englne by means of a flexlble hose directly at the test stand.

The hermetic sealing of the fuel system under & pressure greater
than the normal operating pressure 1s checked no less than twilce and

no more than once a month [sicl.

Contemporary turbojet engines are equipped with an oll system
that is independent of the aireralft (autonomous), and i1ts individual
elements (containers, radiators, etec.) are structurally incorporated
ag part of the engine. Therefore, for the geries-production testing of
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fitted out only wilth an oll system 1ntended for the protectlon of the

engine.

For purposes of coolling the rubbing component parts of a TVD
[turboprop engine] reduction gear, considerably more oll must be
pumped through than in the case of a TRD [turbojet englne] and an ex-
ternal oil system satisfying the followlng requirements 1s therefore
required at TVD [turboprop-engine] testing installatilons.

1) the system must provide for the supply of the required quan-
tity of oll to the engine, as well as for the measurement of the quan-
tity and flow rate of oil belng pumped;

2) the oll leaving the engine must be cooled, and the temperature
at the inlet to the englne must be malintained within certain limits;

3) the 01l leaving the englne must be flltered;

4) prior to starting the engine under conditions of low ambient-
alr temperatures, provision must be made for the heatling of the oll.

Flgure 132 shows the schematic dlagram of an oil system for a TVD
[turboprop-engine ] testing installation, The oill 1s fed from a special
containef into tank 4 set up on a weighing device 5 through oll flow-
rate indicators 7. The oll-tank enclosure ls generally deslgned to pro-
vide for the supply of two grades of olls to the testing installations
and for the return of the waste oii from these installations. Tank 4
is equlpped wlth an electfic heater. From the tank the o011 is fed
through a fillter to the engine. As the oll leaves the engine it passes
through filter 10 (made of a brass grid) and returncd to the tank
through the flowmeter 2 which makes 1%t possible to determine the quan-
tity of oll being pumped through. The system has & water-oll radiator
1 by means of which 1t 1s posasible to determine the heat transfer to
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the oll.

™o filters connected in parallelrat the outlép frqﬁhﬁhg ehg;ne
make 1t possible to switeh off one of the fllters and to carry out an
inapection wlthout stopping the test. The pump unit 3 makes it pos-
slble to heat the oil in the entlre system. In order to achleve this

the system must provide, 1n advance, for the completion of the circult

by means of valves 12,
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Pig. 132. Schematlc dlagram of oll sysatem. Con-
ventional denotatlons: — oll feed; -- oil
drain; ~ flexilble hogse. 1) Water-oil radiator;
2) flowmeter; 3) gump unit; 4) weighing oil
tank; 5) scalea; 6) oil collector; 7% oll flow
indlcator; 8, 12) three-way valve; 9) reverse
valve; 105 filter; 11) valve. A) To the engine;
B) from the engine.
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In the testing of engines we distinguish between the oil flow
rate and the "pumping" of oil, By flow rate we mean the quantity of
oll consumed by the engine in one hour of operation. ‘Pumplng® ot oll
refers to the quantity of o1l pumped through the englne in one minute,.

The flow rate is governed by the change in weight or volume of
01l in the installation tank within a given interval of time. In the
cage of a volumetrilc measurement it ls necessary to maintain the oil
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at an ldentical temperature at the stars énd end Qf the meagurement

‘procedure. . .

The "pumping" measurement is carried out during the course bf a
single minute, at a steady oll temperature. The quantlty of pumped oll
is determined from the followlng formula:

G, =V, u= V,[1uz ¢ — 0,007 (¢ sa — 20)]s (131)
where Vh is the volume of pumped oill; Ym 209¢ is the specific weilght
of the oll, at 20°C; tm.vykh is the o0ll temperature at the outlet from
the structure.

The heat transfer to the oll can be determined from the following
expregsion, on the basis of the "pumping" magnitude:

Qu=Cu (tu. x40 G (132)
where tm.vkh 1s the oil temperature at the inlet; Cn is the apecific
heat of the oill.

¢,==0,434-0,011 ( s £ e —15)- (133)

The radlators used In the oll system are conventlional water-oil
tubular radlators, The oil flows through tubes flushed by water or,
conversely, hbetween tubes through which water flows. The oil preasure
in the radlator must be somewhat higher than the water presgsure.

The oll-gystem tuEing dlameters mugt be chosen so that the rate
of oll circulation does not exceed 1 m/sec.

All englnes undergolng control tests are subjected to internal

and external proteetion. The internal protectlon of an engine 1s car-

3

ied out at the atation while the external protection of an englne l1s
handled at the shipping point. Internal protectilon involves two stages.
Upon completion of the control test and prilor to the shutting down of
the engine, 01l 18 passed into the engine's fuel system rather than
fuel (see Fig. 130). The protection of the remalning engine units is
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carried out on special carts in the transfer hall.to which the engine
1s directed after the tests. ' SR ”
9. CALCULATION OF THE REQUIRED NUMBER COF TEST STANDS

The number n of test stands at a station can be determined from
the followlng formula:
a2, (134)

where 3T 1ls the total gas capaclty for the tests, in test-stand hours;
¢ 1s the actual operational time "reserve" for a single test stand, in
hours. _ .

The total gas capacity for the tests depends on the production
schedule for N engines, the number of test hours, and the time required
for auxlliary operations when the englne 13 on the test stand. This
time, regardless of the type of teat lnvolved, is composed of the fol-
lowing elements: the flme required for the mounting of the engine on
the test stand and for the mounting of the englne equipment, the heat-
lng and the running-in of the engine, the testing of the englne, the
adjustment of the englne, external Ingpectlon, adjJustment operations
(for englnes undergolng extenslve or speeclal tests), and the time re-
quired for the removal of the engine from the test stand.

Iet us denote the total time that the englne spends on the test
stand during the period of the mounting and testing operations as fol..
lows: the dellvery time l1ls A; the monitoring time ls B; the speclal-
test time is C; prolonged-test time 1s D; and the repetition-test time
1s E. The guantitles A, B, C, D, and E are determined from the test
gchedule. The number of englnes undergolng special tests 1s assumed to
ﬁe equal to Kl = 0,025 N. The number of englnes undergolng prolonged
tegsting 1s denoted by K2 which 1s determined from the technlcal specil-
fications for the test. When taklng lnto conslilderatlon the magniltude
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dusary to add 20% to the adjustment operationsi™

undergoing repeaéedrtesté 1s‘aséumed fowﬁé equéi fo Ké = O;i N;
time of a repetition test is set equal to the time of the delivery and
monltoring testa, l.e., E = A + B, Consequently, the total annual ca-
pacity in hours can be determined from the follewing formula:

3 Tw[1,1(A+B)+0,025C+1,2K;D] N. (135)

The true operational time reserve for a single test stand for a
year 1s less than a calendar year (being a product of the number of
working days per year and the possible dally time during which the
test stand can be kept 1in operatlon) because of time losses due to
equipment overhaul, preventlve malntenancc, and idle time:

Ok, (136)
where k 1s a coefficlent that is a function of the degree of test-stand
complexity, the engine characteristics, and of the degree of equipment
wear. It is generally assumed that k = 0.85-0.95.
There are 359 working days in a year, and 1f we assume that the

statlon is in operation on a 24-hour basis, each shift working for a

" period of 6 hours, Opny = 359 work days X 4 shifts X 6 hours = 8616

hours. In 1ts final form the formula for the determination of the num-

ber of test stands can be presented as follows:

N N[l.1(4+3)+0.MC+1.9K;91' (137)
. s

If n proves to be a fraction, it must be rounded off to the high-
est whole number. To achicve the required reserve in statlon capaclty,
the recommendations call for the fitting out of a sgtation with n' =
=n+ 1 test stands.

10. METHODS OF CONTROLLING NOISE AT TESTING STATIONS

Noise is generated at the testing statlons as a result of the suc-
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Flg., 133. Total noise in-

tensity as a function of
azimuth for varlous types
of engines (of equal
thrust) at a distance of
9 m from the source of
the noise, 1) TRD [turbc-
jet englne] with after-
burner; 2) TRD [turbojet
engine]; 3) TVD [turbo-
prop englnel; 4) at the
front; 5) at the rear.

flow of gas thtolgh the exhaust nozzls,
In the case of TVD [tnﬁbﬁhrgp-énéiné]
testiﬁg;”we'have’the*aéditionaiﬂnozﬁé‘*
faetor of the propellers.

It should be borne in mind that the
exhaust noise produced by air-reaction
engines 1s a high-frequency phenomenon
that 1s particularly dangerous from the
standpolnt of health. Problems relating
to the control of nolse at installatlons
for the testling of Jel englnes are ex-
tremely Important not only for the ser-
vielng personnel at the station and the
staff at the plant, but for the popula-
tlon resldling 1n the vielnlty of the plant.

Mlgure 133 shows the data which characterize the change In noise
intensity at a dlgtance of 9 m around various types of englnes, at ap-
proxlmately ldentlcal thrust indleces. An increase In the distance to
90 m reduces the Intensity of the nolse by approximately 20 db.

The decibel 1s the unit of nolse Intenslty. The number of declbels

1s determined from the followlng expression

;e
L=101g—g dn, (138)
where I 1s the loudness level of the source; IO 1s the loudness level

1
. -9 2 -16
at the threghold of audibility, equal to 107~ erg/em”-sec = 10

it

Joules/em®: sec.
In order to be able to represent the magnitude of the nolse pro-

duced by jet englines from the physilcal standpoint and in order to clar-
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ify the meaning of Ehe.prob;eﬁ~undéi §§;§
‘Pla. 134 vhich showa the phystologieal §7#Get of varyi

of noise on & human being. In the case of a loudness level In excess
of 80 db 1t becomes diffilcult to carry on & conversatlon; a level of
120 db produces a gensation of pressure in the ear, while at 140 dp
sound produces pain; at 160 db the organs of hearing suffer mechanical
damage. According to the rules of safety, no work should be performed
for any prolonged period of tlme when the nolse-level intensity rlses
above 85 db. Higher sound-pressure values can be withatood for short
periocds of time.

In the attempt to control nolse at testing stations it i1s abso-
lutely necessary to bear in mind that significant speeds, temperatures,
and volumes of exhaust gases compllcate the planning, selectlon of ma-
terials, deslgn, and constructlon of nolse-absorption systems.

In this connection, in planning and designing nolge-absorbing sys-
tems for testing stations 1t becomes necessary to take intc considera-
tion not only the physicomechanical propertles of the sound-absorbing
materials, but the permlssible pressure dilfferences across the ges
gtream and the avallable cross sectlong of the inlet and outlet ducts
of the installation. The quantity of secondary alr required for the
reduction of the gas temperature 1s determlned as part of the design
calculation.

In the effort to combat nolse 1t 1ls necesssry to take into con-
sideratlon the possibilit& of noise propagation in two ways, 1i.e.,
through the alr and through toundations and the goil. To preveni ithe
propagatlion of nolse through the foundations of the testing ilnstalla-
tions, the latter are 1nsulated from the ground. Iet us dwell in some
detall on the'methods uged to combat noise that is propagated through
the air.
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Fig. 134, Physlological effect of nolse on
hearing organs. 1) Noise intensity, in db;
2) mechanical damage; 3) threshold of sen-—
satlon of pain; 4) threshold of the sense
of touch; 5) line of equal loudness (100
db); 6) speech region; 7) threshold of

audibility; 8) pressure, in dyn/cm2; 9)
frequency, 1ln cps.

Flg. 135, Diagram of exhaust channels
with baffles made of fiber-material

X ) panels. a) Channel with panels covered
with a perforated steel gheet; b) chan-
nel with panels in parallel position;
¢) channel with turns; d) sinusoidal
positioning of panels.

A sound originating at some point of the testing installation be-

gins 1its propagation in all directlons and, on encountering an ob-
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atacie, 1s feflected or partlally absorbéd. H&Vi@g been reflected‘once,
“‘the sound may be reflected once again Tfrom an obstacle on the opposite
slde, this procedure continulng to complete attenuafion. The better
the material of the obstacle absorbs sound, the more rapldly is the
sonlc energy attenuated. And conversely, good reflecting surfaces, if
properly positioned with respect to one another, so amplify a sound
that it continues for some time after the generatlion of the sound from
the very source. This phenomenon, known as reverberation, plays a slg-
nificant role 1in problems relating to sound treatment. In the presence
of signifieant reverberation, the intensity of auditory reception Is
markedly I1ncreased.

The reverberatlion magnltude 1s a functlion of the degree of sound
absorption by wall surfaces and sound-attenuating devices, as well as
being a functlon of the volume of the testing enclosure., It follows
from the above that walls, cellings, and sound-absorbing devices for
testing installations must necessarily be constructed of porous ma-
terlals exhlblting good sound-absorption capaclty.

The material used in sound-absorption systems and for purposes of
sound treating control rooms at testing stations must:

1) remain rigid 1f sprayed with fuel, oill, or water, and it must
not, in this case, lose its sound-absorbing properties;

2) not lend 1tself to erosion; .

3) be fire-resistant {to reduce exhaust noise);

LY be rigidly mountéd to the walls of the test section (during
the sound-treatment of the latter).

The maJority of these requirements are most complctely satisficd
by fibrous materials (rock wool, fiberglas, etc.) und porous ceramic
and slag-concrete blocks (solid and with hollows).

The least expenslve materilals well sulted for purposes of attenu-
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atlng noise but incapable of satisfying a number of. the imposed re-

quireménts can be recommended for use in the inlet systems, 1 ef,'r i 2

treated wood; for exhaust systems, metal fililngs or bundles of metal
wires. Fibrous materlals are used at the installations for purposes of
reducing nolse exhiblting a wide range of frequenciles.

Varlous conllgurations (Fig. 135) can be imparted to the sound-
absorbing channels. Porous ceramic (solid or hollow) blocks are used

to form honeycomb-type channels (Fig. 136). For greater sound-attenua-

tlion efflclency, the blocks are shifted at definite intervals by one
half of the lateral cross sectlon of the hollows and the duct la fre-
quently fashioned in a staggered (zigzag] array. Ceramics are less ef-
ficient in the attenuatlion of nolges in the middle and high frequency
ranges, 1ln comparison to fibrous materials. The structural properties
of materials used to reduce nolge are determined from thelr strength
at varilous speeds for the gas streams moving past these materials and
causing erosion of the materilal as well as excitlng vibratlons.

Many fibrous materials are easily eroded
and destroyed by great vibrations. In this
connection, 1f the gas stream 1s movlng along

a surface at a speed below 25 m/sec the fib-

rous material is protected by means of a

soreen or perforated steel sheets (Fig. 137a).
Fig. 136. Honeycomb :

channel of ceramilc At stream veloclties below 50 m/sec a layer
blocks hollow from
end to end. of strong fabriec or a fabrilc layer covered

Qg R I 3 T LU & . N I -| o\
WAL a4 Wil'e sCLrcoll |l (R

) in iumeried belween the layer of fip-
rous material and the perforated outslde sheet cover. The fabric must
not be very dense so thaut the acoustlc properties of the £ill materilal
can be completely exploited.

At gas-stream veloclties of 50- 140 m/sec an additional protectiv



forated:sheets between the fibrous filled
and the perforated outside facing, while

the 25-millimeter space between the sheets

T 1s filled with bundles of tightly wound
« X RO BB SRR R R
“9y '.‘\‘\L”,-'L ‘\'\1, g

ch) N5

7 steel wire. These bundles do not shrink

during operation and provide for high sonic-
Fig. 137. Design of

gound-absorption pan- wave passage (Flg. 137e).

elsg for varlous geas-

stream velocitles. a) The panels considered in Fig. 137 may
Up to 25 m/sec; b) be-

low 50 m/seC' e) 50- be made in the form of vertilcal barriers or
140 m/sec. 13 Fairings;

2) perforated steel cylindrical structures suspended from spe-
facing; 3) sound-

abgsorption material; clal grids in the nolse-absorptlon systens
4) glasswool fabric;

5) metal-wire bundle; of the testing stations.

6) perforated or cel-

lular barrier; T) The perforated sheet facing of the
sllencer.

panels may be destroyed under the actlon of
vibrations as a result of metal fatigue as well as ag a result of the
loss of plasticity properties on the part of the sheet material (be-
cause of a weakening resulting from the holes in the material). To re-
duce the vibration amplitude of the perforated sheet facing, 1t must
be reinforced with braces.

Figure 138 shows the attenuatlon curves for sound, in decibels
per unilt length of channel (30 cm) with respect to freguency octaves
for a number of the panels considered above. It is clear from these
curves that the most effeétive noise-absorption system for low (37-300
cps) and middle (300-1200 cps) frequencies 18 the system in which the
panels are di..cibuted sinusoidally. The aystem wlth the thilckened
panels filled with fibrous materlals and faced wlth perforated walls
provides for good sound attenuation at low frequencles. The system in
which the panels are arrayed.in zigzag fashion in the channel (Curve 1)
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Flg. 138. Attenuation curve
per unlt length of channel (30
em) wlth respeet to frequency
octaves for various channels.
1) Channel with panels for
high flow veloclties (see Fig.
135¢); 2) channel wilth sinus-
oidal panels (Flg. 135d4); 3)
tacing of hollow blocks (Fig.
136); 4) panel baffles 100 mm
thick with a distance of 430
mm between the axes; 5) panel
baffles 900 mm thick at a dis-
tance of 1800 mm between axes
(Fig. 135b). A) Attvenuation of
sound, in db, per unilt length
of channel (30 em): B) cps.

provides the best sound attenuation for high frequencies (1200-4600

eps). Thus in order to provide for the most effective attenuation of

sound over the entire freguency spectrum, combined sound-absorptlon

systems or sound-absorption systems consisting of combined panels (Fig.

139) should be employed. The inadequacy of the panels congldered above

is taken into conglderation in these panels. The sound-absorption sys-

tem compoged of such elements provides for the attenuation of sound

oscillations over the entire range of audible frequencles and because

. of the high efi'iciency or guch a system 1t 1s possilble to employ ab-

sorption elements of gmaller dimensions,

The sound-reducing element conslsts of a number of curved chan-

nels whose wal;s are made of sound-absorbing materials., The shape of

the channels through which the alr flows cnhances the attenuvation of
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Flg. 139. Dilagram of the construction of
an element of a sound-reducing system.
1) curved channels capable of absorbing
mlddle-frequency sound; 2) materlals ab-
sorbing high-frequency sound; 3) resona-
tors to attenuate low frequencies.

102 3 45 (] 7,8 8 101 2
A (. [ 1 i
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Fig. 140. Double-section silencer. 1) Inlet;
2, 3, 4) Venturi sections; 5) diffuser sec-
tion; 6) brench section; 7) throttling sec-
tlon; 8) perforated cone section; 92 section;
10) perforated diffuser sectlon; 11) divider
gection; 12) exhaust cascade sectlon.

the middle-frequency sound, while the wall material absorbs the high-

frequency components of the noise. To attermatfe low-frequency nolse we

use speclal cutouts known as resonators.

The noise produced by the exhaust gases 1s significantly reduced

by mixing these with cold alr or water, A more efficient and conslder-

ably less expensive method calls for the mixing of alr with the gases.

An even greater effect is produced by a nolse-abuorptlon system that

- 228 -




1s based on a comblnatlon of the principles of gas expansion and nolse
absorption. Such a system involves the fact that a stream of exhaust
gases carries with 1t [ejects] a ceffain quantity of air contained in
the test sectlon. The flow of gas that 1s cooled in this manner enters
the diffuser at whose outlet the velocity of the gas flow is reduced,
and pregssure r}ses easlly, thus making 1t possible to pass 1t through
a gystem of slotted channels faced with nolse-absorption materials.

Figure 140 shows a structural diagram of a double-sectlon silencer
made of steel up to 25 mm thick. An aluminum coating 0.1 mm thick is
used to protect the housing of this sllencing devlice against atmos-
pherle influences, and this coating i1s applied by means ol the method
ot hct pulverization. A layer of aslumlnum heat-resigtant paint 1s ap-
plled over the alumlnum coating. The setting up of thia silencer unit
requires no specilal equipment. The foundation conaists of simple con-
crete or brick blocks. Where the silencer passes through the wall of
the test sectvlon specilal provision is made for packling and sealing
that 1s designed to permlt the unit to move back and forth without de-
stroylng the structural elements of the bullding.

The optimum acoustlc effleclency of a silencer for varlous test
conditlons and at various engine powers can be achleved by controlling
a gpeclal throttling devlice carried in the silencing unit. The length
of the silencer ia approximately 30 m and 1t welghs about 73 tons.

The cagcade ejectlon of the gases-ensures protection against the
"reversal" of the hot boxes into the test section at the instant that
the englue ceanes to operatc, thus eliminating 2ny need for valves be-
tween the silencer and the test sectlon,

Cne of the baslc means of controlling noilse 1s the sound treat-
ment of the tegt section. Thils 1s achleved by facing the walls, the
floor, and the ceiling of the test section with sound-absorbing panels,
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gimilar to those deaéribed above.

LA

To control the penetration of noise into the conbrol Foom of the
installation, the doors between the control room andrthé féééhsééﬁibhrh
mugt be of dual congtructlon and they must be covered wilth sound-
absorbing material, The frames and panes of the Ilnspectlon windows
must also,be of double construction, or possibly even triple constiuc-
tion (not connected to one another) and, moreover, they must be air-

tight. The trenches from the test sectlon to the control room and the

openings in the walls between them (for the passage of varilous mani-

folds) must be carefully clesed off wlth sound-absorbing materials.
The walls separating the test sectlon from the control room must be of :

double construction, and an alir layer 1s absolutely necessary.
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Fig. 141, Installation for the testing of englnes, with a
silencer., 1) Mailn alr collector; 2) sound-attenuation device; 3)
louvers; 4) guide rails; 5) [lre-system sprinklers; 6) cnginc;
7) three~point engine suspension; ©) telescupimg seciiun ul ex-
haust tube; 9) demountable sectlon of exhaust tube; 10) observa-
tion window in tube; 11) second air collector; 12) control room;

13) inspection window and panel; 14) manometric panel; 15)
double sllencer.

Iet us examlne an Installation for the testing of englnes which
is equipped wlih a silencer {(Fig., 141). The sound-veduection gystems sat
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the 1lnléet and exhaust are based on the principles considered above.

Thé air 1s taken in through twé air collectors, 1.e.,. through the
main collector 1 in the forward portion of the s%giion in which the
sound-absorbing panels 2 are vertically positloned and form broken-
line channels 1n the in-plan view, and through a second air collector
11 situated at the roof of the testing station to provide the ejector
tube with alr for purposes of cooling the exhaust gases. A double
gllencer 15 is positioned at the exhaust.

The above-considered examples of silencling units pertain primarily
t0 stations used for the testing of turbojet engines. In planning sta-
tions for tests on TVD [turboprop engines] i1t 1s necessary to take
into consideration the reguirement of air for the propellers and to
Increase the dimensilons of the nolge-sllenclng channels.

11. SAFETY TECHNIQUES DURING TESTS

The technologlcal features of the test process 1tself call for
the implementation of a number of measures to ensure the safety and
health of the serviecing personnel.

During the tests, and particularly during experimental tests, 1t
18 possible for an englne to break apart. In such a case the greatest
danger comes primarily from the breaking up of the rotating portilons
of a compressor and turbine, and in the case of a TVD [turboprop-
engine] test or during the test of a ducted-fan englne, there 1s the
danger of the breaking apart of the propeller or fan.

In the case an englne rotor or propeller breaks up, the component

)

parts causc grea
test equipment and installatlon. In testing practlce there have bheen
cagses 1n which a turbine disk rotating at a speed of about 450 m/sec
disintegrated. The fragments from the disk penetrated the steel shroud
of the turbire and bent the protective steel sheet (20 mm thilck)
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a depth of 150 m. This example demohs,r

consequences resulting from such’ an accident. -

The«inspection wjndow of the control room must be made of bullet-
préof glass and must be sjtuated outside of the plane of rotation of
the engine's rotor or propeller.

During the course of Jet-engilne testing 1t 1s dangerous to be sit-
uated in the vicinlty of the alrgtream entering thce engilne, or to come
to0 ¢loge to the englne exhaust, since this might lead tp an accldent.
Therefore 1t is strictly forbildden to enter the test section in which
an engine 1is operating, and thils applies to all regimes with the ex-
ception of the low-gas [1dling] regime. The polinty subjeet to the ac-
tion of the exhaust stream from the test peciiun mugt be fenced off.

Speclal platforms are get up around the test stuand for purposes
of fivting cut an enginc on a test stand prior to a test or to mount
the propeller (in the case of a TVD [turboprop-engine] test), thus
permltting the servlicing personnel to carry out the necessary work.

Of great significance in engine testing ingstallations 1s the con-
trol of the contamination of work areas by fuel vapors, oil, and the
products of combustlon., For thig rurpose the ailr must continuously be
purified by means of fresh alr-exhaust ventilation.

To avold the possibillity of ﬁercury aplllage, the plezometric
panels are covered with plastic and special traps are installed at the
bottom to contaln the spilled mercury. To reduce the liberation of mer-
cury vapors, a small quantlty of kerosens or water should be added to
the piezomefer tubes filled with mcreury. The permisgible mercury-vapor
content in a bullding or 1im the surrounding atmosphere calls for no
more than 0.0l mg [of mercury] per . m3 of alr. Sluce mnercury vapors
are extremely-harmful, every effort should be made not to employ mer-
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.cury instruments at the. testing installations.

Fuel and oll vapors are dangerous from the standpoint of fire and
have a harmful effect on the health of the servicing personnel. There-
fore no leakage in the fuel and oll systems of the installation can be
permitted. The fuel and oil manifolds are lald down 1n speclal chan-
nels and they must be connected to the exhaust ventilation system.

The presence of easlly rlammable materlals, open flames, heated
englne paris, and not exhausi gagses at o testing station makes 1t nec-
essary oo Implement strlct measures and fire-safety regulations. Theve-
fore englne tegting instojlationg have speclal facilities at their dis-
posal, Ln addition to the conventiomal fire-control devices (fire ez-
tingulshers, felting, water, saud, ete.). Thus, for example, a drain
manirold intended for the rapid removal of the fuel from the entire
system into special tanks dug into the ground are provided for as part
of the [uel system. Glass-tube 'evel indlcators are not recommended
for the fuel tanks oxr measuring .. vices.

1t is strictly forbidden to smoke, light a match, or to use vari-
oug [ire~producing instrunents within the enclosure of the testing sila-
tion. It is recommendecv that electric light bulbs 1n the test sectlons,
control rooms, and production enciosures hre mounted in speclal hous-
Ings set into the cellilng.

The most effectlve flre-lilghting equipment at the station are the
foam and carbon-dloxide devices. In the evenc of a (lre the fire-
fighting equipment chould be pul Into vperatlion. Slmultaneously, the
supply of fuel should be shut off automatlcally and the drain manifold
actuated.

Safety goals impose z number of requirements on the structures of
the station. These requirements must be taken into consideration dur-
ing the planning stage for the station, durlng the congtructlon of the
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‘bil1aliigs, in the Width of the passages and the number of exttn that

wlll be used in the case 1t becomes hecessary to evacuate all perion-

nel at the station within a period of 3 mlnutes, and 1t 1s alsgo taken

into consideration in the llghting for the buildings &nd the ventila-

tlon and heating of the various structures.
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Chapter 6 .
THE TECHNOLOGY OF SERIES TESTING OF AIR~-REACTION ENGINES

Testing technology determines the operations and changeovers, and
1t regulates test sequence, in order to engure high-quality testing
procedures and to make certain that englnes are delivered 1n accordance
wilth the technlecal reguirements :imposed.

The Sachnologlcal procedure of testing an engine can be divided
nto tne (ollowlng stages:

1) ihe readying of the englne for the test (lnspection, mounting
of rorward connection iwbes, various types of sensing elements and de-
vieces);

2} the mounting of the engine on the test stand (connectilon of
the meavurement, fuei,; and oil systems, and the lnstallatlon of pro-
pellers in the case of TVD [turbeprop engines]);

3) the actual vests;

4) the remova. [(dismontling] of the englne Crom the test stand;

5) the Ffinishine operations on the engine itgelf after the com-
pletion of the test [the removal of the forward connection tubes, the
removal of the sensing elemsntcy and thé various devices, the covering
of the iwoles, partial Jocking and sealing, and preservatlon).

The duration aand sequence ol ftesting 1s determined by the type
and design of engine and 1ig coveved In the teat scheduls. This chapter
proposes to undertake an eéxamination, in the form of an example, of
the techniques involved 1n the testing of turboprop englnes with coax-
1al propellers and some of the features encountered in the techniques
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g@élpg?d;té:ééét tqéﬁojet and rémjet-enginés.
1.. TECHNIQUES OF TVD [TURBOPROP-ENGINE] SERIES TESTING

The procedure involved 1ln the series TVD testing under consldera-
tion hére conslsts of two stages.

The first stage: a turboprop engine with two coaxial propellers

is tested on a r»igidly fixed test stand (see Fig. 117), the effective
power and reaction thrust not being measured.

The second stage: a turboprop engine 1g tested on a combined test

stand, without propellers (see Fig. 123), the power at the shaft of
the reduction gear and the thrust developed by the exhaust nozzle be-
ing measured simultaneously.

Preparation for testing

The condition of the equipment and instruments of the testing in-
stallation 18 of great slgnificance for the successful completion of
englne tests, and any irregularities on the part of thils equipment or
the instruments may result either in distortion of the test results or
in serlous damage to the test stand.

The test stand and 1lts equlpment, and the systems and instruments
of the testing installation are regularly checked and subjeccted Lo pre-
ventive malntenance and regular check operations. The monthly preven-
tive-maintenance operations 1lnvolve the thorough cleanilng and lnapec-
tion of the test stand, the englne-servicing platforms, the oil and
fuel systems, the oil and fuel filters, the samplers, scalea, ete.

The filters of the 01l and fuel systems of the lngtallectilon are
inapected and flushed with gasoline and the inspectlon results, 1nso.
far as these pertaln to the filters, are recorded in maintenance logs.
The fuel, oll, and similar hydraulic systems are checked for leaks.

The actlon of the gas~control lever on the panel 1s checked for smooth-
ness of operation. Selzing of the engine control system and labored
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operation are intolerable.

T?aréiculér attentioh is.devdééd-durinénthe pré%én£i§e;ﬁgihténéhce
operatlons to the checking out of the Instruments; they are removed
from the panel and sent to the instrument division of the station for
checking.

The electrlic power supply for automatic starting is checked by
operating the appropriate toggle switches and monltoring the slgnal
lights. The deviceg and cables used to raise the engine — the electric
overhead cranes - are inspected and they are checked in operation.

Belore the tegls are begun, the required dccumentation is pre-
pared, 1l.e., the testing schedule, the forms for the varilous stages of
the test, the technical specificatlons, and the instrument appiroval

blanks.

Delivery, trangportation, and lngtallation of englne

The assembled engine ls dellvered to testlng-station workers at
the transfer point. On delivery the engine 1s lngpected sunerficially,
a check 1s made to see whether there are cover plates over the com-
prensor lnlet, the exhauvst nozzle, the connect.on tubes for the testi-
stand systems, and an ingpection 1s also carrled out to make certain
that the seals on the control screws for the various units have rot
been broken. When the engine 1s passed (rom t{he assembly shop tc the
testing staflon, all of the vechnlcal documentation (the technical
specifications and approvel blanks) must be submitted together with
the engine itself.

Once in the testing gectlon, the engine 1s »uised trom the trang-
portation carriler by mcans of an electric overhead crane and 1t ls
placed on the englune frame of the test stand, where 1t 1s fastened and
positioned in place, Then the hoses and tubing of the fuel and oll sys-
toma and englne-control connectlng rods are attached. The sensing ele-
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ments for the measurement -of temperatureuand vlﬁfationu areuthen at-*-
Lached, as are the hoses and tubing for presaure measurements, etc.
When TVD [turboprop engines] are belng
ﬁested on a rigldly fixed test stand, the pro-
pellera are mounted at the same time that the

plumbing and electric wiring to the englne shaft

i}——f' are connected. The bhlades and hubs of the pro-
pellers are carrled separately and assembled at

the test sectlon.

The final operatlon in the installation of

Fig. 142. Verifi- the propellers 18 the checklng of blade beat. An
catlon of propel-~
ler-blade beat. indicator 18 mounted on a speclal base for thls

purpose and its arm ls moved invo position to come into contact with
the blades of the forward propeller at a certain dlameter (the point
at which beat 1s checked is indlcated by means of a line on all of the
propellers).

As the propeller turns the deflections of the lndicator arrow for
each of the blades is manually recorded. An indicator getup for check-
ing of beat 1s shown in Fig. 142, The highest deflection difference
must not exceed the permlgsible values stipulated in the operational
instructions for the propeller (1.0-5.0 mm)}. This operation is subse-
quently repeated for the second propeller,

The presence of significant beat indilcates improper mounting of
the blades in the hub or'that the propeller has not been seated prop-
erly on the shaft of the engine, resultlng 1ln dynamlc imbalance of the
" propeller and englne vibratlons.

The exlstence of a powerful airastream 1ln the test section during
the course of the test calls for the reliable attachment of the hoses,
tubing, and electric wiring .that is comnnected to the engine,
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Upon completion of the installation phase, the engine 1s readied
for start; for this purpoée the oil-preséure in the testAsEéhd ﬁani-
fold 1s checked, as is the functloning of the sampler adjustment con-
trol, and the quantity of oill in the oill tank. A carefulicheck is made
to see that no extraneous ltems have been left 1n or around the engine,
the test section, or the servicing platform. Tools, devices, covering
plates, and simllar items are removed from the test section.

I all of the preliminary operations have been completed and 1irf
the readiness of the installatlon has been verified, the engine 1s
started directly.

Dellvery test

The delivery test 1s begun with a false start of the engine by
turning 1t over Dby means of the starter, but without igniting the fuel.
This ralse start 1s carried out Iln order to f1ll the cil system of the
engine with oil, to check the operation of the starter, the drain sys-
tem of the combustion chamber, and to ready the fuel system.

The oil in the oill system of the installation must be heated to
40-5000 befors the -tart. It 1s partieulurly necessary to heat the oll
durlng the winter when, _'vei. low amblernt-air temperatures, the vig-
coslty of the oil is Increased.

The englne 1a gtarted oy depressing a gtarter button on the con-
trol panel, all of the rewalning operalions helng carried out auto-
matically uniil entry Into the low-gas regime. The engine functlons
for a period of H-1¢ minutes 1ln the low-gas regime, after which it 1s
stopped by means of a shucotf valve. The followling measurements are
taken during the startlng procedure and the low-gas operatlon:

1) the operating time of the starter;

2) the time required for the englne to enter the low-gas regime

from the inatant of sgtart;
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3) the number of engine revolutilons;

4) o1l pressure;

"'%5)quel flow rate;

6) the temperature of thebgases behind the tuﬁﬁihe;

T) the temperature of the oil at the inlet to and the outlet from
the engine,

When the engine is stopped, a determinatlon 1ls made of the case
with which the engine makes the trangitlon from 1000 rpm to complete
stoppege (with respect to the time of stoppage). This parawsier indi-
cates the ease wilth which the englne rotor can rotate and 1t &also
polnts to the absence of extraneous friction in the component parts
and units.

It is advisable during the course of thc dellvery teste to com-
bine the running-in of the engine and the adjustment of the fundamental
parameters. Thus, for example, durlng the running-in phase the opera-
tion of the propeller feathering system should be checked. The running-
in of the engine component parts 1s carried out in several stages,

with gradual Increasc 1n power.

The first stage lnvolves the rpm adjustments, raising the number

of revolutions to thelr maxlimum. The blades of the propellers are, in
this case, set for fine pitch (an unloaded propeller). The revolutions
are raised stepwise through 200-500 rpm: the staytlime at each number
of revolutions amounts to 5-10 minutes durilng which tilme the baslc en-
glne parameters are measufed and the functloning of the unlts i1g

checked out.

The second stage involves the adjustment of the engine with re-

spect to power, wlth gradual stepwisc increases in the latter to a re-
gime that is 0.7 of the rated regime.

The third stage involves the adjustment of the engine with respect
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to power to the takeoff regime.

The englne operating regime in the case of delivery tests 1s gov-
erned by the fuel flow rate. For each power stage the engilne 1s in op-
eratlion for a period of 5-15 minutes during which all parameters are
measured,

When the engine 1s stopped between the varlous running-in stages,
adjustment and superficlal Ingpectlon operations are carried out.

During the running-in procedure the functioning of the auxlllary
units — the electric generators, regulators, servecdrives, hydraulic
pumps, alr compressors - are checked out; in addition, a check 1s car-
ried out on the operation of the sensing elements and the automatlc
units of the control syatem, any required adjustments belng carrled
out at this time. A sudden (wilthin 1-l.5 sec) movement of the throttle
lever from the low-gas stop to the maximum rpm stop is carried out to
test engine pickup, while the return of the throttle lever l!s used tc
check on the reduction In the fuel flow rate.

The results of engine adjustments awve verified at the end of the
delivery testing procedure for all regimes from low-gas to takeouf.
Upon completlon of the delivery tests all control unlts are covered
and sealed,

hr cuglne's fuel system is preserved by filling it with liquid
0ll by turning it over onr tlmough the false-start procedure. All opera-
tions carrled out with the englne as part of the dellvery tests are
recorded 1n a log. .

Some defects resulting from poor engine assembly (0il and fuel

leakage at manifold joints) are eliminated by assembly-shop personne.

during the course of the tests. An engine which has passed the del.very

tests 1s taken down from the test stand and sent for complete overhaul
to the assembly shop. If the.overhaul and inapection of the component
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; parts reveals no deviations from the technieal requirements, the en-
: gine 1s reassembled and sent on for a control test involving the use
of a hydraulic brake.

Control tests on a hydraullc-brake test stand

The control test of an engilne on a test stand wlth a hydraulle
brake consists in:

1) the readying of the test atand for the test;

2) the mounting of the engine on the test stand;

,f"°7'1 (]

GBI T B
I Ll1 |

Flg, 143. Devlice for the centering of the
engine and the hydraullc brake. 1) Hy-
draulic-brake shaft; 2) engine shaft; 3)
centering device,

3) the starting and running-in of the engine;

4) the measurements at the control points;

5) removing the engine from the test stand.

For the purposes of the test the engine is assembled 1n the as-
sembly shop without a redﬁction gear but with a shaft for the direct
connectlion of the englne rotor to the hydraullc breske. It 1s not im-
posslble 1n this case to test an englne with a reductlon gear on the
hydraulic-brake tecst stand, For thls purpose the test stand must be
equipped with low-rpm hydraulle brakes of corresponding powexr. The dl.
menslons of low-rpm hydraulle brakes are great and may screcn out the
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air inlet to the compressor. It 1s for this reason that the units with-
out reductlon gears have galned the greategt acceptance for the test-
ing of TVD [turboprop engines].

In readying the hydraullc-brake test stand for the tests it 1s
inspected and the positlons of the levers for the systems used to meas-
ure torque and exhaust-nozzle thrust are checked out, as is the reli-
ability of the fuel- and oil-system valves, the ease of englne- and
hydraulic brake~control system operation, the condition of the 1lift
devicesg, the avallability of the necessary tools, and the hoses, mani-
folds, and electric wiring conduits are checked for cleanllness and
to make, certalin that they are whoie.

The testing equipment, fuel- and oll-analysls data sheetg, and
the inspection torms and technical-data sheets for the monltoring-
measuring Instruments must be readied prior to the start of the tests.

All of the ingtruments must be checked out by the plant laboratory
at the intervals established by the requilrements of the tegv-adjustment
operations.

The engine asgembled for purposes of hydraulic~brake testing is
mounted on the (est stand and held 1n the supports of the englne framc,
thus making it possible to move the engine In order to line it up
[make 1t coaxlal] with the rotor of the hydraulic brake. The shafts ol
the engilne and the hydraulic brake are connected by means of a special
shaft filtted out with splined couplings which allow for but little mls-
alignment of the engine ahd brake axes.

The shaft of the englne ls céntered with regspect to the shaft of
the hydraullc brake before the Introduction of the connecting shaft.

As the shaft of the hydraulic brake is turned, the lndlcatorg mounted

on a gpeclal rod fagtened to the flange of the brake shaft come into

contact (with their extensions) with the flange of the engine shaft.
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In four positions separated by 90°Iaround é.cifele, thé déviétibﬁs,éflh
the indlcator arrows are recorded. By means of the movable supporta'of
the engine frame, the enginc is shifted so that the.indleator devia-
tions fall wlthin the permissible 1limits in both the radial and the
axlal directlons. In the radial directilon beats of +0.1 mm are regarded
as permlssible, while in the axial direction +0.05 mm is acceptable.

The indicator inatallation used to check centering 1s shown in Fig. 143.

The fuel and oll systems, ag well as the pressure and temperature
measuring sensors, are installed and connected at the same time that
the englne ls belng centered.

In readying the engine for start 1t is necessary to confirm that
there is oll in the oll tank, and when Mkr and RB are belng measgured
by meang of hydraulic dynamometers it 1s neccssary to make certain
that there l1s oil 1n the measurement system. The fuel pressure in the
test-stand manifold must be checked, and the test sectlon and the en-
gine Inlet must be lngpected to make certain that no extraneous items
have been left behind.

In testing an englne on the hydraulic-bralke installation it 1s
necesgary to undertake a careful check of the manner In whiech all of
the tubiﬁg and wiring to the hydraulic brake hag been attached in or-
der to avold the entry of any extraneous ltems Ilnto the compressor,
since thils would result in the destruectlon of the englne. Under winter
condltions the appearance of water at the inlet to the engine, because
the water system was not broperly sealed, may result 1n the formation
of ice on the compressor blades, which will damage them.

The ease of englne rotor rotatlion 1s tested by manually turning
the rotor through several revolutions. After the withdrawal of the
gerviecing personnel from the teat sectlon, the fuel and o1l valves &are
opened, the automatic starter toggle switch ls actuated, and the pumps
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for the torque and thrust measuring systems are put into operation.

An engine on a hydraulle-brake installation can be started hoth
by means of a starter as well as by means of an outside electric motor
with smooth revolution control., In the flrst casge the starting 1s an
automatic procedure controlled from the control panel by depressing a
starter button untll the engine enters the low-gas regime; in the sec-
ond case, the engine 1s started by having the electric motor turn over
the englne, l.e., the operator shifts the throttle lever manually to
provlde the fuel and start the ignition.

The running in of the engine wlth respect to revolutions 1s car-
ried out by changing the number of revolutiong stepwlse from the low-
gas regime t©o nooxt The operating time at each number of revolutions
ls 5-10 minutes, during which the englne parameters are meagured.

Upon completion of the running-in procedure an external 1lnspec-
tion of the engine 1sg carrled out, and thils pertalns as well to the
units of the engine and the hydraulic brake; in addition, the oil f£il-
terg of the test stand are checked.

Before measurement of the control polnts, the callbration of the
torquemeters and the thrust-measu;ing units 1ls checked. The control
points are deteriined for regimes ldentical to engilhe-operating regimes
in which the engine was tested together with 1ts propellers. During
the course of the control-point messurement the reslstance moment de-
veloped by the hydraulic brake 1s changed by increaslng or reducing
the supply of water. The barameters are generally established at the
completion of operationg in a particular regime on the basls of time.
The measured parameters are evaluated and the characteristics are con-
structed from the derived data. After the evaluation of the test re-
sults the fuel system of the engine 1s treated for storage and the en-
gine 1s dismantled and removed from the test stand., A reductlon gear
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gna'ﬁéfiéﬁé'uhits are mounted on thé'engine that hés-pﬁssed éonﬁfgi
tegts with the hydraulic brake and this ls done 1n the assembly shop;
subsequent to this the englne is sent for control testling with propel-
lers.

A torquemeter {IKM) for the determination of power 1s frequently
mounted in the reduction gear of a turboprop engine. Given sufflcient
accuracy and operatlonal stablillty for the IKM, the control testing of
a series-produced engine on a hydraulilc-brake test stand can be by-
pasged or it can be carried out on a selective basis, spotchecking in-
dlvidual engines. In thils cage, the test cycle for the turboprop en-
gine 1s radically reduced, the procedures are simplified, and the costs
involved In testlng are reduced. In the case of complete rejection ol
hydraulic-brake tests, there is no need to equip the testing statlong
with complex hydraulic-brake installatlons.

Control testing with propellers

Control testing with propellers Ilnvolves checking the quality of
the final assembly and adjustments, completing the dellvery paperwork
for the representative of the c¢llent, and the preparatlion of the en-
gine for storage. The engine is mounted on the test stand 1n the se-
quence iﬁdicated earlier.,

During the control tests the basic engine parameters are care-
fully checked, as ls the operatlon of the engine in all operatlonal
regimeg; the starting of the englne, 1lts plckup and fuel-feed reduc-
tlon are also checked, and 80 lg the functioning of the automatic pro-
-pellor feathering system, and the functioning of the de-lcing system.

Prior to each engine start by means of a starter, the ease of ro-
tor rotatlion by the turning of the latter through several propeller
revolutions 1s checked. The tlme required for the engilne to stop when
the fuel supply 1s cut off at n = 1000 rpm 1s measured for the charac-
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téristic of the state of the engine rotor.

in case indilvidual englne parameters deviate from the technilcal
specificatlons, they can be regulated and tested once agaln.

After a check on the quality of the assembly and the adjustment pro-
cedures, all fuel- and oll-gystem fllters of the engilne are inspected
and flushed clean. Then all of the devlices on the control-system units
are closed and sealed, subsequent to which the englne 1is turned over
for the preparation of the dellivery documentation to the representa-
tive of the ¢lient, During this phase it is recorded in the test log
that the engine has been adjusted in accordance with testing procedures
and that all the engine parameters correspond to the technical require-
ments.

The delivery documentailon confirms that the engine hag been sub-
Jected to a final and detalled check of operation at all operational
regimes, the parameters having been measured In the presence of and
with the partlcipation of a representative of the cllent. Devlations
In the parameters from the technical requirements and the exlstence ol
defects cannot be permitted at the time the engine 1s delivered.

Upon completion of the delivery tests, the engine 1s subjected to
an external inspectlon, and the fuel and o1l filters are all checked
and flushed c¢lean. The data derived during the course of the teats arc
evaluated and the requlred graphs are plotied, The baslc 2ngine data
derlved during the control tests are entered on the englne-specifica-
tion blanks.

The ensine that has passed through the control test 1s then
treated for storage. The detailed sequence for the Internal and ex-
ternal treatment of the engine for gtorage and packing 1ls taken from

a speclal manual,
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The testing: log

A testing log is maintalned throughout the course of the dellveiy
and control tests of the englne. Prior to the 1n1tia1«start of the en-
gine the testing log must indlcate:

1) the number of the englne, and that of its units and the pro-
peller;

2) the date and time al which the ehginc arrived at the installa-
tion;

3) the number of the testing installatilons;

4) the type of test (delivery, control on the hydraulic-brake in-
stallation, control with propeller);

5) the results of the analysls of the oll and fuel in the systema
of the Ingtallation (specifilc welght, viscosity, flash poini, absence
of mechanical impurities and water);

6) the houwrs and minutes the engine had been in operation in pre-
vious tests, 1f such had been carried out;

T) the readiness of the engine for start.

During the course of the tests, in addition to measuring the en-
gine parameters for the Qarious reglmeg, all work wilth the englne s
recorded (elimination of defects, replacement and adjustment of units).
If the englne ceases to functlon at 4 time not specli'led in the teat-
ing schedule, a detalled record ol the factors responsible for this
stoppage 1s Inciuded in the log, as weil ag a listing of all subse-
quent operations performe& with the englne. If the test is interrupted
for some reapon and the engine ig removed from the test mtand, this 1s
also indlicated in the log.

The testing logs represent a part of the buslc documentation and

they must therefore ve keri wilth 2%tremec care.
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Evaluation of results

The parameters that are measured during the course of engine test-
ing must be referred to standard atmospherlc condltions. Reference to
the MSA [International Standard Atmosphere] makes 1t possible to com-
pare serles-produced engines with one another under the conditilons of
thelr tests for various atmospherie condiltions (winter and summer,
night and day, ete.).

In evaluating the test results for a TVD [turboprop engine], un-
like the generally accepted reference parameters for a TRD [turbojet
engine], we introduce the concept of normal reference parameters, i.e.,

N C

(ﬂ
e norm’ “t.norm’ m’ ete.

N norm’ Rs.nor

The word normal refers to the values of the parameters of the en-
glne belng tested, thege values referred to standard atmospheric con-
ditlons and derived with the control units 1n ldentical positions.

The normal reference parameters are used only ln the procedure
for the evaluation of test results for TVD [turboprop engines]. The
reference coefficients derived on the basis of experimental tests are
sultable only for a glven TVD design wlth a definlte and constant law
governlng the control of revolutions and fuel flow rate. The values of
the normal parameters are glven Iln the technical specifications.

The englue operating reglmes durlng the determinatlon of the con-
trol points on a hydraullc-prake test ntand are determined from the
load and the revolutlons. The fuel flow rate and similar engine param-
eters are defined as funétion: of tha regime. The loads applied to the
brake are calculated.

In tests of engines together with thelr propellers, the reglmes
are determined by the fuel flow rate, while the power at the engilne
shaft and the reactlon thrust are determined by calculation on the
bagla of data derlved from the tesgst of the engine on a hydraullc.-brake
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test stand. Both in the case of a“test-conducted on a hydraulic-birake
test stand and when the tests are conducted with propellers the agree-
ment between the engine data and the teqhnical specifications must be
determined under identical operating conditions for the éﬁgihe;r

The loads for the regimes in which the engilne is tested on a hy-
draullc-brake test stand are calculated in the followlng order. The
cqulvalent power of a turboprop englne 1s determined from Formula (130).

In a test of an englne on & test stand with a hydraulic brake, the normal

value of the power Ne norm

hasls for the calculation of the loads for the assignment of regimes,

along the engine shaft is taken as the

and the magnitude of thls power for each regime 1s found from the fol-

lowing formula

_A!' Wpll“""‘A”D. llpll' ( 139)
where
0,91R:. aupu
=] - ———,
Ve (140)

The magnltude N 18 given in the technlcal specificatlons.

e norm
The values of the coefficlent m for testing under ground conditions

are calculated according to the characteristlcse determincd during the
proceas of the experlimental tests conducted on the englne. Since the
tests generally procecd under conditions other than standard atmos-
pheric condltions, the magnltude of the lrad of the hydraullc brake
nust be selected so that after reference to MSA [Internatiorol Standand
Atmosphere ] the powef of the engine 18 equal to N

e norm'

Under the gilven atmospheric condltions the magnltude of Ne zam

h regime iz determined from the following formula:
NaunzKNNOnpl' (141)
where KN 1s the reference coeffliclient that is a function of the pres-

gure and temperature of the outslde alr, and by means of which coeffi-




clent we take into consideration the law governing engine contfol.éith
respect to revolutions and fuel flow rate. The value of the coefficlent
KN 1s determined from curves constructed on the basls of experimental
tests conducted on the gilven type of engilne.

At a glven power the engine 1is loaded with the hydraulic brake
that develops the corresponding braking moment on the engine shaft. In
thig case the gilven operatilonal revolutions of the engine are main-
talned at a constant value by the rpm regulator which automatically
increases the supply of fuel with an increase in the braking moment.

The braking moment of the hydraulic brake ls equal to the torque
of the engine and 1t is measured in the form of the force P on arm 1.
The magnitude of the load (the force P) for the assignment of the en-
gline regime with respect to the measured power is determined from the

following formulas

N Mgn  .Pln
s 782 716,2'
whence

716.2N, 30  T16,2Kn Nenopu
P= = .
in i n

(142)

The calibration graph showing the pressure on the torquemeter of
the hydréulic brake as a functlon of the load on the hydraulilc-brake
lever 1s used to determlne the required engine coperating regime.

Calculation of normal TVD [turboprop engine] parameters for the case
of hydraullc-brake testing

To determine the agreement between the baslc englne data measured
on a teat stand with a hydraullc brake and the data called for in the
technlcal requirements, 1t 1s necessary to refer the values of the
meagured parametcrs in the case of constant control-unit positilons to
the normal atmospheric condltions. During the course of testing TVD

[turboprop engines] we measure and calculate the followlng quantities:
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Né‘,' ﬁé,‘ 'Gt, aﬁa'T*4 (the stagnation teiiperative of the gas stream bes
hind the turbine). The normal values of ﬁhe parameterg are caleulated

on the basls of the following formulag:

Newu . o
Nosopa =5 (143)
O ropu= 22 (144)
Rg_ “opu::&léil! ; ° ( lll’5)

Tin
Tonopn “’T‘(’__': o (146)
Gy, wo

CN mpu"’a_‘——n..n:"v ( 147 )

where KN’ KG’ Kﬁ, and KT are the respective reference coefflclents.
The normal parameters of an englne in the case of control tests
wlth propellers are also calculated from these formulas. The number of
engline revolutions both in the case of tests on a test stand with a
hydraullc brake and in the case of propellers remslng constant and
equal to Nporm’
In the event that n,.m deviates from the glven value of the number
of revolutions, corrections are introduced lnto the calculation of
Ne norm and RB norm’ The magnltude of these correctiong ls determined
from curves constructed on the basls of experimental tests.
2. FEATURES OF PROLONGED TESTING
Prolonged tests are carried out in indlvidual stages. The dura-
lon of the continucus-~-operation stage.is governed by the purpoge for
which the engine is intended. Af'ter each stage of a prolonged test ihe
engine la ingpected and certain adJustments are made.
The total number of stages in a prolonged test is governeq by the
duration ot the indlvidual stages and the established service 1lifc,
The testing regimes and operation of an englne for a particuler stage
are set so that after the completlion of a prolonged teat the operation
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of the engine 1n the various regimes corresponds to the announced data.
Thug, for example, during the course of a 100-hour test, 40 hours musﬁ
be in the nominal [rated] regime, 10 hours must be under takeoff con-
ditlons, and 50 hours must lnvolve englne operation in cruising re-
gimes. The sequence of the regimes in the stage correspond approxil-
mately to the posslble sequence of regimes in actual operation.

Prior to and after prolonged tests the basile characteristics ot
an englne are determined in order to define the atability of the en-
glne parameters over a long perlod of operatlon. The change in the
basic parameters of an engine durlng the course of a prolonged test
1s determined on the basis of data derived during the tests. The mean
power values, and the mean values of reaction thrust and specific fuel
consumption, as well ag of other parameters, are calculated during the
various stages of prolonged testing wilth respect to the averaged hourly
fuel flow rate for the glven regime. The derived data are complled
into a table.

In compilling the reports on the conduct of prolonged testing, in
additlion to the tables of the mean parameters and the graphs indlcat-
ing changes 1in these parameters during the course of the test, a re-
port 1s also made of the defects recorded during the course of the
test, with a detalled descriptlion of the nature of the defect and 1lts
causes. The report also includes photographs of indivlidual defectlve
component parts and a note is made as to the concluslons drawn from
the results of the prolonged test; finally, recommendatlons are made
with respect to the elimination of the discovered deficlencles.

In the event of an unsatisfactory conclusilon to a test (the de~
structlion of component parts or units durlng the course of the test or
signiflcant wear and damage discovered during the overhauling of the
engilne) the factory must determine the factors responsible for these
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déefects and to devélop and implement médsuires to eliminite them. Subse-
quently, the test must be repeated. If even a single englne from a '
glven bateh falls to pass the test, the entlre hatch must be rejected.
These engines may subseduently be accepted, 1f after the implementa-
tion of the aforementloned measures the first cnglne from the batch
successfully passes the seriles-productlon prolonged testing procedure.
3. FEATURES ENCOUNTERED IN THE TESTING OF TRD [TURBOJET ENGINES]

A turbojet engine, unlike a turboprop englne, is not fltted out
wlth a high-stregs reduction gear and a propeller. The turbojet englne
requires no prolonged running ln of the component parts, slnce the en-
gine rotor turns in antlfriction bearings and there are no reduction
gears that require careful running in. The testing procedure ig fur-
ther gimplifled by the fact that there is no need to measure engine
power. The time required for the testing of a TRD [turbojJet engine] is
conslderably less than that required for the testing of a TVD [turbo-
prop enginel.

The thrust of a turbojet engine 1g a strong functlon of the num-
ber of revolutlons and high accuracy in the measurement of this number
of revolutions is therefore required. In TRD testing it 1s extremely
Important that the temperature fleld behind the turbine be adjusted.
The fleld 1is evaluated in terms of the mean temperature and its uni-
formlty throughout the entire fleld. The reaction-thrust adjustment
for the englne is achleved by choosing.a nozzle of the required cross
sectlon., A reductlon in nbzzle cross gectlon increases reactlon thrusgt,
and vicc versa.

On the whole, the technologlcal process of the delivery, control,
and prolonged tests of turbojet englnes is guile slullar to the tech-
nlques employéd in testing fturboprop engines. The preparatory work,
assembly, preventive-maintenance operations on test-gtand equipment,
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and the evaluation of the TRD test results have much in common with
gimilar procedures involved 1ln the testing of TVD and they wlll there-
fore not be examilned here.

The referral of the measured TRD parameters to the MSA [Interna-

tional Standard Atmosphere] 1s carried out with the following formulas:

englne thrust

760
ny =Rnn ]
Ry . (148)
englne revolutions
. 288
Ry == thaun l/ Too (149)
hourly fuel flow rate
—g T80 /28
an*Gnu Pru ¥ Touu' ( 150)
specific fuel consumption
28
cRnp=cRnl Tod! (151)
zas temperature behind the turbine
288
nnp"‘nuu;;- (152)

4. GENERAL DATA ON PVRD [RAMJET] TESTS

The purpose of testlng ramjet engines includes:

1) verifying the quallty of engine agsembly;

2) checking the correspondence between the actual and the re-
quired thrust characteristics;

3) a study of engine cycle stabllity In varilous regimes and de-
termination of flame separation and overheating of Individual compo-
nent parts of the hwt sectlong

4) verifying the operatlonal reliabllity and stability of the
fuel-supply regulator;

5) checking the reliability of engine start under varlous condl-
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tions with respect to the M(ash) number ahd the alr temperatubs &t the
inlet, '
For purposes of operating a PVRD [rgmjet] under statle condltions
1t 1s necessary to develop alr ram pressure at the inlet to the englne.
The ailr 1s supplied to the PVRD by means of a speclal device mak-
ing it possible to change the speed and temperature of the alr. The
rate of alr supply 1s 8 funcllon ol the engine testing regimes. A dia-
gram of the slmplest installatlon for the testing of a subsonic ramjet
engine 1s shown in Fig. 144, The engine 1s mounted on a test stand con-
slsting of a frame mounted on flexible supports and fitted out with
levers that transmilt the force of the thrust from the PVRD to a dyna-

mometer.

N Tl B

Flg. 144, Diagram of PVRD testing 1lnstal-
lation. 1) Compressed alr recelver; 2)
callbration device; 3) thrust measuring
unit; 4) testing stand; 5) exhaust tubve;
6) fuel supply; T7) PVRD [ramlet]; 8) noz-
zle. -

In order to avold dlstortions of the veloclity fileld at the inlet
dLffuser, the englne axls must colnclde with the axis of the alr-gupply
connectlon tuba, Fuel 18 gupplled to the engine from a flow tank by
means of the test-stand pump whlch ensures the technically requlred
flow rates and pressures. The fuel pressure at the inlet to the englue
is controlled from the control panel by means of a throttle valve.

A necessary condltion for PVRD teasting ls the verification of
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starting reliability, since an engine mounted in a rocket or an alr-
craft cannot be started independently and must be capable of rellable
start in the air at comparatively great flight velocities.

One of the lmportant features encountered in the testlng of PVRD
[ramjet engilnes] is the short duration of these tests (of the order of
2-4 minutes); therefore, the measurement of the englne parameters and
their exact determilnatlon must be carried out automatically. Generally,
the 1nstruments that measure these narameters are mounted on an indi-
vidual panel and these instruments are then photographed at definite
intervals of time for each operating regime.

The preventlve-maintenance operations carrled out on the installa-
tion are analogousg to those described above. Partlcular attention 1s
devoted to the servicing of the complex alr supply system and 1ts care
and maintenance,

Prior to each tegt of an engine the thrust-measuring unlts are
callbrated. A necessary condition of the preparatory operations is the
verification of the airtight sealing of the tubes and hoses of the alr-
duct parameter meaguring systems. The presence of even lnsignificant
alr losses will result Iin substantial distortion of the results.

In testing PVRD on the installatlon whose dlagram is shown 1in Fig.
144, we find that the thrust that 1s measured is lower than the the-

oretlecal by the guantity R which represents the external drag that

sopr
hag not been taken intn conglideratlion here:
'R ~ Ruu+Rmp‘ ( 153 )
The magnltude of the forcc of the external drag Rsopr is a func-

tion of the parameters of the approachlng stream. Thisg force 1s deter-
mined from data derived in cold wind-tunnel tests of the englne and
these data are used to construct curves indlcating the relatlonship
hetween Rsopr and the veloclty of the approaching stream.
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Unlike TVD and TRD, this type of engine requires no delivery téats
far purposes of adJustment and running in; therefore, in serles produé—
tion of PVRD, these engines are subjected only to control tests. In
additlion to the control teats, Individual englnes are réndomiy sub-

Jected to prolonged test procedures involving the total service life.

Manu-
seript [List of Transliteratcd Symbols]
Page
No.
250 3 == e = ekvlivalentnaya = equivalent
250 ¢ = 8 = soplo = nozzle
250 HOPM = norm == normal'noye - normal
250 3aM = Zam = zamerennaya = measured
251 kKp = kr = krutyashchly = torque
255 np = pr = privedenlye = reference
257 conp = 8Sopr = goprotivlieniye = drag
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Chapter 7
ENGINE FLIGHT TESTS

The flight-engineering characteristics of aireraft are determined
in great measure by the characteristics and the operational indices of
their engines. There are always some differences between the actual
flight characteristics of an engine and those derived at the stations
or under conditions encountered in high-altitude installations. More-
over, 1t is important to clarify the features of the operational flight
characterlstics of a particular type of engine and its shortcomings,
as well as to determine the meang by which these defects can be elim-
inated. These conditions and requirements govern the need for the exe-
cution of flight tests for all newly designed engines and thelr modi-
{lcatlions.

Each type of flylng craft ls glven a definlte designation and for
this reason the englnes that it carriles must exhibit the required op-
erational characteristics for the conditiong under which 1t is to op-
erate. In thils connectlion, the scope, the purpose, and the methods of
the fllght tests vary ag a function of the type of englne and the
deslgnatlon of the aircraft.

When a single engine 1g mounted on varlous ailrcraft, 1its opera-
tion musl be checked for each type of alrcraft. ''he need for thlc type
of test is brought about by the fact that ailrcraft of varlous designa-
tiong are used under nonidentical flight conditlons and there are also,
ag a rule, a variety of structural configuratlons of the powerplants,
including the inlet channels .and the gas-exhaust tubes, all of which

- 259 -



serve to exert conslderable influence on engine operatiori.

Higher requirements with respect %0 the accuracy of the measured
parametersare imposed on flight tests. Since a flight experiment g
very expensive, 1t 1s desirable to reduce the testing time to the min-
mum without impalring the quallty of the test. The majority of ~h:
measured parameters are recorded by apecilal automatlc recordlng anl' g,

Tne present chapter pregents only the most general of Luofurmatloo
on engine flight tests,

1. AIRCRAFT FOR FLIGHT TESTS

Flight tests of VRD (alr-reactlon englnes] are carrled out elither
directly on the alrcraft for which it was deglgned, or treae “sghn ape
2onducted on apeclal alrcraft known as £lying lavoratoriss.

The primary Clight tests of a newly deslgned englne are, Lin mary
caszes, azzocclated with great diffliculties and risk when conducted on
an erperimental alrcraft.

The fllght teats of an engine are asigniflcantly almplifficd Shroust.
the use of special flying laboratorles that are modiffcatlong of
seriles-produced alrcraft. The experimental englne 1z mounted fn the
fuaelage of the fLlying laboratory or suapended in a aspeclal pod he-
neath the wing or the fuselage. Jometimes the experimental englne 1
nounted above the fuselage or In the alrcraft's tall assembly. The asn-
a2mbly of all of the elements of the powerplant on the flying labora-
wory must approximate the assembly of the powerplant of the experime: -
tal aircraft for which the englne belng tested wags deslgrned to the
sreatast possiblie extent, This makes 1t posaible to undertake a de-
talled study and adfjustment of the various units and Individual gystems
of the experimental aircraft's powerplant simultaneously with the
£1lizht tests of the experimental engline.

Plgure 145 shows an over-all view of a flying laboratory modlfled

~~
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from a seriles-produced alrcraft for the testing of small air-reaction
englines. The experimental engine 1s suspended on a pylon beneath the
right wing of the aireraft. A fuel tank 1s mounted beneath the lefl
wing, this tank exhiblting the same confilguraticn as the powerplant of

the experimental aircraft.

: Fig. 15, Flying laboratory.

Flgure 146 gshows a diagram of the mounting of a ramjet engine on

an aircraft for subsonic flight tests., The engine lg positioned over

the fuselage of the alrcraft in such a manner that the engine's axis
1s parallel to the longltudinal axls of the aircraft. When the englne

being tested 1s suspended beneath the fuselage provigicen 1s made for

complete or partlal wilthdrawal of the engine into the cargo compart-
ment of the fuselage during taxiing, takeoffs, and alrcrafi landings.
: Moreover, devices are included in the flying laboratory to make pos-

sible the dumping of the experimental engine 1In the case of an emer-

gency. The powerplant of the alreraft 1s fitted out with a special

La e 5 HHY )

fire-extingulshing system.
Tn converting a serles-productlon alrcraft into a flving labora-

tory, all equipment not needed for the fllight tests 1s removed from

the aircraft. Thils reduces the welght of the alrcraft and makes 1t pos-
glble to provide conditions that make the work of the crew easler and
provides the space needed to-carry the experimental equipment.
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Flg. 146, Diagram showing the mounting of a
ramjet engine on an ailrcraft. 1) Measuring
instrument panel; 2) metering tubes; 3) com-
pressed-alr flasks; 4) fuel tank; 53 redue-
tion gear; 6) experimental engine; 7, 8) for-
ward and rear gupports.

on a flying laboratory make it possible to resoclve a great

many questions with respect to a flight study of the experlmental en-

glne, and namely:

1) to

determine the altltude-veloclty characterlstics of the en-

gine for the baslc operating regimes of the engilne;

2) to

determlne the stabllity coefficient of the engine under

high-altitude condlitlons;

3) to

determine the temperature field at various sectlons of the

engine's gas duct;

4) to
gteady and
5) to
glne start
6) to
gas regime
7) to
pronounced
8) to

burner and

check engine operation and to evaluate 1ts parameters for

translent reglmes;

evaluate the starting'charagteristics and the limits of en-

under high-altitude and hlgh-gpeed condltlons;

determine the minimum stable reglmes and to check the low-

at varilous altitudes;

determine engine plckup and 1lts operation in the case of

throttling under varlous flight conditions;

check on the ptarting and operating stabllity of the after-

to determine the parameters of the engine when the after-
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burner 1s functioning;

9) to cvaluate the pressure losses and determine the influence of
the inlet and outlet devlces of the powerplant on the functioning of
the engilne;

10) to evaluate the operation of the systems of control, lubrica-
tlon, and engine cooling at varlous engine regimes;

11) to determine the vibratlonal overloads for the various reglimes
of engine operation.

Since flying laboratories are modifications cf multl-engined air-
craft, 1t becomes possible to determine engine characteristics for
each regime at several given flight speeds and altitudes.

The experimental engine is, as a rulé, deglgned for a new ailrcraft
exhiplting higher flight characteristics than the series-produced air-
craft that has been modified Into a flying labvoratory; therefore, a
study of a new engine mounted on a flylng laboratory is occasionally
limited with respect to altitude and particularly with respect to
£1light speed.

Moreover, the thrust and flow-rate characterlstics derived on a
flylng laboratory generally differ somewhat from the characteristics
of the powerplant installed on the maln alrcraft, and thig can be ex-
plalned, filrst of all, by the diff'erence in the deslgns of the inlet
units and the exhaust systems.

It follows from the above that fllight studies of an experimental
englne mounted on a flylng laboratory, no matter how carefully and ex-
tengively they are conducted, cannot eliminate the nced for futurc
flight tests and adjustments of the basic alrecraft for which the en-
gine was desilgned.

Pllotless. flying laboratories are used to test Indivlidual types
uvf englnes, particularly PVRD [ramJjet engines] intended for installa-
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t1on in gui’de‘d.rﬁiésiles_. Such laboratories are modified versions of
series-p;dhﬁced or speclally designed pilotless eraff equlpped with
the necessary measuring and radlo-ftrarsmission eqnipment.

Flight tests in pillotless 1aboratoriés are conéucted overipfede-
termined trajectories of test flight ranges along which obsgerver sta-
tions have been positloned to track the flight of the pillotless craft

and to recelve the transmitted measurement data by means of a telemetry

system.
2. MEASUREMENTS DURING FLIGHT TESTS

All parameters characterizing engine operatlon must be measured
durlng the course of engine flight teats. A typlcal dlagram for the
measurement of the various parameters of a TRD [turbojet englne] per-
taining to the gas-alr duct 1s shown in Fig. 147. The number of meas-
ured parameters is determined by the testing schedule and should pro-
vide for the derilvation of the necessary engilne characteristics. All
of the measuring equipment must be callbrated and must provlde for the
required accuracy and speed of meagurement.

The most Important parameters affecting the work of an engine and
the flight characterigtics of an alrcraft are the barometrlc pressure
and the éir temperature., These paramelers may change to a conglderabhle
extent at a constant geometric flight altltude and as a result the
alrcraft and englne characterlstics for a given geometric altltude
wlll show dlvergences.

In connection with the fact that the geometrilc altitude, l.e.,
the distance along the vertlcal to thc ground, does not dlrectly deter-
mine the alrerafi characterlstics, the practlce hag been adopted to
determine the flight altltude from the megnltude of the barometric
pressure and MSA data. Thus the determilnation of flight altitude can
be veduced to the measurement of the barometric pressure.
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Fig. 147. Diagram of TRD preparation.
P¥y, P*5, P¥y, P¥g, T¥y, T¥)) Total

stagnation pressures and temperatures;
Pys Pps Py) static pressures.

1
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L

Fig. 148, Dlagram of
the measurement of
flight altitude and
gpeed, 1) Totala
pressure chamber of
speed indlcator; 2)
statlc-pregsure cham-
ber of speed indica-
tor; 3) static-pres-
sure chamber of al-
timeter; 4) altim-
eter vacuum chamber;
5) total-head tube;
6) statlc-pressure
tube.

For the simultaneous measurement of
flight altitude and veloclty we make use of a
PVD (alr-pressure receiver [pltot-static
tube]) a dlagram of which is shown in Fig.

148 in conjunction with a speed indicator and
an altimeter. The PVD [piltot~-static tube] con-
sists of a static pressure tube 6 and a total-
head [dynamlc-pressure] tube 5. The static-
pressure tube 1s connected to the statle-
preasure chamber 2 of the speed indlcator and
the gtatlc-pressure chamber 3 of the altima
eter. The dynamic-pressure chamber 1 1ls con-

nected to the dynamic-pressure tube 5.

Chambers 1 and 2 of the speed indlcator are separated by a dila-

phragm. The pressure difference between chambers 1 and 2 causes the
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bénding of‘é'&iaﬁhragm which 1s comnnected to the néédlé‘of éhé“speed
indicator or the recording element of an automatle speed récorder (thé
speedograph). - _

A vacuum 1s produced in cavity 4 of the altimeter and the deforma-
tion of the dlaphragm under the actlon of the pressure difference be-
tween volumes 4 and 3 will therefore be proportional to the statle
pressure. The diaphragm of the altitude indicaior 1s connccted to the
needle of the altimeter or to the automatic altitude recording uult
(the barograph).

Aerodynamlc corrections are introduced for the instrumeni read-
ings. The instrumental aerodynamic corrections are found from callbra-
tion curves plotted in accordance wlth results obtained from a speclal
calibration flight at several speeds and altltudes. Yhe aerodyunamic
corrections for the apeed indicator and the altimeter are uniquely aa-
goclated to one another and only one of these correctlons 1s therefore
determined during f£light, the other being calculated.

The speed indicator 1s calibrated In terms of alr density under
ground conditions (on the basls of the MSA [International Standard At-
mosphere ]) and the speed measursd by the instrument 1is therefore known
as the indicated ground apeed ¢y when the ingtrument and aerodynamic
correctlons have been taken into conglderation.

The correction factor 6°szh for compreagsibility is determined
from special nomograms on the basils ofrthe magnitude of the indlcated
ground speed, the altitude, and the flight Mach number. Then thc Indi-
cated aneed 18 determined:

eyt ¥cn (154)
To determine the true flight speed, a conversion 1g carricd‘out

to the actual air denslty:
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where A 1s the relative denslty of the alr pH/pO; Po 1s the air density
under normal conditions (at Py = 760 mm Hg and ty = +15°C); py 1s the
actual density of the alr at the given altitude.

In addltlon to speed indicators,

the alreraft are equipped with instru-

ments for the dilrect measurement of the

flight Mach number. As is well known,

R 77 e

the Mach number 1lg defined by the rela-

Flg. 149, Diagram of floww tlonshlp between total and static pres-~
meter scnsing clement. 1)
Rotor; 2) execiting coil, sure. This relatlonship is used 1n the

Mach-number lndicator. The movement of the dynamlc-pressure dlaphragm
in the instrument ls assoclated with the shifting of the static.
pressure diaphragm so that the instrument needle indicates the flight
Mach number. A thermometallle split contact 1s provided for in the in-
strument to ensure temperature compensatlon for the two dlaphragmg.

Thermoelectric thermometers (thermocouples) and electrical regist-
ance thermometers are used to measure the temperature of the outslde
alr.

The temperature of the outside ailr i1s measured on an ailrecraft in
the same manner as the temperature of the streams. The temperature of
the amblent air 1s measured by means of low-lag lnstruments for which
the points of sensing-element 1lnstallation on the aircraft must be
carefully scleccted.

The temperature of the outslde alr 1is determined from the follow-
ing formula:

Tp="Tex—AT, (156)
where T*zam 1ls the measured stagnatlon temperature; AT is the correc-
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tion factor‘apﬁiied to the thermometer readings for the deceleration
of the alr,

The stagnatlon [deceleratlon] correctlon factor AT ¢an be detér-

mined from the following formula:
aT=0,2rM% (157)

The total pressures in the various sectlons of the gas-alr duct
are measured by means of pressure "rakes."

The measurement of the number of revolutionsg by means of alrcraft
tachometers do not provide the requlred accuracy and they are employed
only for purposes of determining the regime, Test-stand tachometers of
elevated accuracy are used for flight investigations. Automatic record-
ing devices maklng it possible to record the number of revolutlons
continuously are uged for investlgatlions of nonsteady-state regilmes.

During flight the fuel flow rate can be determined with suffi-
clent accuracy by means of a volumetric flowmeter which 1ls equilpped
wlth an automatic recording unit to register the readings.

The gensing element of such a flowmeter, presented schematically
in Fig. 149, 1s the rotor 1 that 1ls immersed in the flow of fuel. The
rate of flowmeter-rotor rotation 1s directly proportional to the speed
cf the fﬁel passing through the flowmeter, and the total number of ro-
tor revolutions within a glven interval of time will characterlze the
volumetric total fuel flow rate. _

A permanent magnet is positioned inside the rotor and an exclta-
tlon coil is positioned aﬁove the rotor., As the rotor turns, an elec-
trlc current exhlbiting a frequency that is proportlonal Lo the rale
of rotor rotation is generated in the excitation coll. A flowmeter of
this type provides for a fuel flow-rate measurement accuracy of +0.5%
in volumetric units. The actual volumetric flow rate is determined
from the followlng formula
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V=" 53600+aV. (158)

where h is the number of pulses indicated on the automatic-recorder
tape during the perilod of T sec; v represents the volume corresponding
t0 a single pulse; AV is the calibration correection factor for the
flowmeter.

Flowmeters yilelding readings in gravimetric units are also used
to measure fuel flow rate. In order automatically to introduce correc-
tion factors for the specific welght of the fuel, a floated density

meter connected to a potentlometer is hooked up to the structure of

such a flowmeter. Depending on the extent to which the float is im-
mersed, the resistance of the potentiometer changes in proportion to
the specilfilc weighl of the fuel.

When the flight-test schedule does not call for speclal determina-~
tion of flow-rate characteristics of the englne, the fuel flow rate
can be determined from the magnltude of the fuel pregsure. For thls
purpose, on the basisg of earlier recorded test-gstand characteristics,
a plot 1s made of the relationship between the flow rate &nd the pres-
suwre 1n front of the spray nozzles. The approximate value of the fuel
flow rate during flight 13 determined from this relationship.

Thrust which 1s a baslic indicator Tor TRD [turbojet engines] can
be determined either by dlrect measurement or lndirectly. In the first
case, the thrust of a TRD 1ls determined by means of a dynamometer. For
thils purpose the engine being investigated 1s mounted 1n a pod on a
hinged beam. The longitudinal shift of the beam as a result of the
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by the dynamometer spring.
Under flight conditions the dynamometer records the sum of three

forces, 1l.e., the thrust of the engine without consilderation of ex-
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ﬁépnal drag, the aevodynamle drag of the engine nacelle, and thé longi-
tudinal component of the welght of the englne installatlion. In the A
study of an engine, in the final analysis, the thrust of thée éngine
must be determlned without considera%ién of'reéisténce aﬁdifhe wéight
component., In this case 1t i1s generally assumed that the aerodynamlc
reaistance of the nacelle with an operating engine will be equal to
the external resistance of a nacelle with an ilnoperatlve englne and
with closed inlet and outlet channels. The external drag of a nacelle
wlth an Ilncperative engine 1s détermined durling a speclal flight; from
the data of this fllght the nacelle drag ¢y 1s also calculated. The
longltudinal welght component of the engine installatilon is produced
by the exlstence of an angle 0 between the axlg of the engine and the
horizon line. The angle 6 1s measured by means of a speclal instrument

during flight.

Engine thrust 1ls determined from the followling formula:
R=R“.+'—;"C‘PS"C'—G‘ sin 0' ( 159)

where Rzam 1s the measured thruat; Gd 1s the weight of the englne ln-
stallatlion; Sm 1s the area of the engine-nacelle mldsgection.

In connection vith the complexity of the dilrect measurement of
TRD thrust during flight, in a number of caseg the thrust of the enginc
13 determined indirectly. The engine fthrust can be determined wlth suf-
flclently great accuracy by the gasdynamlc method described in Chapter 5.

The flow rate of alr through the engine can be determined in a
number of ways. The most common manner 1s the one Involving the deter-
mination of the alr flow rate through measurement of the dynamic preg-
sure and the atatlc pressure of the alr by meansa of velocity sensors
mounted in the 1nlet channel of the engine. In this case 1t should be

borne in mind that there arises a certain nonunlformity 1n the velocity
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fleld at the engine inlet, and thié may result lh an lnaccuracy in the
determlnation of the air flow rate. To derive sufficlently accurate
results 1t 1s necessary to install several "rakes" in the inlet chan-
nel. Thls makes it possible to conslder the nature of the velocity
field through the helght of the channel as well ag about its circum-
ference.

The stagnatlon temperature at the inlet to the englne is nceded
to determlne the alr flow rate and is assumed to be equal tc the stag-
nation temperature of the approéching alrgtream. This measurement
method for the air flow rate 1s more convenient in testing TRD [turbo-
Jet englnes] with axlal compressors.

3. METHOD FOR CONDUCT OF TURBOJET-ENGINE FLIGHT TESTS

I'egt schedule

In setting up the achedule a determination muast be made of the
number of problems to be lnvestlgated, a plan must be made for the
measurements that are to be carriled out, and the measuring equilpment
1s selected. The flight-test schedule stipulates the number and dura-
tion of flights and the purpose of each. The operatling altitudes, ve-
locities, and engilne-operating regimes are set down for each flight,
as 1s the time during which the aircraft and the engilne must be kept
in a certaln regime prior to the measurement. The schedule stlpulates
the degree of accuracy permlgsible for maintenance of flight altltude
and veloclty, engine operating regime, and the number of repeat meas-
urements in these regimes. The scope and content of the schedules may
vary, dependilng on the purpose of the tesgts and the characteristic
features of the engilnes.

In testing an experimental englne 1t 1ls necessary L0 debermlne
1ts characteristics, to clarify 1lts operational propertles and defects,
and to lay down meansg for further Improvements. For thils purpose, the
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flight-test schedule for an experimental TRD [turbojet engine] includes:

1) ground tests of the engine in its ailrcraft assembly to check
on 1ts operatlion and to determine the influence of ailrcraft devices on T
the engine pqrameters; .

2) control flight within the vicinity of the airfield to check
the operatlon of the englne and the aircraft (the required adjustment
of englne units is carried out on the basis of flight results);

3) determination of engine parameters for steady-state regimes
over the entlre range of Operating flight altitudes and wveloclties;

4) a check on the stability of engine operation and determinatlon
of stabllity coefficient wlth respect to the reference number of rev-
olutions (to attaln the maximum number of reference revolutions, this
check 1s carriled out in a climbing regime at a minimum f£light speed);

5) a cheeck on engine operation in acceleration and throttling-
down regilmes for varilous flight altitudes and speeds;

6) determination of the limit of reliable engine start;

7) checking the operation and parameters of the engine in thrust-
augmentation regimes, and the determination of the range of reliable
afterburner start;

8) evaluation of the effect ol the ailrcraft inlet channel on the
parameters and stablllity of engine operatilion under flight conditions;

9) checking on the operation of the englne's control system and
the carrylng out of the adopted control law during change in flight
altitude and speed, enginé operatling regime, and atmospheric condltions;

10) determination of minimum stable regimes at various altitudes;

11) checking on engine operation during aircraft maneuvering.

During the course of flight tests 1t ls desirable to combine as
many tasks ap possible to derlve the maxlmum yleld of experimental
data from each flight.
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Preparation for teésting

The measuring equipment is selected and readled 1n accordance
with the flight-test schedule. The required number of visual and self-
recording instruments of the required accuracy are mounted on the air-
craft, and the dilalg of the visual instruments are mounted on an in-
gtrument panel housed in the flight engineer's cockplt, and they are
algo mounted on speclal instrument boards set up in various compart-
ments of the fuselage. The auxlliary instrument panels set up in the
aircraft are photographed by meéns of gpeclal cameras that are remote

controlled (Fig. 150).

Flg. 150. Diagram of ingtrument
photography. 1) Camera; 2) flood-
lights.

Prior to each takeoff, the alrcraft and the powerplant are care-
fully inspected and the operation of the engine 1ls tested under ground
conditlong., The locatlon of the englne suspenslon and the fuel- and
oll-system ingtallation are checked as part of the inspectlon, as 1s
the ingtallatlon of the electrical equ;pment and the control systems;
the Joints of the gas-alr duct elements of the engine by whlch thesc
are connected to the inlet and outlet deviceg of the powerplant are
checked to make sure that thecy are alrtight, ete., The operation of the
engine 1s tested after the Inspectlon, 1l.e., the rellability of opera-
tion of all systems and units of the englne mounted on the alrcraft is

checked, as 1ls the start and operatlon of the engine in the basic steady-

i u. 15

state and transient regimes under the condlitions of the alreraft assembly.
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Tﬁé sfart, the entry of the engine into its flight reglme, and opéra-
t}on at the varlous regimes 1s carrled out 1ln accordance with the téche-
niéal operatlons manual.

' The basié parameters characterlzing the work of a TRD [turbojet
engine] during ground tests are the number of revolutlons, the fuel
and oll pressure, the temperature of the gases behind the turbine, the
duratlon of the starting process, and the plckup tilme. These parametcrs
must correspond to the data cited in the operational manual for the
engine. If necegsary, upon compietion of the englne test under ground
conditions, individual unlts may have to be regulated.

The operatilon of all powerplant systems in the alrcraft assembly
are evaluated on the basls of the ground-test results, and the Influ-
ence of the inlet and outlet alrcraft channels on thrust and ruel con-
sumption are determined by comparing the derived data with the results
of the factory test-stand operatlons. These tests, moreover, make it
possible to evaluate the temperature regime at various points in the
engine compartment and to establish the abllity of the various unilts
to operate at that temperature, If satisfactory results are ohtailned,
permisslon is grantcd for the aircraft to talke off.

Teoting éggine operatlion in steady-state regimes

TRD [turbojet engines] are teated in steady-state reglmes 1n or-
der to determine the baslc parameters and the stablllity of engine op~
eration with regpect to flight altitude and veloclty for various num-
bers of revolutions. On tﬁe basls of the results obtained in these
tests altitude-veloclty characteristlcs for the engilne are plotted.

Engine characteristics are determined at a number of altltudes
(tor example, every 2000 m) between the ground and the aircrafils
celling. At eagh altitude measurements are taken for 5-7 rpm setiings
and at 3-4 flight-velocity values. The followilng ltems are measured
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during these tests: flight altitude and veloclty, t‘ﬁe"’cémpeiiaﬁufe' of
the ambient air, the number of revolutions, the fuel flow fate, the .
air flow rate, the total pressure in front of the compresgor, the pres-
sure and temperature behind the compressor, the gas pressure and tem-
perature behind the turbine, fuel pressure, o0il temperature, and the
position of the control stick,

If englne thrust was not measured directly during the course of
the test, this factor is determined for all regimes by the gasdynamic
method., Subsequently, plots are'made for thrust, fuel flow rate, air
flow rate, and the pressure and temperature through the duct as func-
tions of the number of englne revolutlons for the gilven flight alti-
tudes and speeds.

The functloning of the control system is also checked during the
course of flight tests conducted to study the englne 1ln steady-state
regimes. The established control law for the englne must be achleved
under operatlng conditions, 1.e., the regime (physical or reference)
number of revoluticons must be maintailned, as must the asslgned param-
eters, l.e., the fuel flow rate, the setting angles for the varlable
gulde-vane aggemblles of the compregsor, the pogsitlon of the exhaust-

' cte.

nozzle "eyelids,'

The data derilved from the results of the flight tests are compared
with the set data and 17 necessary measures are taken to improve the
operations of the control system.

Testing the gasdynamic stablllty of the engilne

Unstable turbolJet-engine operatlon occurs whch the operating linc
on the compressor characteristic lntersects with the flow-~separatlon
boundary (the surge line).

Under flight conditions unstable englne operatloen appears in the
form of sharp reports accompanled in some cases by involuntary stoppage
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of engine b?ératign, Unstable TRD operation may occur In both steady-
and nonsteady-state reglmes when the number of revolutlons 1s Ilncreasged
markedly.

In steady-state regimes unstable engine operation during flight
occurs at high reference revolutions, l.e., 1n the reglme of maxlrum
rpm Wwhen the temperature of the outglde alr 1s low. These condltions
are most frequently encountered in flightg at great altltudes at low
apeeds. Unstable engine operation 1n steady-state reglmes may also oc-
cur In operatlong at the ground with a mirimum number of revolutlong
and high outglde-alr temperatures.

In the caage of nonsteady-state regimeg ungtable operation may an-
pear as a result of a gudden gshifting of the throttle lever, 1l.a., ag
a regult of a sudden lIlncrease 1n the fuel flow rate. In thilg cage, the
increase 1n the number of engine revolutlong doceg not occur along the
operational line but along a curve closer to the aurge line. The shape
of thlg curve 1s a functlon of the characterlasticg of the compreggor,
the turblne, and the fuel-regulatlion equipment.

Flignt teats to check on the agtabllity of englne operatlon are
carried out in a climbing regime at maximum number of revolutlonz, bul
al the lowest poasible flight apced. Since operatlon in the mazxlimum
reglme 13 generally restricted with reapect to time, the climb la exe-
cuted within the period of time esgtablighed for the application of
thla regime. Then the number of revolutlons 1ls reduced and the alrcraft
1a turned to horizontal flighu., After cooling of the englne, the climb
1s continued in maximum reglme. The flighl altltude and veloelty 1g
meagured durlng thege tesats, and gso are the temperature of the cutalde
air, the number of revolutlons, the pressure behind the compressor,
and the gas temperature hehind the turbline.

The air pressure hehind the conpressor must be measured by meana
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of a sensitive automatilc preésuré recording devlice whose feadiﬁgs will
make 1t possible to determine the presence and nature of fluctuatlons
in alr pressure. The measwement of all parameters is carriled out each
5C00-1000 m. With the appearance of indlcationsg of surge, the pilot
switches on the automatic recording devices and gradually reduces the

number of revolutions.

Tests to evaluate the temperature regime in an exhaust nozzle

In TRD [turbojet engine] operation, it is extremely important to
pay strict attentlon to the temberature reglme of the engine. Exceed-
ing the permissiblc gas temperatures may result in an accident. For
thls reagon a very complete and reliable evaluation of the temperature
regime must be carried out during the flight tests of a new englne and
the 1limit gas-temperature value establlshed on the basis of theoretlcal
data and test-stand results should be reexamined,

The parameter which characterlzes the temperature reglme of a TRD

[turbojet engine] 1s the temperature of the gases T¥, in front of the

3
turbine. However, 1n connection wlth the high absolute valuesg of thilg
temperature and the great nonunliformity of the temperature field in
tfront of the turbine, it 13 quilfte difflcult to measure T*3 and [or
thls reason in the majority of caseg the temperature regime for an eon-
gine 18 evaluated in terms of the temperature of the gascs 1n the ex-
haust nozzle.

The temperature of the gases in the exhaust nozzle of a TRD [tur-
bojet englne] changes with varlatlons 1in the operating regime and the
flight counditlons. Lhe characteristics ol Lhe Inlel channelg and the
gas-exhaust tubes of the powerplant exert Influence on the magnitude
of thils temperature. Since the temperature fleld in the exhaust nozzle
i3 also nonuniform, the readings of the monitoring thermocouples de-
pend on the polnts at which they have been Installed. With changes in
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flight condifiﬁns and englne operating regiﬁé, there may be a change
in the distribution of temperatures through the sectilon, All of this
results in a situation in which the temperature of the gases in the
exhaust nozzle, sald temperature measured by the monitoring thermo-
couples, may only approximately characterize the temperature condition
of the englne,

The testing of TRD for purposes of evaluating the gas temperatures
in the exhaust nozzle makes 1t possible to check on whether or not the
1limit values for the temperaturé are being exceeded and 1t 1ls also pos-
sible thereby to determine the nature of the gas-temperature distribu-
tlon through the section of the exhaust nozgle under variousg flight
condltions. In case of need, the results of the flight tests can bhe
used to correct the limit temperature value,

To determine the nature of the temperature field behind the tur-
bine or in the gas-exhaust tube, several temperature "rakes'" connected
10 automatic recording unlts can be Installed. The "rake" measurements
are carried out slmultanenugly with the measurement of temperature by
the monitoring thermocouples installed at the repular positilons.

For a proper evaluatlon of the engilne's temperature repgime, the
accuracy of the rpm measwrement ls exiremely lmportant slnce these rev-
olutions are directly associated wilth the gas temperature in thce cx-
haust nozzle.

Tests to evaluate the gas temperature begln with a gtatic [ground]
check on the temperature state of the englne throughout the entire
range of revolutiong. Under high-altltudc conditions the engine ig
checked at the maximum number of revolutlong during the climb to the
alrcraft's celling.

If the gas temperature at some altiftude exceeds 1is permlssible
value, the number of engine revolutions is reduced to the point at
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which the given temperaturé is attained. An evaluation of thé téﬁpefa-
ture gtate of an engilne 1s carried out on the basls of several flighté.

Tests to determine the temperature fleld i1n the exhaust nozzlé
involve horizontal flight 1n steady-state regime at several altltudes.
To derlve stable data the engilne parameters are measured after a gilven
regime has been maintained for 3 minutes.

Engine testing 1in transient regimes

It 1is rather difficult to provide for normal engine operatilon 1n
translent regimes, since in view of the separation condltlons occur-
ring in the compressor the permigsible excess of fucl flow rate durilng
acceleration over the fuel flow rate in the steady-state regime 1s re-
duced with an increase in flight altlitude. Moreover, with a sudden
change 1n engine operation, under certaln {light conditliong flamc-
breakaway may occur iln the combustlon chamber.

The {llght altitude and veloclty are measured during the accelera-
tlon reglmes, as are the temperature of the outslde alr, the number of

revolutions, the total pressure behlnd the compregsor and the turbine,

The study of an engine in transient regimes 1s begun with a check
on the plckup of the engine ln the alrcralft assembly under ground con-

ditlons. Pickup is checked through gradual (wilthin 10-20 seconds) and

sudden (wlthin 1-2 seconds) shifts of the throttle lever from the posl
tion corresponding to the low-gas regime to the maximum-revolutlon rc-

glme. With gradual feed of Zas the number of revolutions must lapg be-

RN 4-Tn o1 4= 4
v

Gi1is wial'l lover

.
tlc VoY, 2 sudden incresge in the

hind ihe sulilillng of
supply of gas the time required for the transltion to maximum revolu-
tions, the sudden increase 1n the number of revolutlons, and the tem-
perature of the gases in the exhaust nozzle should not exceed the
norms esiabllshed in ths tcechnleal manual.
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Flight tééts of engine operation in ééceleration regimes-éfé ear-
ried out throughout the entire range of altitudes from the ground to -
the practical celling of the alrcraft at minimum and maximum f£light
speeds durlng gradual and rapid increase in the nunber of revoluvions.
Engine plckup 1s checked both on a hot, i.e., after several minutes of
operation in maximum regime, and on a cold engine after operation in
low-gas regime.

During these tests the number of revolutions and the temperature
of the gases should not be permitted to exceed the limlt set above.
With a fast lncrease in the number of revolutions the engine may ar-
biltrapily cease to operate. In this casec a stop-valve must be actuated
1o close off the supply of fuel and the engine must then be cleared
and restarted. The involuntary shutting down of the engine may be a re-
sult of surge in the compresgor or it may be causcd by the breaking
away of the flame in the combugtlon chamber. The cause of the shutdown
can be determined by an analysls of measurement results for a number
ol parameters during the acceleratlon process.

A change in the baglc parameters of the englne with respect to
the periocd of acceleratlon is recorded by means of automatic recording
devices. The acceleratlon perlod ls counted from the instant at whilch
the throttle lever 1s moved forward to the lngtant at whilch the maximum
number of revolutions ls attalined. With a sudden supply of gas the en-
gine should enter the glven regime wlthout any rf'luctuations in the
number of revolutilons.

In addition to acceleration characterlsties, flight tests serve
to check on engine operation in the case of sharp throttling, i.e.,
for the case of sharp shifting of the throttle lever from maximum re-
glme to the position corresponding to the low-gas regime. This tegt is
carricd out at varioug flight altitudes.
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In the case of sharp throttling, eéngine revolutions must drop
from maximum to minimum within a period of time not exceeding that set
by the technical specificatlons. In the case of throttling the engilne

should not experience the breaking away of the flame in the combustion

chamber.

Tests to evaluate engine start

The rotor 1s set into rotation on the ground by the energy of the
starter, while under {light conditlons the rotor is turned over by the
approaching alrstream. The operéting regime at which the engine rotor
1z turned by the enerpy of the approaching stream 1s known as thc auto-
rotation regime. The number of revolutlons in the autorotatlon regime
ls a functilon of flight speed and determines the efficlency of engine
start under flight conditions.

Prior to checking the gstarting of the englne under hilgh-altltude
condltliong, the starting of the engine in the alreralt asscmbly s
tested on the ground and 1t is also studled in autorotation regimes.
To derlve data with respect to the autorotation reglme at several al-
tltudes and at various flight speceds, the nuuber of engine revolutlons
arc measured for the casc in which the combustion chamber 18 inopera-
tive. The derilved resulis arc used for a prcliminary check on the
method of hilgh-altliude start.

Tests to cvaluale and verilfly start are carried out throughout the
entire range ol altitudes to the practical celllng al several rlight
gpeeds 1n the interval from mlonimum to maximum alreral't veloclty. The
enprine can be started alter il had been permlited Lo cool for a perind
of about 10 minutes. In the case the englne falls to start, the subse-
quent attempt to start the engine 1ls not undertaken lmmediately but
only after several minutes of flight, to remove the [uel that has ac-
cumulated in the engine.

- 281 -




During the course of the test thce most effective stafting method
must be worked out. For thils purpose the optimum condltionsg with re-
spect to the time and duration of initlatlon of ilgnitlon, the supply
cf gtarter and maln fuel, of change in fuel presswre during the start-
ing procedure, etec., are determined. The entire starting procedure is
recorded by automatlc recording equipment. The followlng parameters
are measured durlng the course of the tegst: the number of rotor revo-
lutlons, fuel pressure, alr pressure behind the compressor, the tem-
perature of the gases behind thé turbine, and the temperature ol the
outslde alr.

The reglon of rellable gtart as a functlon of flight altiltude and
veloclty 1s determined on the basls of the test results. In connectlicn
wilth the fact that engine start 1s significantly affected by the tem-
perature of the outslde alr, the tests for the evaluatlon of starting
elflicleney are carried out both during the summer and the winter,

Ingine tests in thrust-augmentatlon regilmes

During TRD [turbojJet-engine] teats the operation of thls cnginc
1s tested for the thrust-augmentation regime. This tcst 1o carried out
to study the engine paramcters 1ln a steady-state thrust-augmentatilon
reglme, ay well as wlth an operatling and an Inoperatlve aftcrbuincy,
Moreover, these tests serve to determlne the efficiency of afterinuncer
operation under various flight conditlons, the limits of reliable
start are clearly defilned, and the strength of the alterburncr 1o
tested.

During the tegsts particular attention 1s devoted Lo a study or
the automatic equipment whlich controls the operation of the aflterburncy,
since the time for the start of supply of afterburner fuel, initiation
of ignition, and the opening of the exhaust-nozzle "eyelilds" is
strictly repulated, Disrupilon of the establlshed sequence of opera-
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tlens or deviationg in these operatibns wilth respect to time may re-

sult 1n significant changes in cngine parameters, fallure of the after- _

burner to start, and it may even result in surge. -
The operatlon of the engine in thrust-augmentatlon regimes isa

tested for the entire range of the alrcraftts flight altlitudes and

speeds. On the basis of the flight results, the characteristics of the

TRD 1ln the thrust-augmentatlon regime are determined, and so are the

data on the change in englne parameters and afterburner parameters

when the latter is in operation: These data make 1t possible, in case

of need, to select a morc efficlent control law for the operation of

the afterburner.

Engine operation in the thrust-augmentation regime 1s regarded as
satiagfactory 1f when thlpg reglme ip started or shut down surglng does
not occur, and 1f the combustlon chamber does not ccasc to operatc on
its own; 1t 1lag also regarded as satisfactory 1f the cnglne parameters
remaln within the limits set Ly the technlcal speciflcations.

One of the most serious defecls occurrlng during the operatlon ol
the allerburner iz the vibratlon combustion whilch lg capable within n
short perlod of timc to causc great mechanlcal damage and even regpuli
in the destruection ol the combustilon chamber, IFor thlg rcason the al'-
terburner must function gtably under all [light conditlong, without
vibration combustion. In the cagse of gtable combustlon the starting or
shutting down of the afterburncr should produce no prolonged [luctuua-
tions 1n pregsure through the engine duct. If, however, vibration com-
nuatinn 1a found fo oceur ln the combustion chamber, thils can be ca-
tablished by means of a speclal lndlcator or from the characterilstlc
noise made by the aftgrburner. With the [Clrst indlcatlons of vibratilon
combustion the afterburner must be shut down., During thce coursc oi the
flight tests the boundary of relilable afterburner start 1s also deter-
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Invegtlgation of inlet channels

The characteristics of the inlet ohanhela exert significant in-
fluence on englne parameters and its operatlonal characterilgtics. The
selectlion of the dimensilons and shapes of inlet channels to a signifi-
cant degrec determine the assembly conditlons for these channels in
the alrcraft.

The development of gsatlsfactory designs for 1lnlet channels of con-
temporaxry high~-speed aircraft ekhibiting a great range of opcratlon
with respect to ailr flow rate 1s assoclated with great difficultics
and their experimental adjustment ls thereflore of pgreal sipgnliflcance.
The hydraulic characteristlecs ol inlet channels are determined prelim-
Inarily during the wind-tunnel tests of models; however, in thla casc
1t 18 Imposgible completely to evaluate thelr Influence on cnglne op-
eration under condlitlons prevalling In the actual alrcraf’t acsrmbly
for varilous flight speeds. The presence ol hydraullc losscs In the in-
let sections of a TRD signlflcantly impalr the maln characterlutles ol
an engine and 118 operatlonal propertiles.

Fllght studies determine the hydraullc lossen 1n dnlet chonnctis
and thelr influence on enginc characterilstics. To determine the logsen
al the Inlet to the compressor, several "rakes" with total-pwessurc
scnsing elements connecled to automatlc recording unlts are installoed.

llydraulic logses are evaluated by the magnliude ol the cocUricicnt

of total~-pressure loss

P U

e L.Lou)
where p*:L 1s the avcraged value of total pressurc at the inlel to the
compressor; p*O is the total pressure of the outclde air.

To determine the nature of Clow pasu the inlet edges of the chan-

- 284 -




nel, these edges are modified to measuve statlc pressurés.

The tests are carried out in steady-state and acceleration re-
gilmes throughout the entire range of operating altitudes and veloci-~
tles for the aircralt. All parameters characterlzing the operation of
the engine are measured at this time.

Alrcraft tests make 1t possible to evaluate the influence of the
inlet sectlons on the parameters of the engilne by comparing these with

the data derived under test-stand condltions.

Manu-
script [148t of Translliteratcd Symbols)
Page
No.
266 cx — szh = gzhimaycmost! = compressibility
267 3aM = zam == zamerennaya == measurced
270 o = d = dvigatel! = englne
270 M =m = midel' = mldsection
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