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Abstract

Parameters measurement accuracy while gas turbine engine (GTE) tests is incurring direct impact on
the tests quality and engine parameters setting-up during its pilot and serial production. Considerable attention
while testing is being paid to the accuracy of the engine main output operating parameters determining such
as thrust and specific fuel consumption, since these parameters directly affect the aircraft flight characteristics.
However, accuracy of these parameters actual values determining while the GTE bench testing is being affected
by many factors, the main of which are the aerodynamic characteristics of the test-bench box. Determining
the test-bench aerodynamic characteristics impact on the engine thrust  is being performed in accordance
with the Industry Standard OST 101021-93 “Test-benches for aircraft gas turbine engines. General
requirements” and according to the “Aerodynamic force at gas turbine engines tests on the ground-based
closed test-benches” measuring technique adduced in the OST 1 02781-2004 Standard. However, this
technique is applicable only to the turbojet and turbofan engines with common nozzle on the supercritical

operation mode at * *
nozzle nozzle critπ π≥ .

The purpose of this work consists in developing a technique for the aerodynamic force value determining
as a correction to the force from the engine thrust. This value is being measured with the force measuring
system in the (closed) box of the test-bench based on comparing the bench-testing results of the GTE with
a large degree of double-flow with separated circuits under condition of H = 0 and M = 0 at two layouts of
the inlet lemniscate device. This technique proposes determining the reduced value of the aerodynamic force
determining for the selected GTE type on the steady-state modes of the engine operation at the constant
value of the reduced rotor rotation frequency nr cor = const in the (closed) box of the test-bench in two options.
The first option supposes the layout with mechanically connected lemniscate (the reduced thrust of the test-

bench Reng.cor is being determined with no account for the values of the input impulse inletRΔ  and aerodynamic

drag windageRΔ ), employed while acceptance bench-test. The second option employs the layout with the

lemniscate mechanically disconnected by the labyrinth seal. The reduced thrust of the test-bench R0eng.corr
is being determined herewith with account for both the input impulse in the section of the labyrinth seal of

the inlet test-bench device and external aerodynamic drag windageRΔ  with connected pipeline at the inlet,

applied while the test-bench box calibration, as the difference between the thrust values _  air force corRΔ =

=R0eng.corr – Reng.corr . The article presents the technique for test-bench thrust reduction to normal conditions
H = 0 and M = 0 of GTE with large double-flow degree with split circuits at subcritical modes of the jet

nozzles. This is being done at the total pressure loss inσ  in the inlet device difference from 1.0, as well as

total pressure at the inlet *
inP , damped temperature *

inТ  and the moisture content d difference from the standard

values.

The aerodynamic force value AFRΔ determining error estimation according to the technique being

suggested was performed in the article.
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The article estimates the error in determining the value of the aerodynamic force _  air force corRΔ  according

to the proposed method.
The article demonstrates the possibility of employing, if necessary, a certified high-altitude test-bench

for the aerodynamically non-certified box of the test-bench to determine the aerodynamic force reduced

value _  air force corRΔ  for the selected turbofan type. The demonstration is based on the example of satisfactory

comparison of the experimental values of the reduced test-bench thrust of the turbofan of large double-
flow degree with separated circuits in the mode nfan.cor = const in the certified (closed) box of the test-bench.
The experiment was conducted in both layout with mechanical coupling by the input lemniscate, and in
thermal pressure chamber of the certified high-altitude test-bench with mechanically detached lamniscate
under conditions of H = 0 and M = 0.

The technique for the aerodynamic force determining as a correction to the force from the engine thrust,
recounted in the article, may be applied for aerodynamic calibration of the non-certified closed box of the
text-bench to account for the value of aerodynamic force. This can be done while both development tests
of the pilot item and acceptance tests of a stock-produced turbofan of a large double-flow degree with separate
circuits.

Keywords: double-flow turbofan engine, test-bench box, inlet lemniscate mouth piece, engine thrust,
force from engine thrust, air mass flow rate, rotor speed, aerodynamic force, aerodynamic drag coefficient.
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Ââåäåíèå

Âàæíåéøèì ïàðàìåòðîì àâèàöèîííîãî ãàçî-
òóðáèííîãî äâèãàòåëÿ (ÃÒÄ), îïðåäåëÿþùèì åãî
ñîîòâåòñòâèå çàÿâëåííûì òåõíè÷åñêèì òðåáîâà-
íèÿì, ÿâëÿåòñÿ ñòåíäîâàÿ òÿãà äâèãàòåëÿ, äëÿ
èçìåðåíèÿ êîòîðîé èñïîëüçóåòñÿ ñòåíäîâàÿ ñè-
ëîèçìåðèòåëüíàÿ ñèñòåìà [1]. Èñïûòàíèÿ îïûò-
íûõ è ñåðèéíûõ ÃÒÄ íà íàçåìíûõ ñòåíäàõ ìîãóò
ïðîâîäèòüñÿ êàê íà îòêðûòûõ ñòåíäàõ, òàê è â
(çàêðûòûõ) áîêñàõ èñïûòàòåëüíûõ ñòåíäîâ. Ïðè
èñïûòàíèÿõ äâèãàòåëÿ â (çàêðûòîì) áîêñå, â îò-
ëè÷èå îò èäåàëüíîãî îòêðûòîãî ñòåíäà, âîçíèêàåò
àýðîäèíàìè÷åñêàÿ ñèëà, êîòîðóþ ñîãëàñíî [1—4]
íåîáõîäèìî èçìåðÿòü è ó÷èòûâàòü êàê ïîïðàâêó
ê èçìåðåííîé ñèëå îò òÿãè äâèãàòåëÿ. Âåëè÷èíà
ýòîé ïîïðàâêè çàâèñèò ãëàâíûì îáðàçîì îò çíà-
÷åíèÿ îòíîñèòåëüíîé ïëîùàäè çàòåíåíèÿ ïðîòî÷-
íîé ÷àñòè áîêñà [5, 6] è ñ ó÷åòîì òèïà áîêñà [7,
8] íà ïðàêòèêå ìîæåò èçìåíÿòüñÿ â äèàïàçîíå
1…5% îò âåëè÷èíû èçìåðåííîé ñèëû îò òÿãè.
Ïîýòîìó íåó÷åò àýðîäèíàìè÷åñêîé ñèëû êàê íà
ýòàïå äîâîäêè ÃÒÄ, òàê è ïðè ïðîâåäåíèè ïðè-
åìî-ñäàòî÷íûõ èñïûòàíèé (ÏÑÈ) ñåðèéíûõ ÃÒÄ
ìîæåò ïðèâåñòè ê íåïðàâèëüíîé îòëàäêå äâèãà-
òåëÿ è ê ñîîòâåòñòâóþùåìó óâåëè÷åíèþ òåìïå-

ðàòóðû ãàçà ïåðåä òóðáèíîé, ê óìåíüøåíèþ ðå-
ñóðñà äâèãàòåëÿ è çàïàñà óñòîé÷èâîé ðàáîòû êîì-
ïðåññîðîâ èëè ê îòáðàêîâêå ñåðèéíîãî ÃÒÄ ïðè
ïðîâåäåíèè ÏÑÈ, à òàêæå ìîæåò ñïîñîáñòâîâàòü
îøèáî÷íîé îöåíêå ïðîâîäèìûõ ìåðîïðèÿòèé ïî
ïîâûøåíèþ ýôôåêòèâíîñòè ðàáîòû óçëîâ îïûò-
íîãî ÃÒÄ, ïîñêîëüêó îæèäàåìûå ðåçóëüòàòû ñî-
ïîñòàâèìû ñ âåëè÷èíîé àýðîäèíàìè÷åñêîé ñèëû.
Â ñâÿçè ñ óêàçàííûì âûøå ìåòîäè÷åñêèå ðàáî-
òû ïî îöåíêå âåëè÷èíû àýðîäèíàìè÷åñêîé ñèëû
êàê ïîïðàâêè ê ñèëå îò òÿãè ÃÒÄ ïðè èñïûòàíèÿõ
â áîêñå èìåþò íàó÷íîå è àêòóàëüíîå çíà÷åíèå, à
òàêæå ïðàêòè÷åñêóþ çíà÷èìîñòü.

Â êà÷åñòâå âõîäíîãî ñòåíäîâîãî óñòðîéñòâà
ïðè ñòåíäîâûõ èñïûòàíèÿõ îáû÷íî ïðèìåíÿåò-
ñÿ ëåìíèñêàòíûé íàñàäîê, ìåõàíè÷åñêè ïîäñî-
åäèíåííûé ê âõîäó â ÃÒÄ. Â ðàáîòå [5] áûëî îò-
ìå÷åíî, ÷òî âåëè÷èíà îñåâîé ñîñòàâëÿþùåé ñèëû
îò òÿãè âõîäíîãî ëåìíèñêàòíîãî íàñàäêà, ìåõà-
íè÷åñêè ñîåäèíåííîãî ñ âõîäîì èñïûòûâàåìîãî
ÃÒÄ,  ñóùåñòâåííî çàâèñèò îò âíåøíèõ óñëîâèé,
â êîòîðûõ íàõîäèòñÿ íàñàäîê. Ìàêñèìàëüíàÿ
âåëè÷èíà ñèëû îò òÿãè îáåñïå÷èâàåòñÿ íà îòêðû-
òîì ñòåíäå â óñëîâèÿõ íåîãðàíè÷åííîãî ïðî-
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ñòðàíñòâà âîêðóã ëåìíèñêàòû è ðàâíîìåðíîãî
ïðèòåêàíèÿ ê íåé ïîòîêà. Â îãðàíè÷åííûõ ïðî-
ñòðàíñòâåííûõ óñëîâèÿõ áîêñà èç-çà èçìåíåíèÿ
âñëåäñòâèå ýòîãî õàðàêòåðà è íåðàâíîìåðíîãî
ïðèòåêàíèÿ ïîòîêà ê ëåìíèñêàòå âåëè÷èíà ñèëû
îò òÿãè ëåìíèñêàòû, ñîñòàâëÿþùàÿ òîëüêî ÷àñòü
âåëè÷èíû ñòåíäîâîé òÿãè èñïûòûâàåìîãî ÃÒÄ,
óìåíüøàåòñÿ, ÷òî ìîæåò ïðèâåñòè ê óìåíüøåíèþ
ñòåíäîâîé òÿãè ÃÒÄ.

Ïðîâåäåííûìè â [5] èññëåäîâàíèÿìè áûëî
òàêæå óñòàíîâëåíî, ÷òî:

1) âëèÿíèå âõîäíîãî èìïóëüñà íà âåëè÷èíó
ïîòåðè òÿãè â îñíîâíîì çàâèñèò îò îòíîñèòåëü-
íîãî ðàçìåðà áîêñà Á ÂХ/F F F=  è îòíîñèòåëüíî-
ãî ðàñõîäà âîçäóõà ÷åðåç áîêñ n = G1/G0, à òàêæå
îò ñòðóêòóðû ïîòîêà â áîêñå ïåðåä âõîäíûì óñ-
òðîéñòâîì;

2) êîýôôèöèåíò ñîõðàíåíèÿ ïîëíîãî äàâëå-
íèÿ âσ  âî âõîäíîì óñòðîéñòâå ïðè åãî ðàáîòå â
áîêñå íå çàâèñèò îò îòíîñèòåëüíîãî ðàñõîäà âîç-
äóõà â èññëåäîâàííîì äèàïàçîíå n = G1 /Gâ =
= 0…0,95 è íà 0,1% âûøå âåëè÷èíû âó ∞σ  ïðè ðà-
áîòå âõîäíîãî óñòðîéñòâà íà îòêðûòîì ñòåíäå.

Òàêèì îáðàçîì, íà èçìåíåíèå ðàñïðåäåëåíèÿ
äàâëåíèé ïî ïðîôèëþ ëåìíèñêàòû îãðàíè÷åííûå
óñëîâèÿ áîêñà ìîãóò îêàçàòü íàèáîëåå çàìåòíîå

âëèÿíèå, â òî æå âðåìÿ ýòà îñîáåííîñòü ïðàêòè-
÷åñêè íå âëèÿåò íà õàðàêòåð òå÷åíèÿ ïîòîêà â
ðàñõîäîìåðíîì êîëëåêòîðå âõîäíîãî óñòðîéñòâà
ïî ñðàâíåíèþ ñ óñëîâèÿìè èñïûòàíèé ÃÒÄ íà
îòêðûòîì ñòåíäå.

Îòìå÷åííûå âûøå â [5] îñîáåííîñòè ðàáîòû
ëåìíèñêàòíîãî íàñàäêà íà îòêðûòîì ñòåíäå è â
îãðàíè÷åííûõ óñëîâèÿõ (çàêðûòîãî) áîêñà ñòåíäà
ïîçâîëèëè ïðåäëîæèòü ñïîñîá èñïûòàíèÿ ãàçî-
òóðáèííîãî äâèãàòåëÿ [9] äëÿ îïðåäåëåíèÿ âíåø-
íåé àýðîäèíàìè÷åñêîé ñèëû ïðè ñòåíäîâûõ èñ-
ïûòàíèÿõ ÒÐÄ(Ô) è ÒÐÄÄ(Ô) â (çàêðûòîì) áîêñå
èñïûòàòåëüíîãî ñòåíäà ïî ìåòîäó ïîäñîåäèíåí-
íîé è îòñîåäèíåííîé ëåìíèñêàòû. Ñïîñîá èñïû-
òàíèÿ ãàçîòóðáèííîãî äâèãàòåëÿ [9], âêëþ÷àþùèé
îïðåäåëåíèå âåëè÷èíû ïðèâåäåííîé òÿãè äâèãà-
òåëÿ íà çàêðûòîì ñòåíäå ñ ïîìîùüþ ëåìíèñêàò-
íîãî íàñàäêà, îòëè÷àåòñÿ òåì, ÷òî äîïîëíèòåëü-
íî èçìåðÿþò âåëè÷èíó ïðèâåäåííîé òÿãè ïðè îò-
ñîåäèíåííîì ëåìíèñêàòíîì íàñàäêå è îïðåäåëÿ-
þò âåëè÷èíó ïðèâåäåííîé ïîïðàâêè íà âõîäíîé
èìïóëüñ ñòåíäîâîé òÿãè êàê ðàçíîñòü âåëè÷èí ñèë
òÿã, îïðåäåëåííûõ ïðè îòñîåäèíåííîì ëåìíèñ-
êàòíîì íàñàäêå è ñ ïîìîùüþ ëåìíèñêàòíîãî
íàñàäêà.

Íà ðèñ. 1 ñîãëàñíî ïàòåíòó [9] ïîêàçàíà ñõå-
ìà óñòàíîâêè ÃÒÄ â èñïûòàòåëüíîì áîêñå ñòåí-

Ðèñ. 1. Ñõåìà óñòàíîâêè ÃÒÄ â èñïûòàòåëüíîì áîêñå èñïûòàòåëüíîãî ñòåíäà ñ ìåõàíè÷åñêè ïîäñîåäèíåííûì
ëåìíèñêàòíûì íàñàäêîì ê âõîäíîìó óñòðîéñòâó äâèãàòåëÿ: 1 — áîêñ; 2 — ëåìíèñêàòíûé íàñàäîê; 3 — ðàñõî-
äîìåðíûé êîëëåêòîð (ÐÌÊ); 4 — èñïûòûâàåìûé ÃÒÄ; 5 — ïîäìîòîðíàÿ ðàìà; 6 — äèíàìîìåòðè÷åñêàÿ ïëàò-
ôîðìà; 7 — ñèëîèçìåðèòåëüíàÿ ñèñòåìà; 8 — ëåíòû ñæàòèÿ; 9 — îïîðíàÿ ñòîéêà; 10 — âñàñûâàþùàÿ øàõòà;
11— ñòåíäîâûé äèôôóçîð; 12 — âûõëîïíàÿ øàõòà
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äà ñ ìåõàíè÷åñêè ïîäñîåäèíåííûì ëåìíèñêàò-
íûì íàñàäêîì ê âõîäíîìó óñòðîéñòâó äâèãàòåëÿ.
Èñïûòóåìûé äâèãàòåëü 4 ñ ïðèñîåäèíåííûì ê
íåìó ëåìíèñêàòíûì íàñàäêîì 2 óñòàíàâëèâàþò
â èñïûòàòåëüíîì áîêñå íà äèíàìîìåòðè÷åñêîé
ïëàòôîðìå 6 ñ ñèëîèçìåðèòåëüíîé ñèñòåìîé
(ÑÈÑ) 7. Ïîñëå ýòîãî â óñëîâèÿõ Í = 0, Ìï = 0
ïðîâîäÿò èñïûòàíèå äâèãàòåëÿ äëÿ îïðåäåëåíèÿ
ñòåíäîâîé òÿãè äâèãàòåëÿ Räâ, êîòîðàÿ, êðîìå èç-
ìåðåííîé ñ ïîìîùüþ ÑÈÑ ñèëû îò òÿãè, âêëþ-
÷àåò ïîïðàâêó íà âíåøíåå àýðîäèíàìè÷åñêîå
ñîïðîòèâëåíèå äâèãàòåëÿ Rïàð [3, 10—16] áåç ó÷åòà

ïîïðàâêè íà âõîäíîé èìïóëüñ ÂÓRΔ .

Ïðè * *
ñ ñ.êðπ π≥  ïðèâåäåííàÿ âåëè÷èíà òÿãè

äâèãàòåëÿ Räâ.ïð â îãîâîðåííûõ âûøå óñëîâèÿõ îï-
ðåäåëÿåòñÿ ïî ôîðìóëå:

( )( )*
äâ.ïð ÑÈÑ ÏÀÐ ñ á âõ*

âõ

101325
,R R R F р р

р
Δ= + + -  (1)

ãäå RÑÈÑ — èçìåðÿåìàÿ âåëè÷èíà ñèëû îò òÿãè
äâèãàòåëÿ;

Fñ – ïëîùàäü âûõîäíîãî ñå÷åíèÿ ñîïëà, ì2;

*
âõр – ïîëíîå äàâëåíèå ïîòîêà âîçäóõà íà âõî-

äå â äâèãàòåëü, Ïà;
ðá – ñòàòè÷åñêîå äàâëåíèå â (çàêðûòîì) áîê-

ñå ñòåíäà (âíå ðàáî÷åãî ïîòîêà âîçäóõà èç ðåàê-
òèâíîãî ñîïëà), Ïà;

ÏÀÐRΔ  — ïîïðàâêà ê ñèëå îò òÿãè, âûçûâàå-

ìàÿ àýðîäèíàìè÷åñêèì ñîïðîòèâëåíèåì äâèãàòå-
ëÿ, êîììóíèêàöèé è ñòåíäîâîãî îáîðóäîâàíèÿ,
ðàçìåùåííûõ íà äèíàìîìåòðè÷åñêîé ïëàòôîðìå
ñèëîèçìåðèòåëüíîé ñèñòåìû áîêñà ñòåíäà, Í.

Ïîñëå îïðåäåëåíèÿ âåëè÷èíû òÿãè äâèãàòåëÿ
(1) ñ ïîìîùüþ ìåõàíè÷åñêè ïîäñîåäèíåííîãî
ëåìíèñêàòíîãî íàñàäêà ïîâòîðÿþò èñïûòàíèå
ýòîãî äâèãàòåëÿ äëÿ èçìåðåíèÿ âåëè÷èíû òÿãè
äâèãàòåëÿ ñ ìåõàíè÷åñêè îòñîåäèíåííûì ëåìíèñ-
êàòíûì íàñàäêîì 2 (ðèñ. 2). Ëåìíèñêàòíûé íà-
ñàäîê 2 â ýòîì ñëó÷àå îñòàåòñÿ ïðèñîåäèíåííûì
áåñêîíòàêòíî (ïî âîçäóøíîìó ïîòîêó) ê äâèãà-
òåëþ ñ ïîìîùüþ ëàáèðèíòíîãî óïëîòíåíèÿ 3,
îãðàíè÷èâàþùåãî ïðîòîê âîçäóõà èç áîêñà âî
âõîäíîå óñòðîéñòâî è îáåñïå÷èâàþùåãî ðàäèàëü-
íûé çàçîð ìåæäó ëåìíèñêàòíûì íàñàäêîì 2 è
ÐÌÊ 3 (îáû÷íî îêîëî 1…2 ìì).

Ðèñ. 2. Ñõåìà óñòàíîâêè ÃÒÄ â èñïûòàòåëüíîì áîêñå èñïûòàòåëüíîãî ñòåíäà ñ ìåõàíè÷åñêè îòñîåäèíåííûì
ëåìíèñêàòíûì íàñàäêîì ñ ïîìîùüþ ëàáèðèíòíîãî óïëîòíåíèÿ: 1 — áîêñ; 2 — ëåìíèñêàòíûé íàñàäîê; 3 — ëà-
áèðèíòíîå óïëîòíåíèå; 4 — ÐÌÊ; 5 — èñïûòûâàåìûé ÃÒÄ; 6 — ïîäìîòîðíàÿ ðàìà; 7 — äèíàìîìåòðè÷åñêàÿ
ïëàòôîðìà; 8 — ñèëîèçìåðèòåëüíàÿ ñèñòåìà; 9 — ëåíòû ñæàòèÿ; 10 — îïîðíàÿ ñòîéêà; 11 — îïîðíàÿ ñòîéêà
íåïîäâèæíîãî ëàáèðèíòíîãî óïëîòíåíèÿ; 12 — âñàñûâàþùàÿ øàõòà; 13 — ñòåíäîâûé äèôôóçîð; 14 — âûõëîï-
íàÿ øàõòà
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Íà ðåçóëüòàòû èçìåðåíèÿ ñèëû îò òÿãè Rcèñ íå
âëèÿåò âåëè÷èíà ïðèâåäåííîé ïîïðàâêè íà âõîä-
íîé èìïóëüñ ñòåíäîâîé òÿãè. Ïðèâåäåííàÿ òÿãà
äâèãàòåëÿ R0 äâ.ïð äëÿ ñõåìû íà ðèñ. 2 îïðåäåëÿ-
åòñÿ íà îñíîâàíèè ôîðìóëû [3]:

( )(0 äâ.ïð ñèñ â K2 K1 K1 Á*
âõ

101325
R R G V F ð ð

ð
= + ◊ + ◊ - +

( ) ( ) )*
K2 K2 Á Ñ Á âõ ÏÀÐ ,F ð ð F ð ð RΔ+ ◊ - + ◊ - +    (2)

ãäå Gâ – ìàññîâûé ðàñõîä âîçäóõà, èçìåðÿåìûé
íà âõîäå â äâèãàòåëü, êã/ñ;

VÊ2 – ñêîðîñòü ïîòîêà âîçäóõà â ïîäâèæíîé
÷àñòè ñå÷åíèÿ ëàáèðèíòíîãî óïëîòíåíèÿ Ê2—Ê2
ïðèñîåäèíåííîãî âõîäíîãî òðóáîïðîâîäà, ì/ñ;

FÊ1 – ïëîùàäü òîðöåâîãî (êîëüöåâîãî) ñå÷å-
íèÿ Ê1—Ê1 ïîäâèæíîé ÷àñòè ëàáèðèíòíîãî óï-
ëîòíåíèÿ, ì2;

ðÊ1 – ñòàòè÷åñêîå äàâëåíèå, èçìåðÿåìîå â
òîðöåâîì ñå÷åíèè Ê1—Ê1 ïîäâèæíîé ÷àñòè ëà-
áèðèíòíîãî óïëîòíåíèÿ, Ïà;

FÊ2 — ïëîùàäü ïðîõîäíîãî ñå÷åíèÿ ïîäâèæ-
íîé ÷àñòè ëàáèðèíòíîãî óïëîòíåíèÿ  Ê2—Ê2
ïðèñîåäèíåííîãî âõîäíîãî òðóáîïðîâîäà, îïðå-
äåëÿåòñÿ ñïåöèàëüíûìè èçìåðåíèÿìè, ì2;

ðÊ2 – ñòàòè÷åñêîå äàâëåíèå ïîòîêà âîçäóõà â
ïîäâèæíîé ÷àñòè ñå÷åíèÿ ëàáèðèíòíîãî óïëîò-
íåíèÿ Ê2—Ê2 ïðèñîåäèíåííîãî âõîäíîãî òðóáî-
ïðîâîäà, Ïà;

ÏÀÐRΔ — ïîïðàâêà ê ñèëå îò òÿãè, âûçûâàå-

ìàÿ àýðîäèíàìè÷åñêèì ñîïðîòèâëåíèåì äâèãàòå-
ëÿ, êîììóíèêàöèé è ñòåíäîâîãî îáîðóäîâàíèÿ,
ðàçìåùåííûõ íà äèíàìîìåòðè÷åñêîé ïëàòôîðìå
ñèëîèçìåðèòåëüíîé ñèñòåìû áîêñà ñòåíäà, Í.

Óðàâíåíèå (2) ïîëó÷åíî íà îñíîâå òåîðåìû
Ýéëåðà îá èçìåíåíèè êîëè÷åñòâà äâèæåíèÿ äâè-
æóùåéñÿ ìàññû ãàçà â âûäåëåííûõ ãðàíèöàõ êîí-
òðîëüíîãî îáúåìà ãàçà.

Â óðàâíåíèè (2) ñóììà ÷àñòè âõîäÿùèõ â íåãî
ñîñòàâëÿþùèõ

( ) ( )â K2 K1 K1 Á K2 K2 Á ËÀÁG V F ð ð F ð ð J◊ + - + - =

ðàâíà èçáûòî÷íîìó èìïóëüñó ïîòîêà â ñå÷åíèè
ëàáèðèíòíîãî óïëîòíåíèÿ (ðèñ. 2). Èìïóëüñ JËÀÁ
îïðåäåëÿåòñÿ ïî ðåçóëüòàòàì èçìåðåíèé ïàðàìåò-
ðîâ âî âõîäíîì óñòðîéñòâå è â ÐÌÊ.

Ïîñëå ïîýòàïíî ïðîâåäåííûõ èñïûòàíèé
îäíîãî è òîãî æå ýêçåìïëÿðà äâèãàòåëÿ äëÿ âûá-
ðàííûõ ðåæèìîâ ðàáîòû ïðè ïîñòîÿííîé ïðèâå-
äåííîé ÷àñòîòå âðàùåíèÿ ðîòîðà nïð = const äâè-

ãàòåëÿ îïðåäåëÿþò âåëè÷èíó ïðèâåäåííîé ïî-
ïðàâêè íà âõîäíîé èìïóëüñ ñòåíäîâîé òÿãè -

âó.ïðRΔ  ïðèìåíèòåëüíî ê ñõåìå, ïîêàçàííîé íà

ðèñ. 1, ïî ôîðìóëå:

âó.ïð î.äâ.ïð äâ.ïð,R R RΔ = -               (3)

ãäå Rî.äâ.ïð — âåëè÷èíà ïðèâåäåííîé òÿãè äâèãà-
òåëÿ â áîêñå èñïûòàòåëüíîãî ñòåíäà (2), îïðåäå-
ëåííàÿ â êîìïîíîâêå ñ ìåõàíè÷åñêè îòñîåäèíåí-
íûì ëåìíèñêàòíûì íàñàäêîì;

Räâ.ïð — âåëè÷èíà ïðèâåäåííîé òÿãè äâèãàòåëÿ
â áîêñå èñïûòàòåëüíîãî ñòåíäà (1), îïðåäåëåííàÿ
â êîìïîíîâêå ñ ìåõàíè÷åñêè ïðèñîåäèíåííûì
ëåìíèñêàòíûì íàñàäêîì áåç ó÷åòà âõîäíîãî èì-
ïóëüñà.

Îïðåäåëåííàÿ òàêèì îáðàçîì âåëè÷èíà ïðè-

âåäåííîé ïîïðàâêè âõîäíîãî èìïóëüñà âó.ïðRΔ  

äîëæíà áûòü ó÷òåíà êàê îòíîñèòåëüíàÿ ïîïðàâ-
êà ê âåëè÷èíå ïðèâåäåííîé òÿãè äâèãàòåëÿ Räâ.ïð 
ïî ôîðìóëå (1):

âó

âó.ïð

äâ.ïð

,R

R
Ê

R Δ

Δ
=                    (4)

ãäå âó.ïðRΔ   — ïðèâåäåííàÿ ïîïðàâêà íà âõîäíîé

èìïóëüñ ñòåíäîâîé òÿãè (3);
Räâ.ïð — âåëè÷èíà ïðèâåäåííîé òÿãè äâèãàòåëÿ

â èñïûòàòåëüíîì áîêñå èñïûòàòåëüíîãî ñòåíäà,
îïðåäåëåííàÿ ñ ïîìîùüþ ëåìíèñêàòíîãî íàñàäêà
(2).

Ñ ó÷åòîì ôîðìóë (1) è (4) ïîëó÷àåì óòî÷íåí-
íóþ âåëè÷èíó ñòåíäîâîé òÿãè äâèãàòåëÿ â áîêñå
ïî ñõåìå ñ ìåõàíè÷åñêè ïðèñîåäèíåííîé ëåìíèñ-
êàòîé:

( )вуо.дв.пр дв.пр 1 .Δ= ⋅ + RR R К

Èñïîëüçóåìûå ñîîòíîøåíèÿ (1), (2) ïðèãîä-
íû äëÿ àâèàöèîííûõ ÃÒÄ òèïà ÒÐÄ (Ô) è ÒÐÄÄ
(Ô) ìàëîé ñòåïåíè äâóõêîíòóðíîñòè m = 0…0,7 ñ
îáùèì ñîïëîì òîëüêî ïðè ñâåðõêðèòè÷åñêèõ
îòíîøåíèÿõ äàâëåíèé â îáùåì ñîïëå ÒÐÄ (Ô) è

ÒÐÄÄ (Ô) * *
ñ ñ.êðπ π≥ . Â ÷àñòíîñòè, ñîîòíîøåíèå

( )*
ñ Á âõ ,F ð ð-  âõîäÿùåå â îñíîâíûå óðàâíåíèÿ (1)

è óðàâíåíèå (2), ïðèìåíèìî òîëüêî äëÿ óêàçàí-
íûõ òèïîâ äâèãàòåëåé è ðåæèìîâ âáëèçè ìàêñè-
ìàëüíîãî ðåæèìà ðàáîòû äâèãàòåëÿ, ïîñêîëüêó



169Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹4 Aerospace MAI Journal, vol. 28, no. 4

Á.Ì. Êëèíñêèé B.M. Klinskii

ïðè îáåñïå÷åíèè * *
ñ ñ.êðπ π≥  ïîëîæåíèå ëèíèé

ðàáî÷èõ ðåæèìîâ íà õàðàêòåðèñòèêå êîìïðåññî-
ðîâ ñîõðàíÿåò íåèçìåííîå ïîëîæåíèå, ÷òî â ñëó-
÷àå íåñîáëþäåíèÿ â ïðîöåññå ñòåíäîâûõ èñïû-
òàíèé äâèãàòåëÿ â áîêñå íàçåìíîãî ñòåíäà ðàâåí-
ñòâà îòíîøåíèÿ äàâëåíèé *

âõ Á/ 1,0ð ð =  ïîçâîëÿåò
ýòî îòëè÷èå *

âõ Á/ 1,0ð ð π  íà îñíîâàíèè òåîðèè
ïîäîáèÿ ïàðàìåòðîâ â ÃÒÄ êîððåêòíî ó÷åñòü â
ôîðìóëàõ (1) è (2) ñ ïîìîùüþ ñîîòíîøåíèÿ

( )*
ñ Á âõ .F ð ð-

Ìåòîä èçìåðåíèÿ

Íà ðèñ. 3 è 4 ïîêàçàíû äâå êîìïîíîâêè âõîä-
íîãî óñòðîéñòâà ÒÐÄÄ, ñ ïîìîùüþ êîòîðûõ ïðî-
âîäèòñÿ ãðàäóèðîâêà äëÿ îïðåäåëåíèÿ àýðîäèíàìè-
÷åñêîé ñèëû, âîçíèêàþùåé ïðè èñïûòàíèÿõ ÒÐÄÄ
â (çàêðûòîì) áîêñå èñïûòàòåëüíîãî ñòåíäà.

Íà ðèñ. 3 ïðèâåäåíà ïðèíöèïèàëüíàÿ ñõåìà
÷àñòè êîìïîíîâêè âõîäíîãî ïðèñîåäèíåííîãî
òðóáîïðîâîäà, âêëþ÷àþùåãî ëåìíèñêàòíûé íà-
ñàäîê ñ ðàñõîäîìåðíûì êîëëåêòîðîì, ìåõàíè÷åñ-
êè ñîåäèíåííûì ñ âõîäîì èñïûòûâàåìîãî ÒÐÄÄ.

Íà ðèñ. 4 ïîêàçàíà ïðèíöèïèàëüíàÿ ñõåìà
÷àñòè êîìïîíîâêè âõîäíîãî ïðèñîåäèíåííîãî
òðóáîïðîâîäà, âêëþ÷àþùåãî íåïîäâèæíóþ è
ïîäâèæíûå ÷àñòè, ëàáèðèíòíîå óïëîòíåíèå, õà-
ðàêòåðíûå èçìåðèòåëüíûå ñå÷åíèÿ è äâèãàòåëü.

Êîìïîíîâêè âõîäíîãî óñòðîéñòâà ÒÐÄÄ, ïî-
êàçàííûå íà ðèñ. 3 è  4, ãåîìåòðè÷åñêè ïîäîáíû
è èìåþò îòëè÷èå òîëüêî â ÷àñòè íàëè÷èÿ â êîì-
ïîíîâêå, ïîêàçàííîé íà ðèñ. 4, óçëà ëàáèðèíò-
íîãî óïëîòíåíèÿ 2 äëÿ îáåñïå÷åíèÿ ìåõàíè÷åñ-
êîé ðàçâÿçêè ïîäâèæíîé ÷àñòè òðóáîïðîâîäà 3 îò
íåïîäâèæíîé 1 ñ ëåìíèñêàòîé.

Ðèñ. 3. Ïðèíöèïèàëüíàÿ ñõåìà ÷àñòè êîìïîíîâêè ÒÐÄÄ ñ ëåìíèñêàòíûì íàñàäêîì, âêëþ÷àþùèì ðàñõîäîìåð-
íûé êîëëåêòîð, ìåõàíè÷åñêè ñîåäèíåííûé ñ âõîäîì ÒÐÄÄ: 1 — íåïîäâèæíàÿ ÷àñòü ëåìíèñêàòíîãî íàñàäêà; 2
– ÒÐÄÄ (Ê1-Ê1, Ê2-Ê2, Ê3-Ê3, Ê4-Ê4 – ñå÷åíèÿ âî âõîäíîì ëåìíèñêàòíîì íàñàäêå ñ óñòàíîâëåííûìè ïðè-
åìíèêàìè ñòàòè÷åñêèõ äàâëåíèé; Ì-Ì – ñå÷åíèå ñ ðàäèàëüíûìè ãðåáåíêàìè èçìåðåíèÿ ïîëíîãî äàâëåíèÿ)

Ðèñ. 4. Ïðèíöèïèàëüíàÿ ñõåìà ÷àñòè êîìïîíîâêè âõîäíîãî ïðèñîåäèíåííîãî òðóáîïðîâîäà, âêëþ÷àþùåãî
íåïîäâèæíóþ è ïîäâèæíûå ÷àñòè, ëàáèðèíòíîå óïëîòíåíèå, õàðàêòåðíûå èçìåðèòåëüíûå ñå÷åíèÿ è äâèãàòåëü:
1 — íåïîäâèæíàÿ ÷àñòü ëåìíèñêàòíîãî íàñàäêà; 2 — ëàáèðèíòíîå óïëîòíåíèå; 3 — ïðèñîåäèíåííûé òðóáîïðîâîä;
4 — ÒÐÄÄ (Ê1-Ê1, Ê2-Ê2, Ê3-Ê3, Ê4-Ê4 – ñå÷åíèÿ ñ óñòàíîâëåííûìè ïðèåìíèêàìè ñòàòè÷åñêèõ äàâëåíèé,
Ì-Ì – ñå÷åíèå ñ ðàäèàëüíûìè ãðåáåíêàìè èçìåðåíèÿ ïîëíîãî äàâëåíèÿ)
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Îïðåäåëåíèå ïîïðàâêè íà ñèëó âíåøíåãî
ñîïðîòèâëåíèÿ ïðè âíåøíåì îáäóâå äâèãàòåëÿ
â (çàêðûòîì) áîêñå èñïûòàòåëüíîãî ñòåíäà

Âîçäåéñòâèþ îáäóâàþùåãî ïîòîêà ïîäâåðãà-
þòñÿ ïîäâèæíûå ýëåìåíòû äèíàìîïëàòôîðìû,
ýëåìåíòû ïîäâåñêè äâèãàòåëÿ, ðàçëè÷íûå êîììó-
íèêàöèè. Ñèëó ñîïðîòèâëåíèÿ ýòèõ ýëåìåíòîâ
ìîæíî îöåíèòü, åñëè èçâåñòíû êîíôèãóðàöèÿ
îáäóâàåìûõ ýëåìåíòîâ, èõ êîýôôèöèåíò ñîïðî-
òèâëåíèÿ è ïàðàìåòðû îáäóâàåìîãî ïîòîêà.

Ñèëà ëîáîâîãî ñîïðîòèâëåíèÿ îòäåëüíîãî i-ãî
ýëåìåíòà îïðåäåëÿåòñÿ èç ñîîòíîøåíèÿ [17]:

2
Â ï.

. .ïàð. ,
2

i
i ii

V
R C FΧ Μ

ρ
Δ

◊
= ◊                (5)

ãäå ÑÕ.i — êîýôôèöèåíò ëîáîâîãî ñîïðîòèâëåíèÿ
ðàññìàòðèâàåìîãî ýëåìåíòà;

FM.i — ìèäåëåâàÿ ïëîùàäü;

Âρ — ïëîòíîñòü âîçäóõà;

Vï.i — ñêîðîñòü ïîòîêà ïåðåä ýëåìåíòîì.

Âåëè÷èíà XC  çàâèñèò îò ôîðìû îáäóâàåìî-

ãî ýëåìåíòà è õàðàêòåðíîãî ÷èñëà Ðåéíîëüäñà
[17]:

Ï

Â

Re ,
V dΜρ

μ
◊ ◊

=                       (6)

ãäå dÌ — äèàìåòð èëè íàèáîëüøàÿ ñòîðîíà ìè-
äåëåâîãî ñå÷åíèÿ ýëåìåíòà;

Âμ  — êîýôôèöèåíò äèíàìè÷åñêîé âÿçêîñòè

âîçäóõà.
Ñóììàðíàÿ ïîïðàâêà

ÏÀÐ ÏÀÐ
1

,
n

i
i

R RΣΔ Δ
=

=Â                 (7)

ò.å. ðàâíà ñóììå ñèë ëîáîâîãî ñîïðîòèâëåíèÿ âñåõ
îáäóâàåìûõ ïîäâèæíûõ ýëåìåíòîâ.

Îïðåäåëåíèå ñóììàðíîé àýðîäèíàìè÷åñêîé ñèëû
ïðè ñòåíäîâûõ èñïûòàíèÿõ ÒÐÄÄ áîëüøîé
ñòåïåíè äâóõêîíòóðíîñòè â áîêñå
èñïûòàòåëüíîãî ñòåíäà ïî ìåòîäó
ïîäñîåäèíåííîé è îòñîåäèíåííîé ëåìíèñêàòû

Äëÿ òîãî ÷òîáû ïðåäëîæåííûé â ïàòåíòå [2]
ñïîñîá èñïûòàíèé ÃÒÄ ñòàë ïðèìåíèì äëÿ îï-
ðåäåëåíèÿ ñòåíäîâîé òÿãè äâèãàòåëåé è íà äîê-

ðèòè÷åñêèõ ðåæèìàõ ðàáîòû ñîïëà ïðè * *
ñ ñ.êðπ π<

â óñëîâèÿõ Í = 0, Ìï = 0, à òàêæå äëÿ ÒÐÄÄ áîëü-
øîé ñòåïåíè äâóõêîíòóðíîñòè m = 4…12 ñ ðàç-
äåëüíûìè êîíòóðàìè ïðè èñïûòàíèÿõ â (çàêðû-
òîì) áîêñå èñïûòàòåëüíîãî ñòåíäà ïî ñõåìå ñ ìå-
õàíè÷åñêè ïðèñîåäèíåííûì ëåìíèñêàòíûì íà-
ñàäêîì, íåîáõîäèìî [18]:

1. C ïîìîùüþ ìàòåìàòè÷åñêîé ìîäåëè èñïû-
òûâàåìîãî ÒÐÄÄ èëè ýêñïåðèìåíòàëüíûì ñïîñî-
áîì â óñëîâèÿõ Í = 0, Ìï = 0 (ïî âõîäíûì ðå-

æèìíûì ïàðàìåòðàì *
âõp , *

âõТ ) è â äèàïàçîíå ðå-

æèìîâ «âçëåòíûé ðåæèì»… «ìàëûé ãàç» îïðåäå-
ëèòü çàâèñèìîñòè â âèäå îòíîøåíèÿ

( )ñ.ïð( 0...1,5%)

B B
0 ïð 0,M 0

1 100В

Í

R
f

R

δσ
δσ σ

=

= =

È ˘= = - ◊Î ˚     (8)

ïðè ïîñòîÿííîé ïðèâåäåííîé ÷àñòîòå âðàùåíèÿ
ðîòîðà âåíòèëÿòîðà nâ.ïð = const ÒÐÄÄ (ðèñ. 5)

[19]. Çäåñü ñ.ïð( 0...1,5%)В
R δσ =  — ïðèâåäåííàÿ òÿãà

ñîïëà â óñëîâèÿõ Í = 0, Ì = 0 ïðè èçìåíåíèè âå-

ëè÷èíû Bδσ  îò 0 äî -1,5%; 0 ïð 0,M 0ÍR = =  — ïðè-

âåäåííàÿ ñòåíäîâàÿ òÿãà äâèãàòåëÿ â óñëîâèÿõ

Í = 0, Ì = 0 ïðè Bδσ = 0; B
B

1
100%

1,0

σ
δσ

-
= —

îòíîñèòåëüíîå èçìåíåíèå êîýôôèöèåíòà âîññòà-
íîâëåíèÿ ïîëíîãî äàâëåíèÿ âî âõîäíîì ñòåíäî-
âîì óñòðîéñòâå.

Ñ ïîìîùüþ ãðàôè÷åñêîé çàâèñèìîñòè, ïîêà-
çàííîé íà ðèñ. 5, ìîæíî îïðåäåëèòü êîýôôèöè-
åíò âëèÿíèÿ êîýôôèöèåíòà ïîëíîãî äàâëåíèÿ âî
âõîäíîì ñòåíäîâîì óñòðîéñòâå íà òÿãó ñîïëà äâè-

ãàòåëÿ êàê 
B c

c B

B c
R

R
Ê

Rσ

σ
σ
∂

=
∂

 ïðè nâ.ïð = const, êî-

òîðûé ïîòðåáóåòñÿ äàëåå ïðè ïðèâåäåíèè ïàðà-
ìåòðîâ èñïûòûâàåìîãî ÒÐÄÄ ê ñòàíäàðòíûì àò-
ìîñôåðíûì óñëîâèÿì.

Ïðèìå÷àíèå. Èç ðàâåíñòâà *
âõ Áð ð=  âûòåêàåò îòíîøå-

íèå ýòèõ äàâëåíèé *
âõ Á/ 1ð ð = , ðàâíîå óñëîâíîìó ñòàí-

äàðòíîìó çíà÷åíèþ, ñîîòâåòñòâóþùåå Ìï = 0.
2. Îïðåäåëèòü â ñòåíäîâûõ óñëîâèÿõ ïðèâå-

äåííóþ ê ÑÀÓ âåëè÷èíó òÿãè ñîïëà èñïûòûâàå-
ìîãî äâèãàòåëÿ â èñïûòàòåëüíîì áîêñå èñïûòà-
òåëüíîãî ñòåíäà â êîìïîíîâêå ñ ìåõàíè÷åñêè
îòñîåäèíåííûì îò âõîäíîãî óñòðîéñòâà ëåìíèñ-
êàòíûì íàñàäêîì (ñì. ðèñ. 4) ïî ôîðìóëå (2) ïðè
Í = 0, Ìï = 0 êàê:
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( ) ( )

áåç/ëåìí
ñ.ïð ÑÈÑ B K2*

Á Á

áåç/ëåìí
K1 K1 Á K2 K2 Á ÏÀÐ

101325
R R G V

ð

F ð ð F ð ð R

σ

Δ

È= + ◊ +Î◊

˘+ - + - + ˚
  

(9)

ïðè ôàêòè÷åñêîì çíà÷åíèè ïðèâåäåííîé ÷àñòî-
òû âðàùåíèÿ ðîòîðà äâèãàòåëÿ

( ) ( )
( ) ( )â.ïð â * *

âõ âõ

288,15; 0 0 288,15
,

,

ê d R d
n n

ê Т d R d Т

= ◊ = ◊
=

◊ ◊   (10)

ãäå áåç/ëåìí
ÏÀÐR Σ  — ïîïðàâêà îò àýðîäèíàìè÷åñêîãî

ñîïðîòèâëåíèÿ äâèãàòåëÿ, êîììóíèêàöèé è ñòåí-
äîâîãî îáîðóäîâàíèÿ, ðàçìåùåííûõ íà äèíàìî-
ìåòðè÷åñêîé ïëàòôîðìå ÑÈÑ ñòåíäà.

3. Èçìåðèòü ôàêòè÷åñêóþ âåëè÷èíó îòíîøå-
íèÿ äàâëåíèé

*
âõp /ðÁ.                          (11)

4. Èçìåðèòü âåëè÷èíó ñòåïåíè ïîíèæåíèÿ
äàâëåíèé â ñîïëå

* *
ñ ñ Á/ð ðπ =                       (12)

â ðåàêòèâíîì(íûõ) ñîïëå(ëàõ) èñïûòûâàåìîãî
äâèãàòåëÿ, ãäå *

ñp  – èçìåðåííîå ïîëíîå äàâëåíèå
íà âõîäå â ðåàêòèâíîå ñîïëî.

5. Ïðè äîêðèòè÷åñêîì ðåæèìå ðàáîòû ñîïëà(ñî-

ïåë) * *
ñ ñ.êðπ π<  èñïûòûâàåìîãî äâèãàòåëÿ âíåñòè

êîððåêöèþ (ñ ó÷åòîì îáðàòíîãî çíàêà) â ðåçóëü-
òàòû îïðåäåëåíèÿ ïðèâåäåííîé òÿãè ñîïëà èñïû-
òûâàåìîãî äâèãàòåëÿ ïî ôîðìóëå (9) íà îòëè÷èå

ôàêòè÷åñêîãî çíà÷åíèÿ âσ  îò âσ = 1,0, â òîì ÷èñ-

ëå çà ñ÷åò ñìåùåíèÿ ðàáî÷åé òî÷êè íà õàðàêòå-
ðèñòèêå óçëîâ äâèãàòåëÿ:

( ) ( )

( ) *â C 0âõ 0

áåç/ëåìí
ñ.ïð ÑÈÑ â K2*

Á Á

áåç/ëåìí
K1 K1 Á K2 K2 Á ÏÀÐ

*
â âõ 0

101325

1 ( ) 1 ( ) ,(13)R dRT R

R R G V
ð

F ð ð F ð ð R

K K Т K d dσ

σ

Δ

δ σ δ

È= + ◊ +Î◊

˘+ - + - + ¥˚

Ê ˆ¥ + + + -Á ˜Ë ¯

ãäå áåç/ëåìí
ÏÀÐR  — ïîïðàâêà îò àýðîäèíàìè÷åñêîãî

ñîïðîòèâëåíèÿ äâèãàòåëÿ, êîììóíèêàöèé è ñòåí-
äîâîãî îáîðóäîâàíèÿ, ðàçìåùåííûõ íà äèíàìî-
ìåòðè÷åñêîé ïëàòôîðìå ÑÈÑ ñòåíäà;

*
âõ 0

*
0 âõ
*

0âõ
T R

R T
K

RT

∂
=
∂

— êîýôôèöèåíò âëèÿíèÿ

èçìåíåíèÿ òåìïåðàòóðû íà âõîäå *
âõТ  íà ñòåíäî-

âóþ òÿãó ïðè nâ.ïð = const;

Ðèñ. 5. Ðàñ÷åòíàÿ çàâèñèìîñòü îòíîøåíèÿ ïðèâåäåííîé òÿãè ñîïëà âûáðàííîãî òèïà ÒÐÄÄ áîëüøîé ñòåïåíè

äâóõêîíòóðíîñòè ñ ðàçäåëüíûìè êîíòóðàìè [19] â óñëîâèÿõ Í = 0, Ìï = 0 ïðè èçìåíåíèè âåëè÷èíû Bδσ  îò 0

äî -1,5% ê ïðèâåäåííîé ñòåíäîâîé òÿãå ÒÐÄÄ 
ñ.ïð( 0...1,5%)

0ïð 0,M 0

В

Í

R

R
δσ =

= =

 â óñëîâèÿõ Í = 0, Ìï = 0 ïðè Bδσ = 0 «âçëåòíûé

ðåæèì» (nâ.ïð = const)
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( )0

0

0 0

1
dR

R
K

R d d

∂
=

-
— êîýôôèöèåíò âëèÿíèÿ

âëàãîñîäåðæàíèÿ âîçäóõà d íà ñòåíäîâóþ òÿãó
äâèãàòåëÿ íà ðåæèìå nâ.ïð = const.

Ïðèìå÷àíèå. Ïîñëå êîððåêöèè ïðèâåäåííîé òÿãè
ñîïëà (13) åå âåëè÷èíà ñòàíîâèòñÿ ðàâíîé ïðèâåäåí-
íîé ñòåíäîâîé òÿãå äâèãàòåëÿ, ò.å.

без/лемн
0дв.пр с.пр .=R R                 (14)

6. Ïðåäñòàâèòü ñíÿòóþ â (çàêðûòîì) áîêñå
äðîññåëüíóþ õàðàêòåðèñòèêó ÒÐÄÄ â êîìïîíîâêå
ñ ìåõàíè÷åñêè îòñîåäèíåííûì îò âõîäíîãî óñò-
ðîéñòâà ëåìíèñêàòíûì íàñàäêîì â âèäå àïïðîê-
ñèìèðîâàííîé çàâèñèìîñòè

( ) 2 3
0 äâ.ïð â.ïð 0 1 â.ïð 2 â.ïð 3 â.ïðR f n à à n à n à n= = + + + (15)

c êîíòðîëåì âåëè÷èíû äîñòîâåðíîñòè àïïðîêñè-

ìàöèè (êîýôôèöèåíòà êîððåëÿöèè 
ïð

2
Rnr R= ).

7. Îïðåäåëèòü â èñïûòàòåëüíîì áîêñå èñïû-
òàòåëüíîãî ñòåíäà ïðèâåäåííóþ âåëè÷èíó òÿãè
ñîïëà èñïûòûâàåìîãî äâèãàòåëÿ â êîìïîíîâêå ñ
ìåõàíè÷åñêè ïðèñîåäèíåííûì ê íåìó ëåìíèñêàò-
íûì íàñàäêîì ïî ôîðìóëå (1) áåç ó÷åòà âåëè÷è-

íû âõîäíîãî èìïóëüñà âóRΔ  è àýðîäèíàìè÷åñêî-

ãî ñîïðîòèâëåíèÿ äâèãàòåëÿ ÏÀÐRΔ  â óñëîâèÿõ

Í = 0, Ìï = 0:

( )( )
( ))

â

* 0âõ 0

ñ/ëåìí
ñ.ïð ÑÈÑ â*

Á â

*
âõ 0

101325
1

1

CR

dRT R

R R K
ð

K Т K d d

σ δ σ
σ

δ

È ˘= + ¥Î ˚

Ê¥ + + -ÁË
  

(16)

ïðè ôàêòè÷åñêîì çíà÷åíèè ïðèâåäåííîé ÷àñòî-
òû âðàùåíèÿ ðîòîðà äâèãàòåëÿ

( ) ( )
( ) ( )â.ïð â * *

âõ âõ

288,15; 0 0 288,15
.

,

ê d R d
n n

ê Т d R d Т

= ◊ = ◊
=

◊ ◊

Ïðèìå÷àíèå. Ïîñëå êîððåêöèè ïðèâåäåííîé òÿãè
ñîïëà äâèãàòåëÿ â êîìïîíîâêå ñ ìåõàíè÷åñêè ïîäñîå-
äèíåííûì ê íåìó ëåìíèñêàòíûì íàñàäêîì åå âåëè÷èíà
(16) ðàâíà ïðèâåäåííîé ñòåíäîâîé òÿãå äâèãàòåëÿ
(Í = 0, Ìï = 0) áåç ó÷åòà âõîäíîãî èìïóëüñà è àýðîäè-
íàìè÷åñêîãî ñîïðîòèâëåíèÿ äâèãàòåëÿ, ò. å.

ñ/ëåìí
äâ.ïð ñ.ïð .R R=                 (17)

8. Ïðåäñòàâèòü ñíÿòóþ â (çàêðûòîì) áîêñå
äðîññåëüíóþ õàðàêòåðèñòèêó ÒÐÄÄ â êîìïîíîâêå

ñ ìåõàíè÷åñêè ïîäñîåäèíåííûì ê íåìó ëåìíèñ-
êàòíûì íàñàäêîì â âèäå àïïðîêñèìèðóþùåãî
ïîëèíîìà âèäà:

( )
äâ.ïð

2 3
2 â.ïð 0 1 â.ïð 2 â.ïð 3 â.ïð.

R

f n b b n b n b n

=

= = + ◊ + ◊ + ◊  (18)

Òàêèì îáðàçîì, ðàçíèöà ìåæäó 0 äâ.ïðR  (15) è

Räâ.ïð (18) ïðè nâ.ïð = const áóäåò ðàâíà ïðèâåäåí-
íîé âåëè÷èíå àýðîäèíàìè÷åñêîé ñèëû:

( ) ( )
ÀÑ ïð ÏÀÐ ïð ÂÓ ïð 0 äâ.ïð äâ.ïð

1 â.ïð 2 â.ïð .

R R R R R

f n f n

Δ Δ Δ= + = - =

= - (19)

9. Îïðåäåëèòü îòíîñèòåëüíóþ âåëè÷èíó ïî-
ïðàâî÷íîãî êîýôôèöèåíòà ïåðåñ÷åòà ñòåíäîâîé
ïðèâåäåííîé òÿãè ÒÐÄÄ, èçìåðåííîé â êîìïî-
íîâêå ñ ìåõàíè÷åñêè ïîäñîåäèíåííûì ëåìíèñ-
êàòíûì íàñàäêîì, íà âåëè÷èíó ñòåíäîâîé ïðè-
âåäåííîé òÿãè ÒÐÄÄ ñ ó÷åòîì àýðîäèíàìè÷åñêîé
ñèëû êàê îòíîøåíèå âåëè÷èí

( ) ( ) ( )
( )

ÀÑ

1 â.ïð 2 â.ïðïð
3 â.ïð

äâ.ïð 2 â.ïð

2 3
0 1 â.ïð 2 â.ïð 3 â.ïð

R

АÑ

K

f n f nR
f n

R f n

ñ ñ n ñ n ñ n

Δ

Δ

=

-
= = = =

= + ◊ + ◊ + ◊
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â çàâèñèìîñòè îò ïðèâåäåííîé ÷àñòîòû âðàùåíèÿ
ðîòîðà äâèãàòåëÿ nâ.ïð = const.

Ãðàäóèðîâî÷íàÿ çàâèñèìîñòü âèäà (20) çàíî-
ñèòñÿ â ïàñïîðò (çàêðûòîãî) áîêñà èñïûòàòåëü-
íîãî ñòåíäà.

Óòî÷íåíèå âåëè÷èíû ñòåíäîâîé òÿãè ÒÐÄÄ,
èçìåðåííîé â (çàêðûòîì) áîêñå ñòåíäà
íà âëèÿíèå àýðîäèíàìè÷åñêîé ñèëû

Ïðèåìî-ñäàòî÷íûå èñïûòàíèÿ ÒÐÄÄ â (çàê-
ðûòîì) áîêñå èñïûòàòåëüíîãî ñòåíäà ñ çàìåðîì
ñèëû îò òÿãè â îñíîâíîì âûïîëíÿþò â êîìïîíîâ-
êå ñ ìåõàíè÷åñêè ïðèñîåäèíåííûì ê ÒÐÄÄ ëåì-
íèñêàòíûì íàñàäêîì.

Ïðè ïðîâåäåíèè ñòåíäîâûõ èñïûòàíèé ÒÐÄÄ
òîãî æå òèïà, ñ êîòîðûì ïðîâîäèëàñü ãðàäóèðîâ-
êà áîêñà ïî îïðåäåëåíèþ ñóììàðíîé àýðîäèíà-
ìè÷åñêîé ñèëû, äðîññåëüíàÿ õàðàêòåðèñòèêà
ÒÐÄÄ ïðèâîäèòñÿ ê óñëîâèÿì Í = 0, Ìï = 0, ïðè
ýòîì âåëè÷èíà ñòåíäîâîé òÿãè Räâ.ïð äâèãàòåëÿ
îïðåäåëÿåòñÿ áåç ó÷åòà âõîäíîãî èìïóëüñà è àýðî-
äèíàìè÷åñêîãî ñîïðîòèâëåíèÿ:



173Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹4 Aerospace MAI Journal, vol. 28, no. 4

Á.Ì. Êëèíñêèé B.M. Klinskii

( )( )
( ))

â

* 0âõ 0

äâ.ïð ÑÈÑ â*
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(21)

Ñ ïîìîùüþ êîýôôèöèåíòà ïåðåñ÷åòà

( )
AC 3 â.ïðRÊ f nΔ =  (20), ïîëó÷åííîãî ñ ïîìîùüþ

ýòîãî æå òèïà ÒÐÄÄ, âåëè÷èíà ñòåíäîâîé òÿãè
Räâ.ïð óòî÷íÿåòñÿ íà âëèÿíèå ñóììàðíîé àýðîäè-
íàìè÷åñêîé ñèëû:

( )
AC0 äâ.ïð äâ.ïð 1 .RR R Ê Δ= ◊ +           (22)

Êîíòðîëü ïîãðåøíîñòè ðåçóëüòàòîâ èçìåðåíèé

Ïåðâè÷íûé (îïåðàòèâíûé) è ïåðèîäè÷åñêèé
(ñòàòèñòè÷åñêèé) êîíòðîëü ïîãðåøíîñòè ðåçóëü-
òàòîâ èçìåðåíèé, âûïîëíÿåìûõ ïî äàííîé ìåòî-
äèêå, îñóùåñòâëÿåòñÿ â ñîîòâåòñòâèè ñ [20].

Âûïîëíèì îöåíêó âåëè÷èíû ïîãðåøíîñòè
èçìåðåíèÿ ïðèâåäåííîé ñòåíäîâîé òÿãè ÒÐÄÄ ñ
áîëüøîé ñòåïåíüþ äâóõêîíòóðíîñòè òèïà GE90-76B
â èñïûòàòåëüíîì áîêñå ñòåíäà íà «âçëåòíîì ðåæè-
ìå» â ñòàíäàðòíûõ óñëîâèÿõ Í = 0, Ìï = 0 â êîì-
ïîíîâêå ñ ìåõàíè÷åñêè îòñîåäèíåííûì ëåìíèñêàò-

íûì íàñàäêîì ïðè óñëîâèè ( )*
Á â Á/ 1,0,ð ðσ◊ =  îï-

ðåäåëÿåìóþ ïî ôîðìóëå:

( ) ( )

áåç/ëåìí
äâ.ïð ÑÈÑ â K2*

Á Á

áåç/ëåìí
K1 1 Á K2 K2 Á ÏÀÐ

101325

.K

R R G V
ð

F ð ð F ð ð R

σ
È= + ◊ +Î◊

˘+ - + - + ˚
  

(23)

Èñõîäíûìè äàííûìè â ðàñ÷åòàõ ÿâëÿþòñÿ:
Rî.ïð ≈ 35000 êãñ – ïðèâåäåííàÿ ðàñ÷åòíàÿ òÿãà

äâèãàòåëÿ íà «âçëåòíîì ðåæèìå» â ÑÀÓ ïðè
Í = 0, Ìï = 0;

Ìλ ≈ 0,52 — êîýôôèöèåíò ïðèâåäåííîé ñêî-

ðîñòè ïîòîêà â ñå÷åíèè «Ì-Ì» (ñì. ðèñ. 3 è 4)
âõîäíîãî ïðèñîåäèíåííîãî òðóáîïðîâîäà íà
«âçëåòíîì ðåæèìå»;

Dâõ = Dì = Dê3 = Dê2 = 3,12 ì – äèàìåòð âõî-
äà â âåíòèëÿòîð äâèãàòåëÿ;

Dê1 = 3,15 ì – íàðóæíûé äèàìåòð ëàáèðèíò-
íîãî óïëîòíåíèÿ â òîðöåâîé ÷àñòè.

Ïðèìåì äëÿ óïðîùåíèÿ ðàñ÷åòîâ ñëåäóþùèå
äîïóùåíèÿ:

1) èñïûòàíèÿ äâèãàòåëÿ ïðîâîäÿòñÿ íà óñòàíî-
âèâøèõñÿ ðåæèìàõ ðàáîòû äâèãàòåëÿ è ñòåíäà;

2) ñèñòåìàòè÷åñêèå ïîãðåøíîñòè èçìåðåíèé
óñòðàíåíû, èìåþùèåñÿ ïîãðåøíîñòè èçìåðåíèé
èìåþò ñëó÷àéíûé õàðàêòåð ñ «íîðìàëüíûì» ðàñ-
ïðåäåëåíèåì;

3) íåèñêëþ÷åííûå ñèñòåìàòè÷åñêèå ïîãðåø-
íîñòè ðåçóëüòàòîâ ãðàäóèðîâêè

ê3 ê2 ê1 â, ,( ) ( ) ( ( ),)F F FδΘ δΘ δΘ δΘ μ

ïåðåâåäåíû â ðàçðÿä ñëó÷àéíûõ ïîãðåøíîñòåé;

4) çíà÷åíèÿ îòíîñèòåëüíîé ïîïðàâêè ñRδ  îï-

ðåäåëåíû áåç ïîãðåøíîñòè;
5) ïîãðåøíîñòü èçìåðåíèÿ âíåøíåãî àýðîäè-

íàìè÷åñêîãî ñîïðîòèâëåíèÿ ïðåíåáðåæèìî ìàëà.

Äëÿ ýòîãî âåëè÷èíó áåç/ëåìí
äâ.ïðR  (23) ïðåäñòàâèì

ôóíêöèîíàëüíî â ÿâíîì âèäå êàê çàâèñèìîñòü:

( )

áåç/ëåìí
äâ.ïð

* *
ÑÈÑ Á Ê1 Ê2 Ê3 Ê1 Ê2 Ê3 Ì Á âõ, , , , , , , , , , .

R

f R ð F F F ð ð ð ð ð σ

=

=

Â òàáëèöå ïðèâåäåíû çíà÷åíèÿ êîýôôèöèåí-
òîâ âëèÿíèÿ íåçàâèñèìûõ èçìåðÿåìûõ ïàðàìåò-
ðîâ, âõîäÿùèõ â ôîðìóëó (23), íà âåëè÷èíó ñòåí-
äîâîé ïðèâåäåííîé òÿãè ñîïëà

áåç/ëåìå
äâ.ïð

áåç/ëåìí
äâ.ïð

áåç/ëåìí
äâ.ïði

i

X R
i

R x
Ê

x R

∂
=

∂

è âåëè÷èíû ïðèíÿòûõ âåëè÷èí ñóììàðíûõ îñíîâ-
íûõ ïîãðåøíîñòåé íåçàâèñèìûõ èçìåðÿåìûõ
ïàðàìåòðîâ ñ èñïîëüçîâàíèåì ñîâðåìåííûõ âû-
ñîêîòî÷íûõ ñðåäñòâ èçìåðåíèé íà «âçëåòíîì
ðåæèìå» ðàáîòû ÒÐÄÄ ïðè äîâåðèòåëüíîé âåðî-
ÿòíîñòè Ð = 0,95.

Ïðåäñòàâèì [21] ìîäåëü ñóììàðíîé ñëó÷àé-
íîé ïîãðåøíîñòè êàê

ò ( ) 2 ( ),i iq S x S xε = ª

ãäå qò = F(n, P) — êîýôôèöèåíò Ñòüþäåíòà. Ïðè
Ð = 0,95 è ÷èñëå îïðîñîâ íà êîíòðîëüíîé òî÷êå
èçìåðåíèÿ n = 15 ïîëó÷èì qò ≈ 2;

S(xi) — ñðåäíÿÿ êâàäðàòè÷íàÿ ïîãðåøíîñòü xi
íåçàâèñèìîãî ïàðàìåòðà.

Ñóììàðíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ ïðèâå-

äåííîé âåëè÷èíû òÿãè áåç/ëåìí
äâ.ïðR  â êîìïîíîâêå ñ

ìåõàíè÷åñêè îòñîåäèíåííûì îò âõîäíîãî óñòðîé-
ñòâà ëåìíèñêàòíûì íàñàäêîì [21]

( )áåç/ëåìí
äâ.ïð

211
áåç/ëåìí
äâ.ïð

1

0,64 %.
i

iX R
i

R K хδ δε
=

Ê ˆ
= ◊ = ±Á ˜Ë ¯Â
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Îöåíêó ñóììàðíîé ïîãðåøíîñòè ïðèâåäåí-
íîé òÿãè ñîïëà èñïûòûâàåìîãî äâèãàòåëÿ ñ ìå-
õàíè÷åñêè ïðèñîåäèíåííûì ê íåìó ëåìíèñêàò-

íûì íàñàäêîì ïðè óñëîâèè ( )*
Á â Á/ 1,0ð ðσ◊ =

âûïîëíèì ïî ôîðìóëå

ñ/ëåìí
äâ.ïð ÑÈÑ*

Á â

101325
,R R

ð σ
È ˘= Î ˚◊              (24)

áåç ó÷åòà âåëè÷èíû âõîäíîãî èìïóëüñà è àýðîäè-
íàìè÷åñêîãî ñîïðîòèâëåíèÿ îïðåäåëèì êàê:

 

( )

( ) ( )

( ) ( ) ( )

áåç/ëåìí
ñ.ïð

*
ÑÈÑ äâ.ïð äâ.ïð

äâ.ïð

23
ñ/ëåìí
äâ.ïð

1

22
2

ÑÈÑ

1/22
2 * 2

Á â .

j

Á

В

jX R
j

R R Ð R

R

R K х

Ê R Ê

ð Êσ

δ δε

δε

δε δε σ

=

Ê ˆ
= ◊ =Á ˜Ë ¯

È Ê ˆÍ= + ¥Á ˜Ë ¯ÍÎ

˘
¥ + ˙

˚

Â

Î÷åâèäíî ðàâåíñòâî *â äâ.ïð Á äâ.ïð
R ð R

Ê Êσ = .

Ïðèìåì ýêñïåðòíûì ïóòåì ñóììàðíóþ ïî-

ãðåøíîñòü âåëè÷èíû â )(δε σ = ± 0,3%. Òîãäà

( ) ( ) ( )2 2 2ñ/ëåìí
äâ.ïð 1 0,15 1 0,1 1 0,3 0,35%.Rδ = ◊ + ◊ + ◊ = ±

Çàäàäèì ïðèâåäåííóþ îòíîñèòåëüíóþ âåëè÷è-

íó âõîäíîãî èìïóëüñà ÂÓ ïð 3,57%RδΔ =  (îò ìàê-

ñèìàëüíîé ñòåíäîâîé âåëè÷èíû R0 äâ.ïð).
Âåëè÷èíó ïîãðåøíîñòè àýðîäèíàìè÷åñêîé

ñèëû

áåç/ëåìí ñ/ëåìí
ÀÑ ïð 0 äâ.ïð äâ.ïð ñ.ïð ñ.ïðR R R R RΔ = - = -

äëÿ èñïûòàòåëüíîãî (çàêðûòîãî) áîêñà ñòåíäà
îöåíèì êàê:

( )

( )

2á/ëåìí
2ñ.ïð á/ëåìí

ÀÑ ïð ñ.ïðá/ëåìí ñ/ëåìí
ñ.ïð ñ.ïð

1/22ñ/ëåìí
2ñ.ïð ñ/ëåìí

ñ.ïðá/ëåìí ñ/ëåìí
ñ.ïð ñ.ïð

;

R
R R

R R

R
R

R R

δ δ

δ

ÈÊ ˆÍ= ◊ +Á ˜ÍÁ ˜-Ë ¯ÍÎ

˘Ê ˆ ˙+ ◊Á ˜ ˙Á ˜-Ë ¯ ˙̊

( )

( )

2
2

ÀÑïð

2
2

35000
0,64

35000 33750

33750
0,35 20%.

35000 33750

Rδ
ÈÊ ˆ= +ÍÁ ˜Ë ¯-ÍÎ

˘Ê ˆ+ = ±˙Á ˜Ë ¯- ˙̊

Çàìåòíàÿ âåëè÷èíà ïîãðåøíîñòè ïîïðàâêè íà
âõîäíîé èìïóëüñ îáúÿñíÿåòñÿ òåì, ÷òî ðåçóëüòà-

Çíà÷åíèÿ êîýôôèöèåíòîâ âëèÿíèÿ íåçàâèñèìûõ èçìåðÿåìûõ ïàðàìåòðîâ, âõîäÿùèõ â ôîðìóëó (23),
íà âåëè÷èíó ñòåíäîâîé ïðèâåäåííîé òÿãè ñîïëà

¹ ïï áåç/ëåìí
äâ.ïðiX R

Ê  xi δε(xi), % 

1 0,70949 RÑÈÑ

 
±0,15 

2 -1,01 *
Áð  ±0,05 

3 -0,00653 FK1
 

±0,1 

4 -0,9185 FK2

 
±0,04 

5 1,205 FK3
 

±0,04 

6 0,0368 pK1
 

±0,1 

7 1,3099 pK2
 

±0,07 

8 -2,7139 pK3
 

±0,07 

9 3,9805 *
Mð  ±0,1 

10 -2,2717 pÁ

 
±0,05 

11 -1,01 âõσ  ±0,3 



175Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹4 Aerospace MAI Journal, vol. 28, no. 4

Á.Ì. Êëèíñêèé B.M. Klinskii

òîì ÿâëÿåòñÿ ðàçíèöà äâóõ áëèçêèõ çíà÷åíèé

R0 äâ.ïð è Räâ.ïð, ïîñêîëüêó ïðè

ÀÑ ïð 0 äâ.ïð äâ.ïð 0R R RΔ = - Æ

îòíîñèòåëüíàÿ ïîãðåøíîñòü ðàçíèöû äâóõ çíà÷å-
íèé ÀÑ ïð .RδΔ Æ•  Â ìåòîäèêå âûïîëíåíèÿ èçìå-
ðåíèé (ÌÂÈ) ñòàíäàðòà [4] ïðåäåëüíàÿ ïîãðåø-
íîñòü âåëè÷èíû àýðîäèíàìè÷åñêîé ñèëû íîðìè-
ðóåòñÿ â çàâèñèìîñòè îò îòíîñèòåëüíîé âåëè÷è-
íû ÀÑ ÑÈÑ/R RΔ . Îäíàêî â ýòîé ÌÂÈ îòñóòñòâóåò
ñàìà ìåòîäèêà îöåíêè ïîãðåøíîñòè âåëè÷èíû
àýðîäèíàìè÷åñêîé ñèëû RÀÑ ìåòîäîì óíèâåð-
ñàëüíîãî êîíòðîëüíîãî îáúåìà.

Ñëåäóåò îòìåòèòü, ÷òî ïîñëåäîâàòåëüíàÿ ãðà-
äóèðîâêà ïî îïðåäåëåíèþ ïîïðàâîê òÿãè íà âõîä-
íîé èìïóëüñ è ïàðóñíîñòü â îäíîì è òîì æå áîê-
ñå ñòåíäà îáåñïå÷èâàåò õîðîøèå óñëîâèÿ äëÿ
«ïîâòîðÿåìîñòè» (repeatability conditions) ïî
ï. 3.14 â ÃÎÑÒ Ð ÈÑÎ5725-1-2002 [20], ñîãëàñ-
íî êîòîðîìó «óñëîâèÿ, ïðè êîòîðûõ íåçàâèñèìûå
ðåçóëüòàòû èçìåðåíèé (èëè èñïûòàíèé) ïîëó÷à-
þòñÿ îäíèì è òåì æå ìåòîäîì íà èäåíòè÷íûõ
îáúåêòàõ èñïûòàíèé, â îäíîé è òîé æå ëàáîðà-
òîðèè, îäíèì è òåì æå îïåðàòîðîì, ñ èñïîëüçî-
âàíèåì îäíîãî è òîãî æå îáîðóäîâàíèÿ, â ïðåäå-
ëàõ êîðîòêîãî ïðîìåæóòêà âðåìåíè (ÈÑÎ 3534-1)».
Ïîýòîìó äëÿ òàêîé ãðàäóèðîâêè íåîáõîäèìû
òùàòåëüíàÿ îòáðàêîâêà ãðóáûõ èçìåðåíèé è ó÷åò
â ðåçóëüòàòàõ íåçàâèñèìûõ èçìåðåíèé íåèñêëþ-
÷åííûõ ñèñòåìàòè÷åñêèõ ïîãðåøíîñòåé, ÷òîáû çà

ñ÷åò ýòîãî è ïðèìåíåíèÿ ìíîãîêðàòíîñòè îïðî-
ñîâ èçìåðèòåëüíûõ êàíàëîâ ñòåíäîâîé àâòîìàòè-
çèðîâàííîé èíôîðìàöèîííî-èçìåðèòåëüíîé ñè-
ñòåìû (ÀÈÈÑ) îáåñïå÷èòü óìåíüøåíèå ñðåäíå-
êâàäðàòè÷åñêèõ îòêëîíåíèé [21] èçìåðÿåìûõ

ñðåäíèõ çíà÷åíèé ïàðàìåòðîâ iх  êàê

èçì/x x nσ σ=  è ñîîòâåòñòâåííî óìåíüøåíèå

âåëè÷èíû ïîãðåøíîñòè àýðîäèíàìè÷åñêîé ñèëû.
Ñóììàðíóþ ïîãðåøíîñòü îïðåäåëåíèÿ ñòåí-

äîâîé òÿãè äâèãàòåëÿ â êîìïîíîâêå ñ ìåõàíè÷åñ-
êè îòñîåäèíåííûì ëåìíèñêàòíûì íàñàäêîì ñ
ó÷åòîì ïîãðåøíîñòè àýðîäèíàìè÷åñêîé ñèëû
îöåíèì êàê:

( )

( )

*
âõ Á

2ñ/ëåìí
2äâ.ïð( / 1,0) ñ/ëåìí

0 äâ.ïð ñ.ïðñ/ëåìí
ñ.ïð ÀÑ ïð

1/22
2ÀÑ ïð

ÀÑ ïðá/ëåìí
ñ.ïð ÀÑ ïð

;

ð ð
R

R R
R R

R
R

R R

δ δ
Δ

Δ
δ Δ

Δ

=
ÈÊ ˆÍÁ ˜= ◊ +ÍÁ ˜+ÍË ¯ÍÎ

˘Ê ˆ ˙+ ◊Á ˜ ˙Á ˜+Ë ¯ ˙̊

( )

( )

2
2

0 äâ.ïð

2
2

33750
0,35

33750 1250

1250
20 0,78%.

33750 1250

Rδ δ

δ

ÈÊ ˆ= +ÍÁ ˜Ë ¯+ÍÎ

˘Ê ˆ+ =˙Á ˜Ë ¯+ ˙̊

Â êà÷åñòâå ïðèìåðà íà ðèñ. 6 ïîêàçàíî ñðàâ-
íåíèå ïðèâåäåííûõ ïî îáû÷íûì ôîðìóëàì ê

Ðèñ. 6. Ñðàâíåíèå äðîññåëüíûõ õàðàêòåðèñòèê îäíîãî òèïà ÒÐÄÄ áîëüøîé ñòåïåíè äâóõêîíòóðíîñòè ñ ðàçäåëü-
íûìè êîíòóðàìè, èçìåðåííûõ â óñëîâèÿõ Í = 0, Ìï = 0 è ïðèâåäåííûõ ê ÑÀÓ ïî îáû÷íûì ôîðìóëàì ïðèâå-
äåíèÿ
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ñòàíäàðòíûì àòìîñôåðíûì óñëîâèÿì (Í = 0,
Ìï = 0) äðîññåëüíûõ õàðàêòåðèñòèê îäíîãî òèïà
ÒÐÄÄ ñ áîëüøîé ñòåïåíüþ äâóõêîíòóðíîñòè ñ
ðàçäåëüíûìè êîíòóðàìè:

— â (çàêðûòîì) áîêñå èñïûòàòåëüíîãî àòòåñ-
òîâàííîãî ñòåíäà â êîìïîíîâêå ñ ìåõàíè÷åñêè
ïðèñîåäèíåííûì ê ÒÐÄÄ ëåìíèñêàòíûì íàñàä-
êîì ñ ó÷åòîì àýðîäèíàìè÷åñêîé ñèëû

ÀÑ ÂÓ ÏÀÐR R RΔ Δ Δ= + ;

— â òåðìîáàðîêàìåðå (ÒÁÊ) àòòåñòîâàííîãî
âûñîòíîãî ñòåíäà â êîìïîíîâêå ñ ìåõàíè÷åñêè
îòñîåäèíåííûì îò âõîäíîãî óñòðîéñòâà ëåìíèñ-
êàòíûì íàñàäêîì ïðè îòêëþ÷åííîé òåõíîëîãè-

÷åñêîé âåíòèëÿöèè â ÒÁÊ ( ÏÀÐ 0RΔ = ) — ôîðìó-

ëà (2).
Èç ðàññìîòðåíèÿ ðèñ. 6 ñëåäóåò, ÷òî â ðåæè-

ìå nâ.ïð = const ðàáîòû ÒÐÄÄ ñòåíäîâàÿ ïðèâåäåí-
íàÿ òÿãà, èçìåðåííàÿ â çàêðûòîì áîêñå àòòåñòî-
âàííîãî èñïûòàòåëüíîãî ñòåíäà è â ÒÁÊ àòòåñ-
òîâàííîãî âûñîòíîãî ñòåíäà ïî ñõåìå ñ ïðèñîå-
äèíåííûì òðóáîïðîâîäîì, óäîâëåòâîðèòåëüíî
ñîâïàäàþò. Ìàêñèìàëüíàÿ ðàçíèöà ïðèâåäåííûõ
âåëè÷èí ñòåíäîâîé òÿãè íà äâóõ ñòåíäàõ íå ïðå-

âûøàåò ± 0,5%.
Ðàññìîòðåííûé âûøå ïðèìåð òàêæå ïîäòâåð-

æäàåò âîçìîæíîñòü èñïîëüçîâàíèÿ àòòåñòîâàííî-
ãî âûñîòíîãî ñòåíäà ïðè ïðîâåäåíèè èñïûòàíèé
ÒÐÄÄ áîëüøîé ñòåïåíè äâóõêîíòóðíîñòè ïî ñõå-
ìå ñ ïðèñîåäèíåííûì òðóáîïðîâîäîì íà âõîäå
(«ñ îòñîåäèíåííîé ëåìíèñêàòîé») â èìèòèðóåìûõ
ñòåíäîâûõ óñëîâèÿõ Í = 0, Ìï = 0 äëÿ îïðåäåëå-
íèÿ âåëè÷èíû àýðîäèíàìè÷åñêîé ñèëû ýòîãî æå
ýêçåìïëÿðà ÒÐÄÄ â íåàòòåñòîâàííîì (çàêðûòîì)
áîêñå ñòåíäà íà îñíîâå àíàëèçà ðåçóëüòàòîâ ìåæ-
ñòåíäîâûõ ñðàâíèòåëüíûõ èñïûòàíèé. Äëÿ ýòî-
ãî íåîáõîäèìî ïðåäâàðèòåëüíî óñòðàíèòü íåèñ-
êëþ÷åííûå ñèñòåìàòè÷åñêèå ïîãðåøíîñòè íåçà-
âèñèìûõ èçìåðÿåìûõ îñíîâíûõ ïàðàìåòðîâ, ÷òî-
áû çà ñ÷åò ýòîãî è ïðèìåíåíèÿ ìíîãîêðàòíîñòè
îïðîñîâ èçìåðèòåëüíûõ êàíàëîâ ñòåíäîâîé
ÀÈÈÑ îáåñïå÷èòü óìåíüøåíèå ñìåùåíèÿ ðåçóëü-
òàòîâ èçìåðåíèé è âåëè÷èí ñðåäíåêâàäðàòè÷åñ-
êèõ îòêëîíåíèé èçìåðåíèé. Íà çàäàííîì ðåæè-
ìå nâ.ïð = const ðàáîòû ÒÐÄÄ ïðèâåäåííàÿ âåëè-
÷èíà àýðîäèíàìè÷åñêîé ñèëû êàê ïîïðàâêè ê
ñòåíäîâîé òÿãå ÒÐÄÄ â áîêñå

 ÀÑ ïð 0 äâ.ïð(ÒÁÊ) äâ.ïð(ÁÎÊÑ),R R RΔ = -

ãäå 0 äâ.ïð(ÒÁÊ)R  — ïðèâåäåííàÿ âåëè÷èíà ñòåíäî-

âîé òÿãè (14) â ÒÁÊ âûñîòíîãî ñòåíäà (ïðè óñ-

ëîâèè ðÁ = ðÒÁÊ è 
ÏÀÐRΔ = 0 çà ñ÷åò îòêëþ÷åíèÿ

òåõíîëîãè÷åñêîé âåíòèëÿöèè âíóòðè ÒÁÊ èç-çà
áîëüøîé ñòåïåíè äâóõêîíòóðîíîñòè ÒÐÄÄ);

äâ.ïð(ÁÎÊÑ)R — ïðèâåäåííàÿ âåëè÷èíà ñòåíäî-

âîé òÿãè (17) â àýðîäèíàìè÷åñêè íåàòòåñòîâàí-
íîì áîêñå èñïûòàòåëüíîãî ñòåíäà áåç ó÷åòà ïî-

ïðàâîê ÂÓ ïðRΔ  è ÏÀÐ ïðRΔ .

Ðåæèìû ðàáîòû ÒÐÄÄ ïðè ïðîâåäåíèè
ãðàäóèðîâêè äëÿ îïðåäåëåíèÿ âåëè÷èíû
àýðîäèíàìè÷åñêîé ñèëû äëÿ ÒÐÄÄ áîëüøîé
ñòåïåíè äâóõêîíòóðíîñòè â áîêñå
èñïûòàòåëüíîãî ñòåíäà

Îïðåäåëåíèå ïðèâåäåííîé âåëè÷èíû âõîäíî-
ãî èìïóëüñà êàê ïîïðàâêè ê ïðèâåäåííîé ñèëå îò
òÿãè ÒÐÄÄ áîëüøîé ñòåïåíè äâóõêîíòóðíîñòè ñ
ðàçäåëüíûìè êîíòóðàìè ïðè èñïûòàíèÿõ â çàê-
ðûòîì áîêñå èñïûòàòåëüíîãî ñòåíäà ïî ìåòîäó
ïîäñîåäèíåííîé è îòñîåäèíåííîé ëåìíèñêàòû
ïðîèçâîäèòñÿ ïóòåì ñíÿòèÿ ãðàäóèðîâî÷íîé
äðîññåëüíîé õàðàêòåðèñòèêè âûáðàííîãî òèïà
äâèãàòåëÿ è óòâåðæäåííîé êîìïîíîâêè äâèãàòå-
ëÿ â áîêñå.

Èçìåðåíèå îñíîâíûõ ïàðàìåòðîâ äâèãàòåëÿ â
áîêñå àòòåñòîâàííîãî èñïûòàòåëüíîãî ñòåíäà
äîëæíî ïðîèçâîäèòüñÿ èçìåðèòåëüíûìè ñèñòåìà-
ìè (ñèëà îò òÿãè, ìàññîâûé ðàñõîä âîçäóõà, ìàñ-
ñîâûé ðàñõîä òîïëèâà è äð.), èìåþùèìè ñâèäå-
òåëüñòâà îá èõ ìåòðîëîãè÷åñêîé àòòåñòàöèè, è
ïðèáîðàìè, èìåþùèìè ñâèäåòåëüñòâà îá èõ ìåò-
ðîëîãè÷åñêîé ïîâåðêå. Ïîãðåøíîñòè ïðèìåíÿå-
ìûõ ñðåäñòâ èçìåðåíèÿ äîëæíû ñîîòâåòñòâîâàòü
òðåáîâàíèÿì ÎÑÒ 1 01021-93.

Ñíÿòèå õàðàêòåðèñòèê äâèãàòåëÿ ïðîèçâîäèò-
ñÿ áåç îòáîðîâ âîçäóõà íà ñàìîëåòíûå íóæäû è
çàãðóçêè ñàìîëåòíûõ àãðåãàòîâ. Ðåæèìû ðàáîòû
äâèãàòåëÿ äîëæíû óñòàíàâëèâàòüñÿ ñîãëàñíî äåé-
ñòâóþùåé èíñòðóêöèè ïî åãî ýêñïëóàòàöèè.

Óñòàíîâêà äâèãàòåëÿ â áîêñå èñïûòàòåëüíî-
ãî ñòåíäà ïðîèçâîäèòñÿ ñîãëàñíî äåéñòâóþùåé
èíñòðóêöèè ïî ýêñïëóàòàöèè äâèãàòåëÿ è ïðèíÿ-
òîé êîìïîíîâêå:

— óñòàíîâêà ÒÐÄÄ ïî ñõåìå ñ ìåõàíè÷åñêè
ïîäñîåäèíåííîé ëåìíèñêàòîé;

— óñòàíîâêà ÒÐÄÄ ïî ñõåìå ñ ìåõàíè÷åñêè
îòñîåäèíåííîé ëåìíèñêàòîé.

Äëÿ ïðîâåäåíèÿ èñïûòàíèé íåîáõîäèìî âû-
ïîëíèòü ïîäãîòîâêó èñïûòàòåëüíîãî îáîðóäîâà-
íèÿ áîêñà èñïûòàòåëüíîãî ñòåíäà è äâèãàòåëÿ ê
çàïóñêó, çàïóñòèòü äâèãàòåëü è ïðîãðåòü åãî ñî-
ãëàñíî èíñòðóêöèè ïî ýêñïëóàòàöèè. Ïðîèçâåñ-
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òè ñíÿòèå äðîññåëüíîé õàðàêòåðèñòèêè íà óñòà-
íîâèâøèõñÿ ðåæèìàõ ðàáîòû áåç îñòàíîâêè äâè-
ãàòåëÿ â êàæäîé êîìïîíîâêå ñ ìåõàíè÷åñêè ïîä-
ñîåäèíåííîé ëåìíèñêàòîé è ïðè ìåõàíè÷åñêè
îòñîåäèíåííîé ëåìíèñêàòå ïðè èçìåíåíèè ðåæè-
ìîâ ðàáîòû äâèãàòåëÿ â äèàïàçîíå «çåìíîé ìà-
ëûé ãàç» … «âçëåòíûé ðåæèì».

Ïî ðåçóëüòàòàì ãðàäóèðîâêè îïðåäåëÿåòñÿ
ïîïðàâî÷íûé êîýôôèöèåíò ïåðåñ÷åòà ñòåíäîâîé
ïðèâåäåííîé òÿãè ÒÐÄÄ, èçìåðåííîé â êîìïî-
íîâêå ñ ìåõàíè÷åñêè ïîäñîåäèíåííûì ëåìíèñ-
êàòíûì íàñàäêîì, íà âåëè÷èíó ñòåíäîâîé ïðè-
âåäåííîé òÿãè ÒÐÄÄ ñ ó÷åòîì âåëè÷èíû àýðîäè-
íàìè÷åñêîé ñèëû â âèäå çàâèñèìîñòè (20).

Âûâîäû

1. Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ïðèâå-
äåííîé âåëè÷èíû àýðîäèíàìè÷åñêîé ñèëû êàê
ïîïðàâêè ê ïðèâåäåííîé ñèëå îò òÿãè äâèãàòåëÿ,
èçìåðåííîé ñ ïîìîùüþ ñòåíäîâîé ñèëîèçìåðè-
òåëüíîé ñèñòåìû, â (çàêðûòîì) áîêñå èñïûòàòåëü-
íîãî ñòåíäà ïî ðåçóëüòàòàì ñðàâíåíèÿ ðåçóëüòà-
òîâ ñòåíäîâûõ èñïûòàíèé ÒÐÄÄ áîëüøîé ñòåïå-
íè äâóõêîíòóðíîñòè ñ ðàçäåëüíûìè êîíòóðàìè â
óñëîâèÿõ Í = 0, Ìï = 0 â äâóõ êîìïîíîâêàõ âõîä-
íîãî ñòåíäîâîãî óñòðîéñòâà:

— èñïûòàíèÿ ÒÐÄÄ â áîêñå â êîìïîíîâêå ñ
ìåõàíè÷åñêè ïîäñîåäèíåííîé ëåìíèñêàòîé;

— èñïûòàíèÿ ÒÐÄÄ â áîêñå â êîìïîíîâêå ñ
ìåõàíè÷åñêè îòñîåäèíåííîé ëåìíèñêàòîé.

Îïðåäåëåíèå ïðèâåäåííîé âåëè÷èíû àýðîäè-
íàìè÷åñêîé ñèëû âûáðàííîãî òèïà ÒÐÄÄ ïðîèç-
âîäèòñÿ íà óñòàíîâèâøèõñÿ ðåæèìàõ ðàáîòû äâè-
ãàòåëÿ ïðè ïîñòîÿííîé ïðèâåäåííîé âåëè÷èíå
nâ.ïð = const â óñëîâèÿõ Í = 0, Ìï = 0 â (çàêðûòîì)
áîêñå èñïûòàòåëüíîãî ñòåíäà â êîìïîíîâêå ñ
ìåõàíè÷åñêè ïîäñîåäèíåííîé ëåìíèñêàòîé (îï-
ðåäåëÿåòñÿ ñòåíäîâàÿ ïðèâåäåííàÿ òÿãà Räâ.ïð (17)
áåç ó÷åòà âõîäíîãî èìïóëüñà 

ÂÓRΔ  è àýðîäèíà-

ìè÷åñêîãî ñîïðîòèâëåíèÿ ÏÀÐRΔ ), ïðèìåíÿåìîé

ïðè ïðèåìî-ñäàòî÷íûõ ñòåíäîâûõ èñïûòàíèÿõ, è
â êîìïîíîâêå ñ ìåõàíè÷åñêè îòñîåäèíåííîé ñ
ïîìîùüþ ëàáèðèíòíîãî óïëîòíåíèÿ ëåìíèñêàòîé
(îïðåäåëÿåòñÿ ñòåíäîâàÿ ïðèâåäåííàÿ òÿãà R0 äâ.ïð
(14) ñ ó÷åòîì âõîäíîãî èìïóëüñà â ñå÷åíèè ëàáè-
ðèíòíîãî óïëîòíåíèÿ âõîäíîãî ñòåíäîâîãî óñò-
ðîéñòâà è ñ ó÷åòîì àýðîäèíàìè÷åñêîãî ñîïðîòèâ-

ëåíèÿ ÏÀÐRΔ ) ñ ïðèñîåäèíåííûì òðóáîïðîâîäîì

íà âõîäå, ïðèìåíÿåìîé ïðè àýðîäèíàìè÷åñêîé
ãðàäóèðîâêå áîêñà ñòåíäà, êàê ðàçíèöû:

ÀÑ ïð 0 äâ.ïð äâ.ïð.R R RΔ = -

2. Ïðåäëîæåíà ôîðìà ïðåäñòàâëåíèÿ ðåçóëü-
òàòîâ ãðàäóèðîâêè îòíîñèòåëüíîé âåëè÷èíû ïðè-
âåäåííîé àýðîäèíàìè÷åñêîé ñèëû êàê ïîïðàâêè
ê ñèëå îò òÿãè ÒÐÄÄ â âèäå ãðàäóèðîâî÷íîé çà-
âèñèìîñòè (20):

( )
ÀÑ

ÀÑ ïð
3 â.ïð

äâ.ïð
R

R
K f n

RΔ

Δ
= =

â (çàêðûòîì) áîêñå èñïûòàòåëüíîãî ñòåíäà, è
ïîêàçàíà âîçìîæíîñòü ïî èñïîëüçîâàíèþ ãðàäó-
èðîâî÷íîé çàâèñèìîñòè äëÿ óòî÷íåíèÿ âåëè÷è-
íû ñòåíäîâîé òÿãè Räâ.ïð ïðè ïðîâåäåíèè ïðèåìî-
ñäàòî÷íûõ èñïûòàíèé ñåðèéíûõ äâèãàòåëåé â
êîìïîíîâêå ñ ìåõàíè÷åñêè ïîäñîåäèíåííîé ëåì-
íèñêàòîé.

3. Ïðåäñòàâëåíû ðåçóëüòàòû îöåíêè ïîãðåø-
íîñòè èçìåðåíèé âåëè÷èíû àýðîäèíàìè÷åñêîé
ñèëû, îïðåäåëÿåìîé èç ðåçóëüòàòîâ ñðàâíåíèÿ
âåëè÷èí ïðèâåäåííîé ñòåíäîâîé òÿãè ÒÐÄÄ ïî
ìåòîäó ìåõàíè÷åñêè ïîäñîåäèíåííîé è ìåõàíè-
÷åñêè îòñîåäèíåííîé ëåìíèñêàòû ïîñðåäñòâîì
âûïîëíåíèÿ ñïåöèàëüíîé ãðàäóèðîâêè â áîêñå
èñïûòàòåëüíîãî ñòåíäà. Äëÿ ñòåíäîâîé ãðàäóè-
ðîâêè ðåêîìåíäîâàíî èñêëþ÷åíèå ñèñòåìàòè÷åñ-
êèõ ïîãðåøíîñòåé èç ðåçóëüòàòîâ èçìåðåíèé
íåçàâèñèìûõ ïàðàìåòðîâ, ÷òîáû çà ñ÷åò ýòîãî è
ïðèìåíåíèÿ ìíîãîêðàòíîñòè îïðîñîâ èçìåðè-
òåëüíûõ êàíàëîâ ñòåíäîâîé ÀÈÈÑ îáåñïå÷èòü
óìåíüøåíèå ñìåùåíèÿ ðåçóëüòàòîâ èçìåðåíèé è
âåëè÷èí ñðåäíåêâàäðàòè÷åñêèõ îòêëîíåíèé [21]
èçìåðÿåìûõ ñðåäíèõ çíà÷åíèé ïàðàìåòðîâ iх  êàê

èçì/x x nσ σ= .

4. Íà ïðèìåðå ïîêàçàííîãî óäîâëåòâîðèòåëü-
íîãî ðåçóëüòàòà ñðàâíåíèÿ âåëè÷èí ïðèâåäåííîé
ñòåíäîâîé òÿãè îäíîãî ÒÐÄÄ áîëüøîé ñòåïåíè
äâóõêîíòóðíîñòè ñ ðàçäåëüíûìè êîíòóðàìè íà
ðåæèìå nâ.ïð = const â àòòåñòîâàííîì (çàêðûòîì)
áîêñå èñïûòàòåëüíîãî ñòåíäà â êîìïîíîâêå ñ ìå-
õàíè÷åñêè ïîäñîåäèíåííîé ëåìíèñêàòîé è â ÒÁÊ
àòòåñòîâàííîãî âûñîòíîãî ñòåíäà â êîìïîíîâêå
ñ ìåõàíè÷åñêè îòñîåäèíåííîé ëåìíèñêàòîé â
óñëîâèÿõ Í = 0, Ìï = 0 (ñì. ðèñ. 6) ïîêàçàíà âîç-
ìîæíîñòü èñïîëüçîâàíèÿ ïðè íåîáõîäèìîñòè
àòòåñòîâàííîãî âûñîòíîãî ñòåíäà äëÿ ïðîâåäåíèÿ
ãðàäóèðîâêè àýðîäèíàìè÷åñêè íåàòòåñòîâàííî-
ãî áîêñà èñïûòàòåëüíîãî ñòåíäà ñ öåëüþ îïðåäå-
ëåíèÿ ïðèâåäåííîé âåëè÷èíû àýðîäèíàìè÷åñêîé
ñèëû äëÿ âûáðàííîãî òèïà ÒÐÄÄ íà ðåæèìå
nâ.ïð = const êàê ïîïðàâêè ê âåëè÷èíå ïðèâåäåí-
íîé ñòåíäîâîé òÿãè â áîêñå:

ÀÑ ïð 0 äâ.ïð(ÒÁÊ) äâ.ïð(ÁÎÊÑ),R R RΔ = -
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ãäå 0 äâ.ïð(ÒÁÊ)R  — ïðèâåäåííàÿ âåëè÷èíà ñòåíäî-

âîé òÿãè (14) â ÒÁÊ âûñîòíîãî ñòåíäà (ïðè óñ-

ëîâèè ðÁ = ðÒÁÊ è 
ÏÀÐRΔ = 0 çà ñ÷åò îòêëþ÷åíèÿ

òåõíîëîãè÷åñêîé âåíòèëÿöèè âíóòðè ÒÁÊ èç-çà
áîëüøîé ñòåïåíè äâóõêîíòóðîíîñòè ÒÐÄÄ);

äâ.ïð(ÁÎÊÑ)R  — ïðèâåäåííàÿ âåëè÷èíà ñòåíäî-

âîé òÿãè (17) â àýðîäèíàìè÷åñêè íåàòòåñòîâàí-
íîì áîêñå èñïûòàòåëüíîãî ñòåíäà áåç ó÷åòà ïî-

ïðàâîê ÂÓ ïðRΔ  è ÏÀÐ ïðRΔ .
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