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SUMMARY

In continuation of & previocus investigation, tests have been made
on a series of convergent-divergent nozzles having an included divergence
angle of 20° to obtain perfomance data at pressure ratios appliceble to
Jet engines operating in the flight speed range M = 2 to M = 3.

A new test technique has been used which, by utilizing the ejector
action of the jet from the test nozzle to reduce the exit pressure, enables
the range of pressure ratios obtainable across the nogzle to be extended
threefold. This technique, which has proved simple to apply and control,
is dsscribed in detail.

The tests have shown that, as would be expected, the maximum thrust
coefficient falls slightly with increesing design pressure ratio, the
decrease smounting to about 1.2 per cent as between nozzles designed for
pressure retica of 0 and 25. Tiia is shown to be in reasonsble agreement
with the calchlsksd slin friction Joas.

3 #hbwdla has bEES dedliosd for predicting the kink point,
that is the Jowea® Pewemire rutis &f WAaK-the shock aystem lies wholly
beyond the-sgkals s5E% vleie. This formule supersedes that given in the
report of the ssrlias Sests which #ms based on a limitod renge of design
end test pressmues Fitics and whisli deuld not donfidantly be extrapolated

beyond the test limits.
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1.0 Introduction

A detarled investigation of the performance of fixed geomeiry
cenvergent-divergent propelling nozzles and ithe influence on tne thrust of
design pressure ratio and davergence angle 1s ziven in Reference 1. Due
to the limited test facilities then avarlable the work had to be confined
to pressure ratios belew 9, a value which 1s below that reached on turbo-
Jet or ram jet engines flying at supcrsonic speeds in the range M = 2 to
M = 3. It was therefore decided to extend the test range to cover pres-
sure ratios up to 20. The present lemorandumr describes ihis wvork.

2.0 Test eguipment

2.1 Thrust rig

Since the maxinum air supply pressure attaincble at lhe rig was
limited to 9 atmospheres, it was evadent that pressure ratios across the
nozzle in excess of 9 could only be obtained by reducing the pressure atl
the nozzle exit below that of ithe atmosphere. hzs could hove been done
exther bty means of exhaust pumps or by using a separately driven ejector,
bul both of these metheds would have required the operation of additional
plant and might have raised complicatced control problems. It was there-
fore decided that an attempt would be made to use the ejector action of
the jJet from the test nozzle to reduc. the back pressure. Tnis scheme had
the advantoge of gimplicity, but an the initisl design stage it was not
known how tractable 1t would prove in operation and whether the accuracy
of the thrust measurement would be adverscly affucted. Experience has
shown that neither of thesc fecrs were warranied.

Drawings of the thrust rig and an enlarged aetail of the depression
chamber are given in Faigure 1. The ganeral lgyout of the rig will be
evident fram this drawing.

Air from the plant compressor passed in turn through an orifice
plate air meter, a control valve and thence to the uuct to which the nozzle
was aitached. This duct was arranged wila its axis horizontal, the air
being led into ithe duct through a right angle bend. Two flexable jointe,
were provided in the vertical supply pipe to render the nozzle and its
attendant inlet duct free to move along a horizontal exis.  Movement was
restrained by means of a spring Lalance and since the entering air had no
component of momentun along the line of action of the thrust, the force
recorded by the balance was equal lu the gross thrust of ihe jget, alicw-
aence being made for the pressure thrust on the rig due to the nozzle
being enclosed in a region in whach the pressure was below that of the
atmosphere (see Anpendix II for detaals of this correction).

Although the {lexable jgoants in the supply pipe were inatially
sealed to prevenl air leekage, 1t was found thaet at high air pressures
the scals became stiff and imposed forces on the duct wnich affected the
accuracy of the thrust neasurcément. Lo overcore this difficulty all the
thrust measurencnts wers made with the seals removed. Sone leakage then
occurrec but the only effect of tnhis was to roduce the maximum pressure
that could be obtained at the nozzle. When mass flow measurements were
required both flexuble joints werc ranoved and replaced by a rigid length
of ducting. With the rig in this conuiltion the thrust could not of course
be measured.
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The design of the depress.ion chamber, maxing duct and diffuser were
based on the results of tests at N.G.T.E. on ejectors for use as test plant,
emphasis being given to simplicity of construction. A conical shape was
chosen for the mixing duct entry section for thas reason to ease manufactiure.
It was known that the axisl position of the test nozzle relative to the
mixing tube entry would exert an appreciable effect on the ejector perf-
ormance and a compromise had to be reached between achieving the required
depression whilst minimising the influence of the mixing duct entry on the
distribution of static pressure in the plane of the nozzle exait. It was
finally decaded to place the nozzle exii and the commencement of the mixang
duct contraclicn in the same plane and the rig was assembled i1n this way
with the nozzle designed for a pressure ratio of 25. However, the alipgn-
ment was not maintained and as the design pressure ratic was reduced by
cutting back the divergent portion of the nozzle so the axial distance
between the exat ané the mixing duct contrsction increased. The maximum
distance was 2.46 in. and this occurrea with t.e nozzle having a design
pressure ratio of 10.

In order to avord introducing other forces which might have disturbed
the accuracy of the thrust measurements no attempt was made to seal ihe gap
around the air supply pipe where 1t enlered the depression chamber.  Leak-
age at thais point was not serious and its only effect was to reduce the
maxamun pressure ratio obtainable by reducing the depression. To help
keep leakege 1o a minimum the pgap was kept as small as practicable (0,050 in.)
and a long sealing length was provided. The whole agsembly was carefully
aligned to ensure concentricily and the supply pipe held 1a the required
position by four ball bearings mounted on adjustable supports,

2.2 Test nozzle

The profale of the test nozzle was geometricaelly saimilar to that of
the Group I nozzles of Reference 1 and consisted of a circular arc entry
blendang inte a conical divergent portion of 20° included angle. The
nominal throat diamecter was 2 in., that is twice ine value used in the tests
described in Refercnce 1.

As originelly construcled the nozzle had an area ratic of 3.32, that
is the value corresponding (for ¥ = 1.40) to a pressure rati> of 25. It
was cut back successively to give desaign pressure ratios of 20, 15 and 10.

The internal profile of the nozzle was corefully machined and polished
to eliminalc major surface irregularities.

For comparison a conical convergent nozzle having an included angle
of 20° was also tested.

Drawings of the two nozzles are given in Figure 2.

3,0 Test procedure

As explained in Seciion 2.1, no attempt was made to present all lecak-
age from the flexitle joints in the air supply duct and therefore the air
mass flow and thrust measurements had to be made separately.

In the present investigation only one mass flow calibration was mads
and this was done with the nozzle set to a design pressure ratio of 10,
It was reasoned that the addition of a greater length of divergence would
not affect the flow since under the conditions of test the throal was always

choked.
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For each setting of the air supply pressure measurements were teken
of the total pressure and temperature at entry to the nozzle, the static
pressure in the depression chember and elther the air mass fiuw or the
thrust. This was done for a ranpe of supply pressurs varying from about
1.5 atmospheres to the maximum cbtainable.

At lhe conclusion of the tests a check was made with the nozzle
blanked off to determine 1f the balsnce reading was effected by the air
rressure 1n the iilet duct, A zmall effect was cbserved vhich increased
almost linearly 1rom zero, at an air supply pressure of 2% atmospheres, to
about 3% 1lb, that s aboul 1 per cunt of the thrust balance reading, ai a
pressure of 7 atmospheres., A calibration curve was obtained and a correc-
tion applied to all the thrust weasuremonts,

The reasor. for this semsitivaity to inlst pressure is obacure, but
1t 1s thought likely that it was due to a horizontzl movement of the inlet
ducting above the uppermost flexible joant. Since the axzal position of
the nozzle was kept {ixed to wathain %C,001 in., any movement of the top duct-
ing would have the effect of {1lting the axas of the auct contsining the
flexible joints away from the vertical and the horizontal compongnt of thoe
weaght of the pipsework would therelfore be recorded on the balance.

L., 0 Performance of depression chamber

In addition to the main programme of nozzle tests a brief investi-
gatron was made 1o determine the offect on the performance obtainsble Tram
the depression chamber of simple changez in the geometry of some of ils
componer.ts, The design pressurc ratic of the nozzle usec for these tests
was 10 and it was set an an axial position such that its exit plane was
2,45 1n. upstream from the commencement of the contraction to the m1x1ng
tube. The temperature of the air supply varicd over lhe range 30 to 35 .

The first test was made with 2 & in. Giameter mixang tube 36 in. long
with no outlet diffuscr fitted. It was found that with a supply pressure
of 4 atmospheres the pressurc inside the chamber was reduced 1o 4e7 1B/sq.in,
abs., giving a pressure rati1o across the nozzle of 18.5. 4 diffuser having
an arca ratro of 4 was then fitted to the mining tube and this reduced the
pressure in the chamber by a further 1.2 1b/sg.in. and enabled a pressurc
rat1o of 25 to be achieved.

A test was then mode with a & in. diameter wlxaing tube 24 in. long
fitted with a Jaffuscr having an area ratic of 4. To accamodate the
4 1n. mixing tube Giameter, the original conicel enlry section was extended
bty ihe addition of a short adaptor piecc, an expealent which had the effect
of increasing the distonce belween the nozzle exat planc and the commence=
ment of the mixing scetion. With this arrasagoement a considerebly greater
depression could be obtained at low saprly pressures.  However, 1t was
found tnat instcac of .ecressin - continuously, the depressicn chauber
nressure passed through a minimum valae of 2.5 1b/sq.in,abs, at an inlet
pressare of 4.1 atmosphocss and any furthor inecrease of the supply pres-
sure beyond this point caused the chamber pressure to rise. As 2 result
lhe maxaymur overall pressure ratio obtainable across the nczzle was not as
great as that reached with the 6 in., dismeter mixing tube and diifuser.

An additional test was made using the 4 in. diameter mixang tube,
the nozzle being moved downstream so that i1ts exit plane was in line with
the mixing tube entry. Thuis change improved the performance at low supply
pressurcs but at the expense of the maximum pressure ratio cobtainable.



Even had this not been so, such a configuration would nol have besn adopted
gince the close proximity of the mixing tubc to the nozzle exat woulu doubt-
less have dasturbed the get flow and introduced inaccuracies into the test
measurements.

The performance obtained wath the various ejector configurations
tested 1s given in Figure 3.

When the convergent nozzle was lesied in congunction with the 6 in.
drametler mixing tube the ejector action was {cund to be slichtly less ef-
fective, but more seriously 1t was observed that above a critical inlet
pressure (about 5% atmospheres) an instabituty occurred which made all the
manometers and the thrust indicator fluctuste wildly and al tne same time
caused loud explosion-like reports. If the inlet pressure was increased
above this :ritlical value the reports occurred more frequently until at the
highest pressure the noise Lock the form of & continious louc buzzing.
Intermittent reverse {low into the outlet end of tne mixang Lube was obscrved
and 1t was found that the instability could be reduced by reclricling the
cutlet with the hands. It was thought that the instability was due to the
nozzle exit being too far upstream (the exul plene was 2.86 in. from ilhe
mixing tube convergence) and so a test was made with the nopzle moved closer
1o the mixing tube. This made little daffercnce and testing was therefare
conf'ined tc the region in which instabalaty was not evident. This limited
the maxamum pressure ratio obtainable across ihe nozzle to approximately 13.

5.0 Thrust measvrement check

Tec check that the rig was funclioning setisfactorily, thrust measure-
ments were made bolh with the mixaing tube and als entry section removed
(1.e. with the nozzle discharging to atmosphere) and with the tube in position.
The design pressure ratio of the nozzle used for thece tzsts was 25, The
maximum pressure ratio that could be achieved with the nozzle discharging
to atmosphere was 6.3 but with the 6 in., diareter mixang tubs fitted this
wags extended to 19,

The resulis are shown in Figure 4, in wnaxch the non-dimensioneal
thrust coefficient, OCp , 1o plotted against tne pressure ratio acrows lne
nozzle. It will be scen that ihe experimental points fromn the two tests
lie on the same curve @nd on this evidence 1l was concluded that the tnrusi
measuring technique and ihe procedurc adopted for reducing lhe test data
were satisfactory.

6.0 Discusaion of results

5.1 Mass flow charscteristics

A cucrve showing the variation of discharge coefficient with pressure
ratio 1s shown in Figure 5. The plotted points were obtained with the
depression chamber agsembled in threc different configurations as noted on
the graph.

A constant mean value of 0.985 best fits the test results, all but
two of the pointe having a scaller less than 0.7 per cent.

The mean value of discharge coefficient for the convergent noszzle
was found to be 0,978,



6.2 Thrust charscleristics

after all the nccessary corrections ned been applicd to the lest
esulis, values rf tae non~domensional inrvst, FAAT, |, and the non-

dlmens¢onal thrust cocfiicient, Cp o weres calculeleds Tt .s snown 1n
Referunce 1 tnet £or connitiowns WU,rb g shock gystum lies boyoad the erat
Plone a lmnenr relationshup cxists between T/A an”. the ratvic of arowcut

to inlet tolul preczure, 1 /Ty, 122 limatines cohaﬁ‘ﬂCn f1.es taz lorcess
value or In/Ty%; Lo which the lincariiy exbonus being lersed tle kios point.

Tng best slroigut line was wenni ihrouga the expernentzl poinls an
vaiucs packed of1 ibis lince werc osed 1o coledalete mecwm values of Co 1
results are shown an terns of trne aon-diremsronel lurast coeirTicient, O
in Figure & and 1o termg of the opeafic thrust ccerfaczent, Op , in
Fipure 7. On buuh these sraphs e vomts sere rictiew fror ilie actual
test measurencnts whilct the curves were Qrava throagss rean valaes col-
culated as has dust becn descrited.
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The results are as expeclod, lie tlaust coerficicnt curve 1or cach
nozzie passing through i rarimwa value ul a Tressure lei1l0 wWhicl COINclaes
as closuly as can be determmaned witn the aeciga varue,  Uhe coelfzcaents
decrease more rapiraly when ihe suyply prescure 1o reduced belov the Jesagn
value (e.nd.tione of ov.cecxpansior) than ithey o when the pressure 13 in-
cretsed above asslpmn \ conurtions of UN r-Cxpansion). Th.o agrecs with
previous work ond 1l confimrs the viev that in orier to maintaia hagh <ifa-
ciency over ihe wicisst possible roage of operation the deangn nréssure ratlo
sheulu be chosen to we Llaghily bolow the naximum pressure at whica 1t as
dcsaired to operats L. aozzle.

g & ang ¥ onow s defintte Londancy for ihe design
ERLES.

The curven of Fopars
peint tnruct cosriiciants T0 wuCrease oo tne aesim prescare ratlo indr
Thiv resalt, altnou . contracucting taat of Referunce 1, is as expected
since the nozzle longth 1ncreuc:s contir.o.cly “/uy Sesisn oressare retio
end the lossee ue e skan fracilon will therefore WO L. loeriso, it 18
thournt thac whilst the explanciicon o2’ e oriosite cifece which was choorved
m tne lesls reportcd in Refervace 1 coll. teo inatl 1T .2 owe to the izaflucnce
of Rueynolds nwiber, 11 4w wore likely taool 1l yne tro resali 0 Lnaccuracices

erising from the necoscily for obiaeznineg v . oolsign pownt pericmea.co T
the two nozzles having the nlrn;gt d2e1 . pocesdee r=h208 by &lrapoiation

owing to the lumited maximum test pressure soiio thom vaslalle,

In oraer to zaveolirate theramituwee of o losses due 0 skan
fretion celeulotzmn w8ré Lens w1y Lol natnod of Relersnec 2 10 weter-
nane the revirmum tnrust cocli ccccals Cor gtveral noonzless saviny a constant
meladed uwver eace angle @ 297 wne Wilh o wgELn TooSsLre £aLlos ranging
Leten 10 aal ol 1n ihes= <. lzalavzc g whe £l up to the throal was

es8Wred 10 be Looniedpre but 1o ik w3scl, ing portion o freiction Jaclor
of 0,000 wes uoe e Trag value 1z thal eyrro riate ©5 the wcan ol he

wynolus nmubers betocoa the leroat and oart planes. For the rayte of
COHululonu covercd Ly the to, ! tnzse cun values (based on the nozsle

o 6 VY
aiarotor) aried frar ebout 2.0 x 3C% 4o 4.5 x 10%.

The regulls are snown Slotie. ain bagrve &, the full line snow1ag
za tine lhe conrcined cff'octs of

the «lfell of rriction alcae cnd tie: aste

Traiclion ana non-ailaa exit flov. Tae Lattor ellcet wazs calculated
cesumlng the exll siurosndines 1o reliate {ro the apex of Lhe conzcal
drvergenl sueliorn anl the czat velooily o be conclont over o sphorical
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surface centred on the apex and intersecting the nozzle exit., Onthisbasis
the divergence coefficient for a nozzle having an angle of 20° is 0.992.
The experimentally determined maximum values of Op are also shown
plotted in Figure 8 and it will be seen that most of the points fall between

the iwo lineas.

6.3 Detemmination of kink points

The kink point pressure ratios were determined directly from the non-
dimensional thrust graphs. These values, together with the slopes of the
linear part of these graphs, which on the basis of one-dimensional theory
should be mumerically equal to the area ratio of ithe nozzle, are tabulated
below.

Deaign Aves Slope of Kink point
pressure rat1o non~dim. . pressure
ratio © thrust graph ratio
10 P19 i 1.86 3,88
B
15 2,614 - 2.38 6.12
20 2.899 2.76 7.00
25 3.321 . 3,12 " 9,30

The results are shown graphically in Figures 9 and 10. It will be
seen from Flgure 9 that the empirical rule given in Reference 1 for pre-
dicting the kink point, which was based on tests on nozzles having design
pressure ratios between 4 and 12, becomes progressively less accurate as
the nozzle design pressure ratio increases. A rule which fits all the
available data more closely is:-

Kink point pressure ratic = 1 + ¥ (design pressure ratio),

Reference 3 reports testa made to determine the kink points of a
series of two-dimensional nozzles from measurements of the wall static
pressure. The msan curve cbtained from these tests has been superimposed
on Pigure 9 and it will be seen that the velues are slightly higher them
those for axi-gymmetric nozzles obtained fram thrust measurements. This
is almost certainly due to the different experimental techniques used
(there is eviderios in unpublished testas to show that the kink points of
axi-gymnetric nozzles determined from static pressure measurements agree
with the mean curve of Reference 3) and a raticnal explanation can be
advanced as follows,

In the tests deacribed in Reference 3, the kink points were obtained
by extrapolating to the exit plane a curve linking the applied pressure ratio
to the 'shock position', determined from pressures measured by means of
static taps at the nozzle wall. The 'shock position' thus deduced was thus
the furthermost upstream position at which the influence of the shock system
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could be detected at 1he wall, This technique assumes that vwhen the shock
system 1s located beycnd the nozzle exit 1t has no anfluence on the pressure
al the wall Just inside the nozzle, I, however, this assumption was in-
corregct, and there 1s some évidence Irom recont shadowgreph picturcs taken
at N.G.T. 2, to suggest that 1t 1s, then the extrapolation should not be
continued as far as the exat plane. The discropency between the kink
peants obtained frun pressure measurements and from thrust could then be
resolved, at least oualitatively.

Bxamination of the results pubiished an Retercnce 3 has shown that
in order 10 meke the two velues of kink point pressure ratic agroc numeri-
cally, the influcnceu of the exat shock system would have Lo extend into the
nozzle by an smount which increascd progrussively with ilhe exat Mach number.
The distances requared would be of the order of 0.04 1n, at a Mach number
of 1.5 and 0.12 in. at a Mach number of ¢, As yel no experzmental data
1z aveilsable to enabls this hypothesis to be checked.

Figure 10 showe the slopes of {he non-dimensional thrust graphs
tlotied against the nozzle area ratio. It will be seen that with increase
of design pressure ratio the measured slope departs progressively from the
value predicted by one-dimensional theory. This suggests that the effec-
tive exit area 1s luss than tne actual area, a reduction which could be
due to a thickening of the boundary layer in the diverging portion of the
nozzle. Calculatron soows that the rate of growth of btoundary layer thick-
ness necessary to account for the observed thrust curve slopes 1s approxi-
mately 0,01 in. ror in. of nozzle length., Thas value has been compared
with those calculated using an empirical formula quoied in Reference k.
This states that for design llach nunbers below 2.5:-

Mean rate of boundary 15
layer growtn = 0.29Re

where He 3is the Reynolds nunber besed on the nozsle design
ex1t hiach number and cactenc. from taroat to run-out position.

The calewlated values, althoagh of ike righl order, do nel agree exactly
with thuse required to give the measurcd thrust curve slopes. The present
vork, however, wa: don. with conically divergent nozzles ana this, combined
with the facl that hurad air was used for all the tests, resulted in the
suparscnic part of the flow beang far from shock-free., It 1s possible,
ithercfore, thal the cfioect of these shocks was to cause the boundary layer
tc behave difterently from whal 1t would do in a corr.ctly shaped nozzle
expandang dry air.

Ir Refersnce 3 it is shown that for two-dimensiconal nozzles, the
ratio of the inlet total 1o the exdt static pressures is (.52 of the value
wnich would obtain i1{ the expansion were isentropic. If we assume that
this ratio also arplies to axa-symmuetric nozzles, lhen the area ratic of
the "eguivalent" nozile can be calculated using conventicnal one-dimensional
relatronghars, The wvalues tius obtained are given in the table below and
1t will be seen that they agree very closely witn ine measurcd slopes of
the non~dimensional thrust curves.
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Design Design pressure Area ratio Slcpe of
pressure | ratio of of "equivalent” non-dim.
ratio "equivalent" nozzle nozzle thrust graph
1 0 * 9- 2 1 - 85 1 L] 86
15 13.8 2.33 2.38
20 - 18. 4 2.75 . 2.76
25 ' 23.0 3.46 3.12

7.0 Conclusions

A simple apparatus has been evolved to enable nozzles to be tested
to a pressure ratio equal to about three times that of the air supply avail-
able. The apparatus, which utilises the ejector avtion of the jet fram the
nozzle to lower the nozzle exit pressure, has proved easy to control and the
accuracy of thrust measurement compared with that obtained with a free jet
test has been unimpsaired.

It has been confimmed that the peak thrust coefficient of a divergent
nozzle occurs at a pressure ratio which is identical witn the isentropic
design valus to within the limits of experamental accuracy.

The maximun thrust coefficient falls slightly with increasing design
pressure ratio, the decrease amounting to about 1.2 per cent as between
nozzles designed for presgure ratios of 10 and 25. This effect is as
expected and cen be accounted for guantitatively by the incresased skan
friction due to the greater length of the diverging portion of the nozzle.

As empiricel formula for predicting the kink point (i.e. the lowest
pressure ratio for which the shock system lies wholly beyond the nozzle
exit plane) has been deduced; thas isi-

Kink point pressure ratio = 1 + 3 (design pressure ratio)-

This formula supersedes that given in Reference 1 which was based on a
limited renge of design and test pressure ratios.

Discrepanciss have been observed between kink points detemmined
from thrust measurements and fram wall static pressures. Although all the
thrust deta was confined to tests on axi-symmetric nozzles whilst the
majority of the pressure data was cbtained from two-dimensional ones, there
is evidence to suggest that the discrepancy is due to experimental technigue
rather than to a fundamentel difference in the behaviour of axi~-symmetric
and two-dimensional nozzlea. A hypothesis has been advanced which ex-
plains the difference qualitatively, but there is as yet no experimental
data available to enable this to be checked.
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The slopes of the non-dimensicnal thrust graphs - (B/A,P,y) plotted
against (B,/P,4) ~have been detemined and compared with the nozzle exit/throat
arsa ratics. Although one-dimensional theory states tnat the two values
gnould be numerically equal, the test results show that the measured slope
becomes progressively less than the area ratio as the design pressure ratio
incrsases. 1t 1s suggested that this 1s due to the influence of boundary
layer thickness, an idea supported by the fact that the order of magnitude
reguired to explain the difference 1s sumilar to that calculalew using an
empirical formula cbfainee from tests in supersonic wind tunnel nozzles.
Hovever, the use in the present lests of humid air and conicall; divergent
nozzles undoubtedly influences the flow in the supersonic fiow region and
this mey well account for the discrepancy beiween the two values.

The slopes of tne non-dimensicnal thrust graphs can be predicted
exactly using the concept of an "eguivalent" nozzle which has a design pres-
sure raiio less than that of the nozzle being considered. The two design
pressure ratios can be related by a factor cbtained from pressure distri-
bution tests on two—-dimensional nozzles.
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AYTLNOIX T

Notation

Flow sreae within nozzle

Area of inlet duct at seal into depression chamber
Discharge coefficient

Non-caimensional thrust cocfficient
Specific thrust coeffacient

Thrust

Gravitational accelsration

Arbient pressgure

Static pressure witnin depression chamber
Stalic pressure

Total pressure

Total temperature

Air velocaty

Air masg flow

Speciiic heat ratio

Subscripls ,, , and , are usz2d to denote condaitions at the nozzle entry,
thiroat ana cxit respectively.

I/A,P g
BT, L

Derived paramelers

Non-dimensicnal thrust

Specific thrust
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APPANDIX LI

Derivation of correction to indicated thrust

‘\—"1
Fa
L e
2 wale.
¢ o
-p..s ‘»'g P1 t .!i ‘;'3
‘ .¢-. i) -
!
L@‘% /

Thrust
balance

Using the notation given in Appendix I and with reference to the above
diagram

W
Reading on thrust balance —-é-’- + (B g =~ Pa)Ay - (Pa - Po)(as - A)

Evg’. + (Bys ~Pelhy = (Pg = Podag .+ .. (1)

WV
-_3' + (P35 - PC)AJ- L ’e LR [ (2)

Now, nozzle gross thrust 2

Hence, fram Equations (1) and (2),

Nozzle gross thrust = Reading on thrust balance + (P, - P )A,

N &)
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