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SUMMARY

Tests have been made to determine the influence of divergence angle
and applied pressure ratio on the shock position in over-expanded, Laval-
type, convergent-divergent nozzles., The tests covered a range of design
pressure ratios between 3.5 and 17.0 and included divergence angles of
from 5° to L40°,

An empiricel expression has been derived which ensbles the limiting
pressure ratio at which the nozzle just runs full to be calculated and
curves are presented from which the shock poaition within the nozzle can be
obtained,

The variation with design preasure ratio of the meximum pressure
ratio obtainabls aevoss the exit shock has been dotermined and the results
compared with thoses predicted uai.n; & sami-appirical formula derived from
shook wm—’bw layer intereotion experiments. Good agreement has been
obtained,
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ADDENDUM

On p. 5 reference 1o made to the senmaration pressures
measured by Eisenklam and Wilkie (Raference 41) using axisymmetric
conical nozzlozs, Thesce authors have sinco pointed out that the
variations in separation pressure gquoted in Table 19 of Refercnce L

are not significant and that for practical purpescs the roccovery ratio
hag a constant value of 2.7.

+'I‘his will be avairlable as an Asronautical Research Council Current Paper.



1.0 Introduction

In flight at hagn altitudes and high forwerd speeds, the use of a
convergent-divergent propelling nozzle on turbo-~jet or ram jet engines is
eagential in order to achieve the greatest peossible net thrust. However,
at off-design conditions, such as would cccur at take-off or when flying
at reduced speed, a fixed geometry divergent nozzle 1s inefficient due to
the large negative pressure thrust which arises as the result of over
expansicn within the nozzle,

Thas can be evoided by using a varisble geometry nozzle, although
for scme applications the complexity and weight thas involves may not be
warranted., Before the part-load performance of an engine fitted waith a
fixed divergent nozzle can be calculated, 1t is necessary to know under
what conditions the nozzle runs full and how the position of the internal
shock varies with the epplied pressure ratio,

The present investigetion was undertaken as part of a general pro-
gramme to obtain basic data on nozzlie performance,

2,0 Review of related work

Teats to investigate the phenomenon of jet separation in over-
expanded superscnic nozzles have been made by a number of workers, the
mnst amportant published infurmation being contained in References 1 to 5.
A1l of the reported tests were made at pressure rotios well below the design
values so that conditions were such that fluw detachment occurred well within
the nozzle, In mest cases 1t 1s impossible to extrapolate with any
certeinty to determine the lamiting condition for shock at exat, a condition
which 1s of prame importence when stimating the performance of an air
breathing engine fitted with a divergent nozzle. In addition the test
nozzles had values of exit/throst area varying from 3.5 to 21, so that they
were more sppropriate to rocket motors than to turbo-gets or ram Jets.

A few of the reported investigations were made using rocket motors
to supply the zas whilst the others used either compressed air or nitro~-
gen. Due to the practical di1fficulty of cobtarning adequate supplies cf
high pressure gas, "blow down" techniques had to be used with consequent
limitations on rummaing time, The rocket tests were gimilarly lamated,
the average duration of each run being sbout 30 seconds.,

With one exception, that described in Reference 5, the conclusions
drawn from all the investigations are in general agreement,

Faster and Cowlesz, using a nitric acid-sniline rocket motor faitted
with various axi-symmetric conrcal nozzles having included divergence angles
between 20° and 60°, found that for each nozzle the static pressure at the
point where flow separation from the nozzle commenced tended tc decrease
with increasing combustion chamber pressure, For example, the pressure
recovery ratic* varied between 2.52 at a chamber pressure of 12 atm, and

. . T T T R = P )

* This 1s the ratio of the pressure against wiach the nozzle i1s discharging
(ambient for all the tests described in tinsMemcrandum) to the pressure at
the point of detachment. Thus it includes the pressure rise across the
shock system together with any subsequent pressure increcase due to diffu~
sion, Most workers seem to sssume that the pressure downstream of the
point of detachment 1s always equal tc the exait pressure, but the present
tests do not entirely suppert this view,
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2.97 at 26 atm, A single curve embraced all the experimentel points and
the influence of mixture ratio (and hence of gas temperature), nozzle area
ratio and davergence angle did not appear to be great.

MdKenney5 cbtained a similar result using ratrogen expanding in a
two~dimensional nozzle of 30 davergence angle, the pressure recovery ratio
vearying between 2.5 and 2,94 as the supply pressure increased from 12 to
25 atm,

Fasenklam and Yv’il.‘tc:'usel‘r also cbtained sumilar results with air using
axi-symmetric conicel nozzles of 20, 30 and LOO divergence angle, For
supply pressures between 14 and 34 etm. the recovery ratio varied between
2.47 and 3,02 but whilst 1n general the recovery ratio tended to increase
with increasing supply pressure, the change was not a systematic one.

In centradiction to the results of other workers, Scheller and
Bierlein? found that the separation pressure varied widely wata both
divergence angle and chamber pressure, Their tests were made with dry
air on axi~symmetric nozzles having divergence angles between 10° and 66°,

Green® has attempted to correlate the results of a number cof invegti-
gations and has suggested the use of a parameter (Pa - Pks)/P,t vhere P, ,
Pys and Py are embient, separation and supply pressures respectavely.

Good correlation was obteaned perticularly at the higher pressure ratios,
usang test data obteined on nozzlss of 30° divergence angle and with
values of the specific heat ratic, v, ranging between 1.23 and 1.40 and
with supply pressures between 10 and 100 atm, To a large extent this
agreement 1s inherent in the choice of the correlating parameter which is
relatively insensitive to changes in the pressure recovery ratio Pyg/Pa,
particularly st high values of Py4/Py.  2lthough no theoretical justifica-
tion was advanced for the use of the chosen parameter it is nevertheless a
convenient one since it appears an the pressure thrust term of the expres-
sion for non~dimensional thrust.

3.0 Teat spparatus

3.1 Model nozzle

The nozzle, which 1is illustrated in Faigure 1, was of rectangular
section with a throat approximately i in, wide and 4 in. deep, To allow
the divergence eangle to be readily changed without altering either the
entry contour or the throat area the nozzle was made up of two adjustable
walls pivotted and clamped between flat side plates, The profile of each
wall consisted of a circular arc entry section of 1 in. radius {i.e. two
throat widths) and a flat portion tangential to the entry. To enable the
effects of divergence angle and design pressure ratio to be separated the
nozzle was shortened in successive stages.

The nozzle was bolted to a transition section some 3 £+ in length
which in turn was connected to an 8 in., diameter air supply main., The
approach to the nozzle entry was faired off to a smooth contour with
plaster-of-Puaris,

Twenty static pressure teppings were provided along the length of
one nczzle wall. The holes, which were located on a line midway between
the side pletes, were spaced et approximately °/1s 1n. intervels on the
flat part of the nozzle wall, but were clustered together more closely on
either side of the throat.
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A single pitet ituve fixed on the axas of the transition section was
used to mesgure the inlet totel pressure,

3.2 Method of setting the nogzzle

“he required divergence angle wies obteined by setting tae exat width
with tne axd of a telesccpic gauge ans the tihrost width wath slip gouges.
The individual positicns of the static Mioles relctive to the nozzle exit
were determined separately by means of s vernicr .elgat jauge.  Since the
axicl positions of the strtic tappings relative i the nozzle threat varied
with the divergence angle, tne approprivte corrections were applied to the
meagured values,

“he nominsl ineluded divergence angles chosen for test were 5¢, 10°,
159, 17°, 207, 25° and 40°. The ectual velues used are given in wppendix II
together with the corresponding design pressure rstios, exit Maon numbers
end ctner relevant information,

il C Test techaique

For esch nozzle setting measurement of the 1ndavaidusl static pres-
sures and the inlet total pressurc end temperzture werc made with the air
supply pressure increasing graduclly in svages, At the conclusion ef
each set of testa the nezzle wes shortened and the procedure repesated. In
all four different lengths, neking & tetal of 19 dirierent nozzle designs,
were tested.

Since the meximum supply pressure did not greatly exceed 9 atm., the
design condition of several of the nozzles could not be reached, although
1n the majority of casesthe av:ileble pressure was sufficient to place the
shock system downstream cf the -ozzle exit, In view of this limitation
1t was necessary to estsblish whether any lLysteresis could be observed in
the pressure ratic required to positicn the saock at the exait plane. For
this purpose severel tests were m:zde using the 47° Group 4 nozzle but no
effect could be detectel.

Each nozzle wes tested ever = range of entry pressures of from 1 to
2 atm. zbsolute. This resulied in the Reynolds number varying similarly,
the extreme values (based on throai velocity and throat width) being zbout
2.5 x 10° and 1,7 x 10°. No attempt was made to investigate th effects
of Reynclds number in 1sclation, but this was nct regarded s a serious
sm1ss1on since experiments on shock wave-boundary layer interaction suggest
that flew detachment phencmena are net significantly effected by chanpe of
Reynclds number,

5.0 Fffects of air humidity

As no drying plant was aveilable to deal wit. the air quentities
anvolved, humid air had to be used for all the tests descrived in this
Lemorandum,

The air su ply was tecken from atmosphere ante a multi-stege centri-
fucal compresser, through an after-ccoler and tnence to the test neizle,
Durang each test the compressor speed was adjusted so that delivery pressure
wes only slihtly 1n excess of that required at the nozzle and the final
control cbisined by meens of sn i1nlet threttle valve. Since the temperature
at inlet to the nczzle was elways in ihe region ef 20°C, 1t can readily be
snown that under conditions where the inlet contrel velve was fully open the
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air enterang the nozzle was always completely saturated., This was true
over the entaire ronge of supply preéssares coversed by the tests, tiat s from
about 3 to 9 atm. absclute. Throttling between the coupressor unl the
nczzle causes the relastive humidity to decrcose, but st 1s unlakely that
this cffect wes very great in the majgoraty of the teats,

The <.,’lects of huradity on the [low n supecrsonic nozzles Lave been
cxamined theoretically and experimert 11y by Uswat1tsch7. A more general
discussion of the phenomens, and aa ontlysis of tesis results 1s contained
1n Reference 8,

It is shown in Reference B that fur swmell nozzles a condensation
shock will ccour at a point where the aciasbotie supercooling has rezched
about 55°C. Thus, lor aaturated z.r with on initial staymetion tempera-
ture of 20°°C, the Msch number before the condensation shwek wall be 1,075,
It 18 further shown in Reference 8 that one dimeansiongzl theory cen be used
t¢ prcdict the changes of stole that ocour scross the condensatiosn shock
1f the amcunt of water vapeur condenscd is chosen (by triwl and error col-
culation) se that the remaining watur vapour 1s saturated after the shocic,
This assumption hes been found to correspend, at least in the tests nclyscd
1n Reference &, to the condition for the maxamum hcat addition theorctically
possible, This conditicn results an the Mach numbe- after the shock being
equcl to unaty. The absoclute humidity of'ter the shock 1s so snell thot no
further ccndensation effcctsof apprecizble magnitude occar.

Sample calculations illustrating the changes of state due to o
condenzation shock ere given in Appendix IIT.

6.0 Analysis of results

For each nozzle arvangement a groph wss prepared showing the axzal
variation of the strtic pressure for the verious spplied pressure ratios.
The mst*od adopted for plotting the resulls wes the one used by Linnie and
Woods” in which P, /P, is plotted apgainst x/d. Two typical graphs are
showr. 1n Figures 2 and 3.

Since the mamber of static points was limited, it was often daffaicult,
with the methcd of plotting used an Fipgures 2 and 3, to decade on the exact
shape of the pressure distraibution curve immediately downstrecm of the
shock., Tne shock position could not therefore be precisely determined.

To overcome this difficuliy the results were cross-pletted to determine ot
what overall pressure ratios the shock occurred® exactly et the positaon

of' the various static toppings, Such a curve 1s shown in Pagure L which
15 a re~plot of the results gaven in I'igure 2.  Since for any given point
the ratis Pyo/P, remeins constant once the shock has moved downstream of
the point ccnsidered, the curves of Pagure 4 show well defined discontinuil-
ties. The overall pressure retics corrvesponding to the shock beang
located st each of the stotie tappings 1s *“hus easily determined.

The kink points obtaaned from I'ipure L were then plotted an the form
shown an Plgure 5 to pave the veriztaen of shock position with spplaed

- ten s EH mw W E M Ea ke e W mm oam mm 4 e M e e mm b e e el e e e Me e omm ey ww e =

L

One dimensicnsl analysis of the flow enables the snock positior to be
specified right to the flow bound-ry, In proctice, however, viscous
effecta modafy the shock structure with the result that at the boundary

tne influence of the succk extends ferther vpstream then the elementary
theory suggests. The torm 'slock position' s used 1n thic Memorandun
refers strictly to the furthermost upsirecm posation ot which the influence
of the shock cen be detected at the walle,
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poussure rotio, The ghock po-ititn 17 exprosscd un t _ms of the throat
wiita, d. Sxtroooletion of coea aurve to that velue of x/d ropresenting
tn exit plane eacbled the limiting pressure retios for shock ot exit,
(Fi/Pa)iim, 10 be determined.

raninatlion of the pressure dastribution curves for complete expan-—
s1na given o Prgures 2 and 3, vwhicn sre typiccl of &1l the nozzles tested,
stows that in the case of the 10° Group 2 nozzie (Figure 2) the measured
Eressures commence 1o depact from the one~dimengionel asentropic values
Just upstrecm of the throat, wherecs for the 5° Group 3 nozzle (Figure 3)
the efpens on follows the isentropic curve Jor scme distoace downstresm
of the trnrout then exhibits a sudden upwerd Jump. Lne reason for tne
tarst effect 1s obscure but the latter is solmost certrinly due to the
presence ol ¢ cu.ton tioun shock, Specimen cricouleations 1llustirating the
magnituae of the pressure rise due to a condenset on sheck sre given in
sppoendax TIT and 11 1s cnown tie t the pressurce rise depends on the humidity
of the air entering the nczzle and on the stognation tempureature. Although
no measurencnts vere mede of the humidaty of the air supply, 1t has alrecdy
been poanted out {Section b.O) that for the megjority of the lests the
roictive nadaty ¢t entry 1o thoe nozzle must nove been close to unaty.
Thus with an adisovrtie scpercooling of 559C, the Mach number before the
coudoenantion shock would be at leest 1,070 at whaich point the value of
54o/T, ¢ would te O.hohk. The recults shown in Faigure 3 su gest that for
tnes west at le.st the condensction shock occurred ot a volue of Fyo/Pig
mn the regicn of C.h, that 1s &t o Moch number of 1,22, To obtein t s
velue Ly the method of Appendix TIT 11 1s necessary to a:isume elther that
the air entering the nozzie was not completely sztureted or that the
aulebatic supercooling escceded »5°C, In view of the close agrecment
between the rosalts of dafferent - orkers concerning the amount of supercocl~
ine onteinable, the Uairst of inese alternatives appcars te provide the only
prgsible explanation,

sl
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+
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Dven 1if' the bichor pre-shock Mach mumber i1s essuncd, howovir, the
Loesured pressure dist.abution with toe nmozzl: ruansng Tull cannot be
exactly accountcd for by the method sug,ssted in Retference 8, winch -ssumes
that 211 the heat is coded 1nstantoneocusly and thet tane flow on either sade
cf the condensetion slock s one—duncensioned and iscnirop:re, In the
Tollosang S ctron 1t is noted thet the greater part of the dafference cen
te explatmed os Loy aue to skin I'ra. tion,

The ficw chongen which occur ghen the presstre suppilied te & nozzle
dischiarFing to otmesprsre 1s progressively reduced from the .esign valus
are well knovn.,  Expi.wlon proceeds to -« prussure oelow the ambient and
a shock systum i1s set up % the nozzle cutlet to restor: the =xit pressure
to tnet of the surcounding atrosp. .re. Ullimately a nhint i1z recched when
the beundery leyer is unable to sapport tne required orossure gradient and
the flow then detoches from the wells of the nczzle and th. shock system
meves upstream.  One-dimensional theory assumed tiet tlns will not heppen
un.1l the ap;licd pressure retic 18 such thet a nermal shock 1s requared
ot cxic to rustore the pressurc to ambient, but an proctice this conaitien
is never achicved and d.tachment of the flow occurs at substantially
he her pressure ratios tanen pridicted by the simple theory.

-

6.1 Nozzle over-cxronied, aneck do nstceam of exat plane

“he roesults of all the present tosts zre shown in PMigure 6 1n which
the nrasnlce pressure retis, P,+/P,, znd the minimum applied pressure ratio



for the shock to remain at wxzit, (P1t/Pa)]1m: ere plotted ageinst the
design pressure reotio, B,  Davergence «ngle appaars te heve only a

second order effcct ond over the rangc covercd by the tests (1,c. 3.5<PI<17)
1l the experimentsl points lic close to the two straignt lincs defined by
the egquetions: -

P1t/F35 - O.92E . ' ) e (1)

and (Py/Pulim 1+ 0390 . we e a. (2)

Il

The fact that ihe coustani of proportionality in Tquation (1) does
nut equel unaty indicates the extent to whach the cxpanszon acparts from
the 1sentropic, Colcoulations show that the magor reason for the discrepancy
15 the lozs duc to slan fraction ond the sssumption of z friction fector
a = yf,2tanf = C.05 enulles 2lmost all the dafference to be accounted for,
The prosence of a condansation shock cocounts for 4 smrll proportion of the
pi« ssure loss, (ebout one-eightn).

fyuataons (1) and (2) con be combined to give the moxamur pressure
ratic cbtaineble scross the exut shock before 1t comnences to move nside
the nozzle. Thas,

11

Pressure ratio across exait shock

Po/Psg
= To/Prg X Fi4/Ps3

Fence from Equatiens (1) and (2)
0.92E

Pa/P ; —
( 1/ 3s)lln 1+ 0,790

The right-hand side of this expression bocomes equal to unily when

E = 1,89, the criticel pressure ratic for air, Its magnitude for other
valucs of B 1 given in Tahle T bcelow.

TABLE T

Maximun pressure rise obtainsble across exat shock

B P, /B, 5 (Pot/Pa)ryy (22
\P3Sjlnn
20 18.4 5.8 209
15 15,8 6.85 2,02
10 G.2 L9 1.88
5 4.6 2,95 1.56
) 3.68 2.56 1,40
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Tagure 7 zaves a compariscn belweon tne veluss obleoned rrom
reuetzon (3) and tnose celculated [rorm a scmi-empairlcol expressisa derived
from shock weve-boundery leyér intcracticon expiraments cnd quoted in
Reference 10, sgreement between oo two scts of resulds i1s quite good,
perticulerly in view of the {2ct tniet the teots of Reference 10 were made
witn unaform, pera.lel ficv, o cood,tioa whien doe~ not erply to the
nozzle tests.,

6.2 Worzle over-expanded, s.ock witnin the nozzle

Grephas of the type shown in Figure 5 encble the verisction of the
shock position with overall pressure ratic to be Cetervarcd snd this was
done for several of the nozzle configuraiions testeds It was found that
for valucs of B preater then shout € the relative pressure rotio, 4,

(A = applicd pressure ratio/design pressure ratio) regured io place the
shock 2t any grven value of Agnoae/foxat Wos completely -ndependent of
the divergence anglo and virtually indepoendent of tane desiga pres.ure
retae,.

Numeracal values obteined from the west results cocbled the veri-
ation of thc shock positicn te be deterriacd. Thas was done for four
nozzles and the results of these calculatr ns ere sno.n in fioure 3,

Par conditvicns waere the suock 1 .es o0 uin the noz.le 1t 1s lapos-
siule feom the regnlts of the prescrt tosls to actormine just how much of
the pressure recovery occurs across the shock <nd how much 28 dae to daffu-
s1ca o1 the flow after the s.ock systen.

Figure 9 snows the variation f precsurd recovery rotio, PaﬁPkS,
with tne pressure ratio v to the shock position, P,t/Pks, for tue Group 2
nozzl.g. 1T no recovery occursed llo pressure ofter the shock weula be
atmocpacric,  Tac moriion cf tne norzle downstream oi the shock could
trerefore be irnored an. conoiticas would be toe scme as an the coce of
lamiting snock at exit [or & nozulc of reduccd length,  The test points
would caer lie on o€ dotted curve which lLos beun glotted from Lguation (z).
hiowever, conasiderable recovery does occur, 2 fect andicetid oy tiw Geparture
of the cxperimental points {rom the dotled curve. 5 woula be expectea
the departure u1s :ost noticeable for the LY dover_unce ongle snu tends to
deerease watl inereasing engle,

Tn Fagure 10 the resalts are shown 1n tue form suggested by Green
in Relerence 6, that 1s wath (P, - Fxs)/P1t pleticd against P1t/Pa.
Foints corresponding both +to conditions of shock within the nczzie end at
exit are included on the gruph, { singic curve hes becn arawn througa all
ithe experamentel points, a procedurc which cannct strictly be justified
since 1t igncres the ffects ol eree retio tnd awverrence angle,  However,
the se-tter 1s not excessive. e equation 4 tae curve begt f1tiing the
POIATS 1s:

Pa - Pks Ol)r9

P —

Fig Fyt/P;

vhaciy can be recazst as:

Pra

[~

N
o~
i
[
L ]
5
sl
g
s

gaving Pks/Pa = 0,01 .e .. . .o (5)
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This result agrees quelitatively with a comment made by Summerfieidl’
to the effect thet work at the Califovrnia Institute of Techrology has
shown that seperation in nozzles discharging to atmosphere cccurs at a
constant static pressure of roughly O.4 atm,

For comperison, values obiained from the curve given by Green are
also included on Figure 10, To obtain these accurately for vealues of
P,+/Py belew 5, it wes necessary to extrapolate the published cu.ve and
this was dons by determining the equation which best fitted Green's results
and using thais to calculate the required values.

It will be seen that at low pressure ratios the meazsured valucs of
(P = Pys)/P;4 are considersbly higher than those predicted by the curve of
Reference 6, but as the pressure ratio increases the difference tecomes
less,

Values of (Py ~ Dkg)/P, t for the liniting cese of shock at exat cen
be calculated using FEqastions ?1) end (2) and this gives the chain dotted
curve shown in Figure 10. At preasure ratios in cxcess of 5 agreement
with the mean curve drewn through the measured values is quite good, buu at
lower pressure ratios the curves diverge. This 1s due to thc pressure
rzcovery which occurs after the shock wien detachment occurs well within
the nozzle at a point when the Mach number 18 reletively low. The effcob
can best be explained by meansg of a numerical cxemple,

Consider a nozzle having a design pressure ratio, &, of 10.23.
From Equation (2) the limiting pressure ratio for the shock to remain at
exit 28 (1 + 0.39 x 10,23) = 5.0 and ths limiting pressure ratic across
the sheck is then 0.92 x 10.23/5 = 1,88,

Suppose now the overall pressure ratio is reduced to 2.5, If no
precsure rise ocourred efter the shock, that psrt of the nozzle downstream
of the point of detachment could be discerded and the flow treated as being
the shock-at-exit cese for a nozzle of smaller design pressure ratio.

From BEquation (2) the new value of E would then be %121.5 - 1)/0.39 = 3.8L
and the pressure ratio across the shocl (from Equation {3)) 0.92 x 3.84/
2,5 = 1,41, The pressure before the shock would be 1/1,41 = 0,705 atm.
However, Equation (5), which is based or test results, gives the pressure
before the shock as 0.51 atm. so that P,4/Pyg = 2.5/0.51 = 4.9, From
Figure 8 the pressure ratio across the shock corresponding to this value
of P‘txpks is 1.58 so that the pressure after the shock is 1.58 x 0,51 =
0.8B05 atm, Therefore, & further pressure rise from this value to
atmospherioc pressure must evidently eccur between the shock and the nozzle
exitc

It follows therefore, that caleulations in which the pressure
recovery after the shock is neglected will give an estimated shock position
which is toe far upstream. It is also clear thst knowledge of the prcs-
sure distribution after the shock is necessary in order to calculate the
thruat developed by en over-expanded nozgzle in which the shock is upstream
of the exit plane,

7.0 Conclusions

Teats have been mede using cold air to determine the static pres~
sure distributions and shock positions at conditions of over-expansion
for a series of two-dimensionel, Laval-type, convergent-divergent nozzles
covering a range of d:sign pressure ratics between 3.5 and 17 and included
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divergence cngles of frem 5° to L0,  4s no drying plont of suitsble
copacity waa aveilaoble, humid air had to te used for all ihe tes.s.

Although the use of inwsid ai1r influcnces the static pressure
distributi.n within the noriic due to the fermetion cf a condesnsti:n
shodk, b 15 thought Jhat the mccsurements of the pressure recovery ratio
end ~f the maximum prcssure ratio chteinshl. ccross the oxat snock ere not
likely to be seriously affccled., Jhas ergument 18 cuprorted by the good
aprecment obteined with the results of teste rade by other workcrs using
dried a-r.

Tt has beon shown that for divergent nozzles expanding eir, the
lowest pressure ratic et whaich the shock can be maintsained beyond the
nozzle cxit plane 1s inscnsitive $o divergence anglc and 13 gilven by:

Limiting pressure ratio
for shock af exit = 1 + 0,39 <« design pressure ratioc.

At prescure ratios below the limiting volue the shocok system lies
within the nozzle, The present tests show thel the pressure at which
separation occurs 1s given by:

Separaticn pressure =  Gub1 x ambiunt pressure.

This rcsulil 15 substantially independent of divergence cacic and design
pressure rateo,

The tests have sheown thsat an apprcciaple proessure 11s€ can occur
efter ihe shock pariicularly with nozzles havang small davergence angles
and therefore knewledge of the pressure dasiriabution is neccssary in order
to calculate the thrust develcped by an over-cxpanded ncozzle,
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fotation

wogale arec

n
d Heewzle trreat siath
i Design prescure rotic (zsentropic)
r Iriciicn eccelficient
il Mach number
Fa fnmbaent pressure
Py Stabtic pressure
Py Total pressure
x Length (long neomnzle rxis mezsured frem throat
, P1bﬁPa\
A fpplicd pressurce ratio relotive to design o= =
" Worzle divergoace hedf cngle
oy Suecitic heat rotio
Subscripts 1, = and 3 rcfor to stationg ot the nozzle entry, tavoet

und exit respechively. Subser.pt 'x' 1s usca to denote a generslised
staticn distont x from the throst, .nd subscraipt 'k' che peint «t whach
the sncex cecurs witnin the nozzls,
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ATEFNDIX T1

Pesign deteals of tost nogzles

1 Tncluded diver-

t Foe ) e moesured  isentroplc Degign
Croup ‘m%ﬁcizilgth goace eagle __ corsa desi n pres- exit Mach

Bominal Aetusl oo sure roLlo nmrikber
1 3.427 5¢ 47 507 1598 £ ol 1,57
3,166 10° 90 LO! .05k 11,17 2423
? 3,200 15° 410 44t 2,550 16,45 248
2 2,81 50 50 35! 1392 La37 1.75
| 2,520 109 100 (! 1.£35 0,13 2,10
2.556 15° 140 20 2242 12,99 2.32
2,640 1709 18° o 2,660 17.32 Zabl
3 1,543 52 Looce 1.258 e 30 1,61
1,586 10 g% opr 1,510 6430 1.87
1.620 15° 130 )0 1,770 LB 2,06
1.718 17° 17° 06! 2,023 10,90 2,21
1,757 25° 24° 16! 2.521 15.73 Yalh
& 0.9C5 57 47 05° 1147 e Tedb
C.948 100 9% 3(! 1.310 ., 70 1467
0,985 150 13° 4! 1,L51 5.85 1.81
1,082 17° 17° 6 1.645 706 1,97
1,096 20° 219 20! 1,824 9,04 2,00
| 1,104 250 26° 401 2.037 11,01 2.22
! 1187 Lo 399 (! 2¢ 500 10,37 2439
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SEPEMDTY ITF

Iffects of condensation shock

211 the %csts descraibsd xn thiz Memorandum were mode quring the
Wlnter menths Fer typical Winter eondations, (T = 0°C, relative hwaidity
= 0,8), the absoldte hunidrty s C.0038 1b water vapou;/Tb cir.  Saturated
ear at 2 pressure and iemperature of ¢ atm. and 20°C conicains C.0016 1b
water vapour/1b air .ad nhence wmore then haolf tne water vopour presemt in
the air aspirated inte the compressor must condense out 11 the aftercooler
when the air is cooled to tlas tempernture, If the air 13 coolsd to
30°C, then at 9 atm, pressure 1t centains 0,002% 1b weter vepour/Ib air
when seturated,

Therefore, providing no throiiling occurs arfter the compressor, the
alr supplied to the nczzle must aivoys be satursied, Celeulation of the
state of the air after trhrottling 1s quite straigntforward zince the
stegnation temperature 1emains uneltered during the process. To deterrine
the peint at vhich a condensation shock occurs, 2t 1s necessary fairst to
calculate the tempercture oY which saturction i1s reached, The temperoture
befcre condensation then follows from the assumed deyree of superccoling
and hence the hach number and pressure ratio scross thwe shock, The
crple given belew 1llustretes the netnod:

Cedeulation of chonges oy stete corcss condonsgation snock

L8sumed entry condnrticons:

Stagnztion tewpersture = 293K
eletave humidaty = 0,30

Tetal prissure 106 1b/sqg.1in.abs.

1l

The cssumed volue of relative umi- vty 13 that which would be cbtained
by throttling saturatcd arr at 9 aim, to the assumed entry pressure,

From Figure 24 of Reference 2, saturetion will be reacned at a o
temperature of 253°K. Hence, assun.ng on adiabatic supercoolins of 557C,
a condensation shock witl occur at a static temperature of (289 - 55) =

23.%K,

Temperature ratic at cendensation = 293/25& = 1.252

« o ilich number at condensoticn e 1.123
Usaing Equction (1) cf Reference & ond putting % = 1, correspondzig
38

the condition ¢l mwxamun heat releosc, tne static pressure ratio acro
the shock 1z given by:

e 4) 4 1

Stotie rressure retico = ———a (¥
v o+ 1

whzeh Jor bt = 0.123 oand with v = 1..L0 paves:

Statio pressure ratio = 1.152



_.17._.

Thus the ratio (wall staiic/inlet toial pressure) cnanges from 0,455 (i.e.
the velue correspondinz to M = 1.123 before the shock to C.4b5 x 1.152 =
Ceb2h efter the shock.

3ince the lach number ofter the shock 1s unity, the ratio of fotzl
pressure at'ter the shock 4o that before 13 0,524/0 528 = 0,993,  The
shack thus ceuses a loss of toutal pressurc of 0.7 per cent.

Equetions (2) and (3) «f Reference 8 show the stotic temperature
ratio zcrecss the sheck to be given by:-

{
Static tempereture ratic = Sl
{1 )M
which fcr M = 1,123 and with vy = 1.40 gives:
Static temperziure ratio = 1,058

The static temperature after the shock is therefore 234 x 1.058 = 2L7,6%
and since the Mach munber after the shock is unity the total temperature
18 1,200 x 247.6 = 297,1°K., The shock thus csuses a risc of L..1°C in
tetel temperature, This value will now be checked by compiling & heat
balance,

If the air after the snock 1s completcly satiiratei, then 1t contains
945 x 10™° 1b water per 1lb, wherecs the air enterang the inuzle contains
15943 x 107% 1b water per b, The heat ziven up by the water in condensing
18 therefore:

1t

(155.3 = 9.5) x 10™5 x 690 1.032 C,H.U./Ib

i

and the temperature rise of the air is 1:823

o) . .
oz Le3°C whaich agrees with the

value previocusly determined.
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