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SUMMARY

Tests have been made to determine the thrusts cbtainable from two
groups of laval~type convergent-divergent propelling nozzles over a range
of pressure ratios up to 9 : 1 using air at sensibly ambient temperature.
The nozzles of the first group were designed for pressure ratios of L, 6,
8, 10 and 12 and had an inoluded divergence angle of 20° whilst those of
the second group were all designed for a pressure ratio of 8 and had
included divergence smgles of 5°, 10®, 209, 30° and 50°,

The superior thrust performance at high pressure ratics of tho Lavale
type nozzles over that oi a plain convergent nozzle has been demonsirated.
The effect of divergenoce. angle on tbe thrust has been examined and, within
the range 5° to 25°, been found to be small.

A comparison between the performance of a Busemann-type profiled
nozzle designed to give parallel flow at cutlet and an equivalent nozzle
having a straight oconical divergence has shown that at the design_pnint the
profiled noszzle giveas about 2 per cent more thrust.

A1l the nozzles tested, with the exoeption of ene heving 5° diver-
gence angle, exhibited e form of jet inatability at very low pressure
ratios. The oonditions under which this occurs are presented grephlcally.
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1.0 Introducticn

The work described in this Report is an extension of an earlier
investigation which has been previously reported (Reference 1) and was
undertaken praimarily in order to investigate the performence of Lavel-type
convergent—divergent nozzles at off-design condations. In particular,
information was required on the effect of divergence angle on ihe thrust end
the benefits to be obtained by the use of a profiled divergent portion
designed to give parallel flow at exit.

2.0 Test apperatus

2.1 Model nozzles

Altogether eleven convergent-divergent nozzles were tested. Thoy
were divided into two main greups, the fairst group having constant divergence
angle and verying design pressure ratio* and the second group having constent
design pressure ratio and varying divergence angle. The nozzles of Group I
had an included angle of divergence of 20° and were designed for pressure
ratiss of 4, 6, 8, 10 and 12, whilst those of Group II had a constant design
pressure rstic of 8 and divergence angles of 5, 10, 30 and 50°. A1l the
nozzles in these tvm groups were gecmetrically simalar, the inlet prefile
being eircular and the divergent portion conieal,

For the investigetion into the effect of divergent section profile,
& nozzle desipgned to give an exit Mach Number of 2 was used. The co-ordi-
nates for the supersonic porticn of this nozzle were obtained using a method
originated by R. Sargent, this being a development of the classical method
o' characteristics with empirical boundary layer corrections. A cuabic
curve was used to define the appreach section, For comparison, & Laval-
type nczzle with cenical divergence having the same i1nlet profile and design
pressure ratic was alsc tested.

In addition to the nozzles described above a conilcal convergent
nozzle of 25° included angle was tested,

The nozzles were made of braess and wers given a high internal polish.
The nominel throet diameters were 1 in. but these were checked individually
by inserting a slightly tapered mandrel coated with merking blue anto the
bore and measuring its diameter at the point where the blue was removed by
contact with the throst, It was considered that in this way the throat
dianeter could be determined to withain +0.0025 in.  The outlet diameters
were measured with a travelling microscope and were considered accurate
to wathin *0.0005 in.

Comparative drowings of the model nozzles are shown in FPigures 1 and
2 and their prancipal design features are given in Tsble I (se¢ over).

— e e e Em e oam A mE G e e e e S e e e mm mm e e W ot wv mm e e WSy me A Sm we Em am as

* Threughout this Repert the
term "design pressure ratin”
refers to that value whach
correspends with the given
area ratio assuming one-di-
menegicnal isentropic flow,
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TABLE T

Design details of model nozzles

Nominal | Diver— \ Deasign Design
Pressure | gence Tg:at g’.‘;‘t éﬁ:‘ao Pressure Exit Remarks
Ratio | Angle . e 191 Ratio | Mach No.
I 20 41,0030 | 1.110 | 1.225 4,05 1,568
6 20 1.0025 | 1.218 | 1.476 6.04 1.833 4
8 20 | 1.0037{ 1.320 | 1.730]| 8.20 2,032 g'
10 20 1.,0012 [ 1.395 [ 1.941| 10.08 2.165 ]
12 20 1,0028 | 1464 | 2,131 11.92 2,265
8 50 10,9993| 1.312 | 1.724| 8.15 2,025 y
8 30 1,00121 1,320 | 1.738] 8.28 2.035 ;‘
8 10 1,0016 | 1,320 | 1,737 8,26 2,033 o
8 5 | 1.0045( 1.320 | 1.727| 8.18 2,029 ©
- - 1,002 | 1,313 | 1,717 7.83 2,000 Profiled
nozzle
- 82 52§ 0,999 | 1.32251 1,752 8.39 2,046 Equivalent
plain comical
nozzle

2.2 Thrust balance

Throughout the present investigation thrust was measured using the
strain gauge apparatus described in Reference 2, With this it was possible
to measure a maximum thruasv cf 150 lb. to an accuracy of 10,1 lo. with an
intermal pressure in the supply pipe of 10 atmespheres. The rig is il’us-
trated in Figure 3.

2.3 Pressure and temperature measurement

To establish the inlet conditions the tetal pressure and tempera-
ture wore meesured in the sir supply pipe immediately before the nozzle.
Since the velscity in the supply pipe wes very low, the Mach number naver
exceeding 0,06, it was considered sufficiently accurate to use single peint
measurements., The total pressure was therefore determined from ene centrally
mounted pitot tube and the temperature with a mercury-in-glass thermemeter.

2l Airflow measurement

An erifice plate made and installed acocording to the standards
laid down in B,S8.1042 wea used to measure the air flow.

3.0  Experimental procedurs

Bach nozzle was tested over a range of preasure ratios up to the
maximum cbtainsble, that is slightly ever 9 : 1, Measurements of thrust,
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inlet total pressure, inlet temperature and air mass flow were made for each
condition, The thrust balance was calibrated at frequent intervals both

et atmospherio pressure and with the nozzle sealed end the pipe pressurized
to 9 atmospheres. At all times the calibrations were consistent to within
*¥*0,1 1b., and no hysteresis between increasing and decreasing pressure was
cbserved, It was, however, found necessary to oconnect the electrical supply
to the strain gauge circuit about 30 minutes before testing commenced in
order to allow the resistive components of the cirecuit to attain an equili-
brium temperature. Por the last 5 minutes of tihns time the air supply to
the rig was turned cn., This wes found to be essential, because the supply
air temperature was usually 5 te 10°C. sbove embient in the test aubicle,

and whilst the overall temperesture level in no way affected the thrust
balance celibration, any tempersture difference between the twc strain

genges produced errors of the order of 0,2 1b. indicated thrust/°C. tempera-
ture difference.

L.O Theoretical performance of nozzles

Go Performance at desigr. pressure raiio

A simple analysis, baged on one-dimensionel isentropic flow, of the
veriation of thrust with design pressure ratio is given in the Appendix,
It is there shown that the non-dimensional thrust assuming complets expen-—
sion to atmospheric pressure is given by:

F KPR A Py, ?} ()
TP = 1_5 Y os se 2o e
which for air with ¥ = 1.4 beoomes:-
F Ao P1t 0.7143 (2)
Ké-fq: 0.4689 Tj. .Fa_ S T T

For a counvergent nozzle operating sbove the choking pressure ratio

1
F K°R [P1, \¥ Ps Py

————— - ——— - — p— ae [N ] [ ) (3)
AP, g kPjs +P1t Piy

which for air js:-

P P
——— .268“"':.".- .s e s e ae e .
oy, o 1y (&)

L.2 Perfomanoce at off-design pressure ratio

Away from the design point, Equation (1) requires to be modified by
the addition of a pressure thrust term, as shown in the Appendix., Thus the
non-dimensicnal thrust is:-



WY "2 ~ v ! k] h '\l
I . K°R - fi r EWE nY . £5s ¥y \ i3 (5)
LBy, g Az \ i l 1y P1t/ A5
\ i

Classic one-dimensional theory assumes that the shock system moves inside
the nozzle when the overall pressure ratioc 1s reduced below that velue
which enables a normal sheck l:-cated exactly at the exit plane tc restore
the pressure to ambient. An expression for thas limiting condition is
derived in the Aprendix and it 13 shown that 1f a normcl shock 1s assumed
the lcowest overall pressure ratio at which a nozzle can run full 1s given

Dy:-
y .y
! - Y-
1+ =12,
Py 1 S
b = . e e ee (6)
o 2 1!
1m3 ¢ A MSQ X - "
v+ Y+ 1
L r
where Mz = design exit MNach number
- Yy =1
] 2 . -
given by M3 v {{ PEB 1 } ee o o (D
\ = J}
5.0 Experimenta)l results
51 Perfcrmeonse of Sroup T nozzles

The results of the toests on the nozzles of Group I are shown in
terms ef non~dimensional thrust in Fagures i end 5 and in ierms of specific
thrust in Figures 6 and 7. From these graphs 1t will be seen thet for con-
ditions under which complete expansion occurs wathin the nozzle, iinear
relationships exist between F/A2P1t end Pq,/]?1t and between F/W T1 and

Pa/P1t. This 15 as predicted by the cone-dimensional analysis, The results

for the convergent nozzle are also pletted in Figures 4, 5, 6 and 7 for
cemparisin,

In Pigure 8 the results cre cxpressed in terms of thrust coefficients.
These are defined as th: retics of the measured non-dimensiocnal and speci-
fic thrusts to values celculated assuming complete isentropic expansien to
ambient pressure, It can resdily be shown that the ratio Cp/Cr is the die-
charge coeffizient of the nozzle.

It will be seen from Figure 8 that the thrust coefficients attain
mexaimum values at approximately the desagn pressure ratio, the mexama exhi-
biting a tendency to increasc with design pressure ratio. This 1s contrary
to expectation since 1t 1s logical to suppose that for nozzles of constant
divergence englz frictional losses will incresse with design pressure ratio.
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It is possible that it may be a Reynolds number effect since with the method
of testing used the value of Re at the throat increases roughly in proportion
to the applied pressure ratio.

The range of Re (based on throat diameter) covered by the model tests
extended from about 3 x 102 to 3,5 x 106, 1In a typical engine having a
maxirmum gas temperature of 1200%K., values of Re (based on & 1 £%, diameter
nozzle) would vary from 7.5 x 105 at M = 3, 75,000 ft. to 1.1 x 100 at
M=1.2, 40,000 ft. The corresponding value at teske off conditions would be
2.2 x 10°,

Inspection of Figure 4 shows that the non-dimensional thrust varies
linearly with Pa/Pqt both ebove and below the design pressure ratioc. This

18 as predacted by Equation (5), the constant of preportionality being
the area ratie Aﬁ/AQ. The highest value of Pa/P1t to which {the proportion-

ality extends has been termed the "kink" point end this represents the
limiting condation at winch the nozzle runs full. Any further increase of
Pq/P1t beyond the kink point velue causes the shock to move inside the nozzle

with the result that the area on which the pressure thrust acts is reduced.
Velues of kink point for the Group I nozzles are given in Table II below.

TABLE TI

Kink points for Group I nozzles

[
Design ) (P /P ) .
rrseire | GofPt)y | o Lt
B
4405 0.432 0.572
6.04 0.330 0.502
8.20 0.273 0447
10.08 0,248 0.400
11.92 Os234 i 0.358 i
!

These results ure shown plotted in Figure 15. Thas shows that the
nozzle ceases to run full at an applied pressure ratio appreciably higher
then that predicted by the simple theory of Section 4.Z. This as due to
shock wave-boundary layer interaction for as the applied presuure ratie is
reduced the pressure ratie across the exit shock increases until e value 1s
reached which the boundary loyer is unsble to support. The result is that
detachment of the flow then occurs and the shock waves become re-—esiablished
at a new position waithin the nezzle., The conditiormsunder which this occurs
have been more fully explored in Reference 3,

In the present tests the simplest emglrical expression which best
fits the experimentzl points 1s A = 1/EY-395, It is, however, recommended
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that thas formule should be epplied with reserve and be treated as a guide
only. This is because determinations of the kink points from the thrust
measurements are not considered to be of great accuracy. A more satis-~
factory technique is to measure the axiel pressure distribution near the
nozzle exit (Reference 3) or alternatively to visualize the shock pattern
by means of shadowgraphs.

5e2 Performance of Group II ncozzles

The variations of non-dimensienal and specific thrust with Pp/Py
frr the Group II nozzles are shown in Figures 9 and 10 and the correa-—
ponding thrust coefficients in Figure 11. The curves are in general
similar in form to those for the Group I nozzles although & marked discon-
tinuity is evident in the case of the 50° nozzle and this results in it
having a performance at low pressure ratios similar to that given by the
convergent nozzle, It is likely that this is due to the complete detach-
ment of the flow in the diverging portion when operating away from the
design conditien.

t

Figure 12 shows a oreoss-plot of the results given in Figure 9 to
illustrate the effect of divergence angle on the non-dimensional thrust.
At the design pressure ratio (8 : 1) it is evident that the optimum diver-
gence angle is sbout 149, but the curve is quite flat and the angle cean be
varied between sbout 5° end 25° without reducing the thrust by wore than
1 pur cent below the meximum value,

53 Comparative performance of pr~filed and straight~taper nozzles

A comparison is given in Figures 13 and 14 between the non-dimen-
sional and specific thrusts o¢f the profiled and straight~taper nozzles
illustrated in Figure 2, The results show that down to & pressure ratio
of sbout 2,8, that is to sbout 35 per cent of the desigu value, the pro-
filed nozzle gives the greater thrust, At its design pressure ratio of
7.83 the profiled nozzle gives approximately 2 per cent more thrust than does
the equivalent conicel nozzle,

The kink in the non-dimensional thrust curve occurs at a lower
pressure ratie for the prcfiled nozzle then for the straight~teper one, the
values of A being 0,325 end 0,378 respectively.

54 Jet instability

With the exception of the one having a 5% included divergence anglse,
all the convergent-divergent nozzles showed the same form of instebility
as that described in Reference 1. At low overall pressure ratios the flow
detached from one side of the diverging section, the jet emerging at an
angle to the main axis of the nozzle, The circumferential position at
which detachment ocourred changed with time in a completely random manner,
the flow on some occasions remaining steudy for several seoonds and then
changing position several times in rapid succession. The effect is
thought to be the seme as that observed in wide angle subsonic diffusers,
the randem change of direotion being due to lecal disturbances in the flow
"triggering" the deflection,

The oconditions under which instsbility was observed with the Group I
nozzles are indicated in Figure 16,



- 10 -

On this graph the full line indicates the limiting condition at
winch senic velocity is just reached in the throst end the two dotted linss
the limits of anstabalaty. At any point ebove the upper dutted line the
jet was observed to be definitely stable and conversely for the region bhelow
the lower detted line, In the region between the dotted lines the nature
of ihe flow was indeterminate, insisbility occurraing only occasionally.

T™wo conclusicns can be drawn from Fagure 16:—
gur

1) Inetebality does not occur in nozzles designed for
pressure ratios less than 4.

(2) On any nozzle instsbility will not occur as leng as
the sverall prossure rabio exceeds 2,2,

6.0  Cenclusicns
The fcllowing conclusions were drawn from the tests:i-

(1) At pressure vatios sbove L.85 the thrust from all the
Laval-type nozzles was greater than that from the conver-
gent nozzle. Each individual nozzle wos superior te the
convergent nozzle at all presaure ratics greater than
ebcut half 1ts design value.

(2) Fer each nozzle, the non-dimensional and specific thrust
crefficients attained moximun values ot approximately
the design presgure ratie, In the cose cf the nczzles
hovaing constent divergence angle the mexima showed a
tendency 10 1acreese with design pressure ratio, an
offect contrary to expsctation.

(3) So far os thrust was concerned, the best included diver—
gence cngle was found Lo be abuut 12° although wathin the
ranrre 52 te 252 the divergence angle affected the thrust
by leos then 1 per cent.

(k) A profiled nozzle dssigned to gaive perallel flow at exit
gave a greater thrust than an equivalent nozzle having a
plain conical divergence at all pressure ratics greater
then abcut 0.35 of the design value.

(5) At overell pressure ratios less than 2,2 all the nozzles
having an included daivergence angle greater tnan 5e
exhibited or insiability wherein the {1luw detached from oue
aide of the diverpgent scctien, This ceused the jet to
cmerge ot on angle to the maan axis of the nozzle and
chonged the line of action of the thrust. The position
of detachment and the time anterval between changss varied
1n o completely randeom menner.
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STMBOLS

Symbol Quantity Unate
A Area Sde1n0

Cp fon-dimengional thrust coefficient
Crp  Specilic thrust coefficient

Lumating applied pressure ratic for snock at nozzle
A exit

Desirn pressuce ratio
E Deripgn prescure ratie
b Gross thrust 1b.

g Gravitatienal constant (taken as 32,2 ft./sec./sec,) ft./sec./sec.

Y Ratio ef specific hects
K hon—dimensional mass Tlow
L Mach nuuber
e Presoure 1b./sg.1n.abs.
I3 Gas constanl (taken as 96.0 £U lb./1b./9C.) £+.16./1b./°C.
T Tenperature K.
W Alr mass flow 1b./sec.
Surfices
1 Nozzle inlet
2 Hozzle threut
3 Nozzle exit
8 Anbient
% Totel conditions
8 Static condit.icons
L v,

Thas 1s defined as . For air v = 1.4 so
A2P1t

that wsing the units queoted above tne value of

non—-dimensaional flow corresponding to unity Mach

number ts O,3966.,
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AFFERDIX T

(2) Performance of an idcal nczzle at 1ts desicn pressure ratic
Ws
Gress thrust o= —
&
.;;d F\‘ T}

. . Non-dimensional thrust
I ER Ay Pq Ty
AQPJ,{: g Aj PES T1t
1
K2R A, / By \Y
t (
= —'-g—- . E"" ‘];;—"""" ) * [} " e - .. \b)
3 \ 3
*/
and specific thrust
B KR 4o T3 14
Ot SO
‘!r‘r \-er l t {: Aj 'l‘ '-*G }‘53
(11) Fertormance of an 1deal nozule at off-decign conditicns

Awoy from the desipn point, the exit static presswe ditfers frem
arbient and there 1s a pressure thrust term to be taken into account.
This hes, therefore, to be added to hauut.on (a) above.

Ireszure thrust = (;‘38 - Pp) Az

and the non-dinensional thrust thus beccmes: -

4

\ =
i KR Ap [Py \Y P
AEy, 8 A3 | P =

Az

Thus:—

P A

Pa . -;" "KG)
1t 2
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and the specific thrust

F XR 4 TSS P1t g P}H '3 Fg
= ¢ . . + -
W /Ta & T P K42 FroP
v T_t g 5 1t )S {'AQ 1t 2 1'15

When the nozzle 1s under-expanded, that 1s, when the applied pressure
ratlc 1s greater than the design value, the pressure thrust term 1s positive,
When the nozzle 1s over-expanded, P55 < Pg and tne pressure thrust term

becomes negative. As the applied pressure ratio 1s reduced the discrepancy
between ihe exit static pressure end ambrent incresases. The strength of the
shock system dewnstrecam of the nozzle therefore inereases until a limating
condition 1s reached when a nermal shock exists exactly at the exit plane.
Any further reduction of the overall pressure ratio across the nozzle causes
this normal shock to move inside the nozzle.

Now the static pressure raiio across a normal shock 1s given by:=-

R
v+ 1™ Y +

. -1 N
Py,
Iy *(%‘,Y _1L_~{-1
Cre D - 1) {155, Y+

i / J
Hence the limiting pressure ratio 1m:-
P r
A T
ra | - Fq 1
\ / lamat 5
1
t/
- Y"‘1 ~
\
]/P‘] \ I i 4
Ly , ) ~ 1 ;- Y -
(v + Dy = 1) 3\ F35 ) | ¢+ 1
(T4 )
Y/
. P
Coa. . TTMame | (r+ (Y - 1) v e )
P
§/P5 /P \\Y -1
8 ( Tt v )
Ly ﬁg“ } - (v + 1)



P
1
With v = 1.4 and for the range 4 < 1'75:5 < 12 Equation (3) can be expressed
to within *% per cemt as:- 8
1
4 = 0.7
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ADDENDUM

The empirical formula for determining the value of A, +the
ratio of the kink point and the deeign pressure ratios, which is quoted
at the bottom of page 8 and shown plotted on Figure 15 has been supersedsd
by later work.

The revised formula, which has been verified experimentally on
nozzles having values of design pressure ratio, E, of up to 30, is:-

1 1
A = - o -
E 3
P 1
that is ( -33) = |+ «8
e/ kink 5

The experimental investigation leading up to the derivation
of the revised formula is fully desoribed in the following paper:

Measurements of the thrust produced by
convergent-divergent nozzles at pressure
ratios up to 20,~ P. F. Ashwood,

G. W. Crosse and Jean E. Goddard.
Current Paper No. 326, November, 1956.
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