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Preface

In this thesis I have attempted to present the reader
with an eagily vriderstood report on the evaluation of per-
formance of a two dimensional supersonic nozzle,

I wish to acknowledge my lndebtedness to my advisor,
Dr. A.J. Shine, Head of the Mechanical Engineering Depart-
ment, for his valuable advice and patient encouragement
throqghout the course of this study. 1 also want to thank
my wifé for her help in preparation of the many graphs and
for typing the complete theslis and my daughter for her ex-
ceptionally good behavior during the preparation of this
thesis.
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Abstract

This study is an experimental evaluation of the perfor-
mance of 12 two-dimenslonal, converging-diverging, cold flow,
supersonic nozzles, each with a different inlet contour but
with the same throat and divergent section. The relative
efficiency of each nozzle was evaluated by a comparison of
total pressure measurements taken in the exit plane, schlleren
photographs of the flow, and heat transfer characteristics
using moire! patterns. The nozzle with the highest efficiency
had an inlet which was an ellipse faired to a 45° ramp. Its
prerformance was closely followed by that of a nozzle with a
circular arc inlet having a radius of three times the throat
height, The three nozzles with the lowest efficiencies were
those with 30°, 45°. and 60° linear ramp inlets, respectively.
The results of this study indicate that, ipn nozzle inlet de-
sign, a region of immense importance ls the curvature Jjust
prior to the throat and hcw this curvature is joined to the

throat section.

vi
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1. Introduction

With the extenslve use of supersonic nozzles in rockets
and aircraft since the end of World War II, much research has
been concentrated on improving nczzle performance. Although
improvements in nozzle design have increased nozzle efficien-
cy, the resulting nozzles are long and therefore heavy. Re-
ports and experiments (Ref 1,2,5) have suggested that the in-
let contour of a supersonic nozzle has a strong influence on
the heat transfer in the throat and on the flow in the diver-
gent section. It 1s theorized that with the proper inlet
contour, very short, high cxzransioz, and highly efficient
nozzles may be developed.

This thesls was an endeavor to experimentally determlne
the performance of 12 two-dimensional, converging-diverging,
cold flow, supersonic nozzles, each with a different inlet
contour but with the same throat and divergent section, The
ratio of the inlet length to divergent section length varied
from 0.4 to 2.8 for the 12 inlets studied. Determination of
the relative efficiency of each nozzle was accomplished by
comparison of total pressure measurements taken in the nozzle
exit plane, schlieren photographs of the flow, and heat trans-
fer characteristics determined using a moire! optical system

(Ref 3).
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1. Apparatus and Prccedures

The experimental apparatus consisted of a nozzle body,
in which each of the 12 different inlet contours were instal-
led; pressure mesasuring equipment; and schlieren and moire!
flow visualization systems. A brief description of each and
its use in the study 1s glven below, an& further details with
detall drawings may be found in appendix C, A schematic and
& photograph of the entire experimental apparatus are shown

in fig 6 & 7.

Nozzle Body and Inlet Contours

The nozzle body and inlet contours were machined from
15/16 in thick plexiglass and mounted in an aluminum frame as
shown in fig 1. The nozzle
body was designed using one-
dimensional isentropic rela-
tions (Ref 4) for a pressure
ratio of Pg/Py = 0.156
(M = 1,87) with an area cor-
rec.ion of 5% at the exit for
the boundary layasr, With a
throat helight of 0.5 in and
an exit opening of 0.8 in, the
15/16 in thick nozzle walls

Fig 1 Photograph
minimized the corner and side of Test Section

wall effects to create a good two dimensional flow,
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The removeable glass windows permitted schlieren and moire'
photographs to be taken of the flow and also provided access
for changing the inlet sections.

The 12 different inlet contours used in the study are

shown in fig 2.
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Fig 2 Nozzle Inlet Contours
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Pressure Measuring Equipment

Thes traverse mechanism,

shown in fig 3, 18 a simple
crank and sorew apparatus
used to position the pres-

sure sensing hole of eilther

the total or static pressure

probe. An indicator on a

rig 3 Traverse Mechanism

graduated scale shows the
position of the hole relative to some point in the nozzle.
The total pressure probe shown in fig 4, is a 0.036-in-
dlameter stainless steel tube with a 0,013-in-diameter hole
to sense the total pressure in the exit plane, Attached on
either side of the pressure sensing hole are two brass bars
which slide in teflon gulde blocks as shown in fig 5.
The brass bars
prevent the tube from .
twisting thus keeping
the pressure sensing 5 ‘iﬁ

hole always facing “;“‘:!2

into the flow. The
teflon gulde blocks

Fig 4 Total Pressure Probe
are slotted to allow
the probe to be placed in three different transverse posi-
tions in the exit plane., One transverse position 1s on the
nozzle centerline with the other two located $/32 in on either

side of the centerline, With the traversing mechanism the

pressure sensing hole was moved across the nozzle exit plane.

n
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teflon gulde
blocks

Fig 5 Installation of Total Pressure Probe

The static pressure probe is a 0,040-in-dismeter stain-
less steel tube with a 0,013-in-diameter pressure sensing
hole. The probe was positioned along the nozzle axis as
shown in fig 6. Two metal guides kept it centered on the
nozzle axls at all times and the pressure sensing hole could
be positioned anywhere along the axis using the traversing
mechanism,

A schematic and photograph of the comrlete pressure

measuring system are shown in figs 6 & 7.

Flow Visualization Systems:

A schlieren optical system, fig 8, was used to obtain
photographs of the flow at various pressure ratios with a
Polaroid camera using ASA 3000 film and 0.5 millisecond

spark lamp.
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static pressure toial pressure
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Schematic of Experimental Equipment

Pig 6

Pig 7 Experimental Apparatus and Equipment
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A typical schlieren photo-

graph of the flow is shown parabolic mirzoD

: spark
in r'ig 9 and additional lamp
photographs of each nozzle, | $
taken at six different test T
pressure ratios, are section L]
included in appendir A. — knife

edge
The moire' optical
system was set up by in- parabolic
mirror

stalling two, 200 line per
in, diffraction gratings Schlieren Opticgl Systenm
in the schllieren parallel Fig 8

light path and removing

the knife edge. A zirconium light source with a yellow
filter was used in conjunction with a Polaroid camera and
ASA 200 film at a 1/40 sec shutter speed to obtain photo-
graphs of the moire'! patterns. A typical moire' pattern is
shown in fig 10 and one for eacn nozzle at the design

pressure ratio (Pg/P,, = 0.156) may be found in appendix A,

',
{

Fig 9 Typical Schlieren Fig 10

Photograph of the Flow Pattern Typical Moire!
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III. Results and Discussion

Typilcal graphs of the pressure data are shown in fig 11l.
Graphs cf all the pressure measurements may be found in ap-
pendix B, In addition, the static and total pressures were
non-dimensionalized by dividing by the chamber total pressure
P,c. These non-dimensional values were then plotted versus
diétance along the nozzle axls and distance across the nozzle
exit, respectively. Fig 12 and 13 are graphs of the nozzles
with the highest and lowest efficiency superimposed on the data
of the other nozzles to allcw a comparison. The sharp dip in
the curve of the least efficient nozzle is due to the presence

of shock waves.

Comparison of Total Pressure Measurements

As shown in fig 14, a shock wave was present in front of
the total pressure probe, The shock wave was located in, or
very nearly in, the exit plane for each operation due to a
slight ralsing of the probe by the momentum of the flow. To
correct the pressure readings for the presence of the shock
wave, the readings were assumed to have been taken downstream
of a normal shock. (The small size of the pressure sensing
hole supports this assumption.)

For each nozzle 17 total pressure readings were taken
across the exit plane (0.05 in apart) at each transverse

position of the probe as shown in fig 15.

SRR T
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pressure
points

Fig 14 Shadowgraph Showing

Shock Wave in Front of the Fig 15 Nozzle Exit Plane
Probe a)Shock Wave b)Probe

An arithmetic average of the readings for each nozzle was calw
culated excluding the first and last two readings for all
three transverse positlons of the probe., The excluded read-
ings were obtained near the wall‘of the nozzle and their
integrity is doubtful since the pressure sensing hole may heve
been partially blocked by the wall. By measuring the angle of
the Mach lines at the exit plane on the schlieren photographs,
it was possible to determine the centerline Mach number using
M = 1/8in . Two readings of © were taken (one each from a
left and right wave) and averaged to obtain the exit Mach
number for each nozzle. The values of M obtained varied from .
a low of 1.75 tu a high of 1,96 or approximently % 6% of
Mgesign. The angle @ had a strong effect on the value of the

Mach number and was difficult to measure accurately.

12
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Therefore, an arithmetic average of the Mach numbers obtalned
from all of the photographs was used to correct for the P,
drop across the shock wave in front of the probe. This aver-
age Mach number, lgyg = 1.85, was 0,02 less than the design
Mach number, Ngegign = 1.87. HNavg and the average measured
total pressure for each nozzle were then used to determine
the *total pressure P,y in front of the shock wave uslng the
Gas Tables (Refl4).

Because of the inaccuracles inherent in the calculation
of the exit ilach number, the relative values of P, upstream
and dowr,stream of the shock were compared to observe any pos-
sible inconsistancies between them. The Py va.ues were first
non-dimensionalized by dividing each by the atmospheric pres-
sure. This permitted more accurate comparison because the
tests were conducted at Py, values such that Pgy/P, = 0.156.

A comparison of the two sets of values 1s presented in Table I
and it is seen that the two sets of values agree with each
other. Three slgnificant fligures were maintalned throughout
but a fourth significant figure had to be used to determine
the order of the nozzles with regard to efficiency. The ef-
ficiencles of the first three nozzles were much closer teo

each other than that of tiie last three; thls comparison 1is

also shown by a graph of these six in fig 16.

13
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Table I Performance Ratings Based on Total Pressure
Inlet Poo/Pa Poy/Pa
(1) faired ellipse 4,94 6.19
(2) arc of radius 3h* 4.93 6.18
(3) y = eX (short) 4,92 6.17
(4) M = kx k.92 6.17
(5) hyperbolic spiral 4,92 6.17
(6) y = eX (long) 4,92 6.17
(7) arc of radius 5h* 4,92 6.17
(8) 15° ramp 4,91 6.16
(9) arc of radius h* %.90 6.14
(10) 30° ramp b, 8 6.97
(11) 45° remp 4,71 5.91
(12) 60° ramp b, 54 5.69
Examination of the Schlieren Photographs

rerformance comparisons fcr the twelve different nozzles
ué;ng the schlieren photographs were more difficult to deter-
mine than from the pressure measurements because the flow pat-
terns in some of the nozzles were gqu.te similar. The number
and strength of the shock waves present in the nozzle were
used as determining factors oi performance in those configur-
ations which had shock waves, ?he larger the visible density
gradient through a shock wave, the lower the performance rat-

ing that was assigned to a given nozzle.

15
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The interaction of the shock waves with the boundary lay-
er created turbulence along the nozzle wall and this phenom=-
enon (or lack of it) was also used, in addition to the shock
waves, as a performance criterion, The Mach angle @ and the
1lip shock angle ' were also used to estimate performence of
the various nozzles, the larger the angle the lower the Mach
number and therefore the lower the efficiency. The performance
ratings using the above criterion are presented in Table II,
The relative efficiency of each nozzle is not identical using
each of the above methods of extimating performance, except
in a few instances, as is readlly ncted in the table. This
is due to, as mentioned earlier, the diff{iculty of determin-
ing performance because of similarity of some of the flow pat-
terns as well as difficulty in accurately measuring @ and &'
from the photographs.

The most interesting result of the schlieren photography
was the appafent contact surface evident in the photographs
of the nozzle with the inlet
having an arc of radius h¥* as
shown in fig 17. The contact
surface implies that the mailn
stream of the flow is separ-

ated from the nozzle wall by

a cooler, more dense layer

of air, Fig 17 Photograph of
the Contact Surface

16
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Table II Other Methods of Rating Nozzle Performance

Inlet Shocks ¢ @
arc of radius 3h# 1l 10 8
y = X (short) 2 3 7
M= kx 3 6 3
hyperbolic spiral 4 8 5
y = e¥ (long) 5 5 9
arc of radius Sh* 6 1 2
faired ellipse 7 b 1
arc of radius h¥ 8 7 6
15° .amp 9 2 b
30° ramp 10 9 10
L5° ramp 11 11 11
60° ramp 12 12 12

Examination of the Moire' Patterns

The analysis of the moire'! patterns was performed by
Jones (Ref 3) and only the applicable ;esults will be pre-
sented here, Heat transfer 1s most cfitical in the nozzle
throat, and the method used to rate the varlous nozzles was
to measure the density gradient at the nozzle wall in the
throat from the moire!' patterns. The density gradients were
then used with values of measured static pressure, to calcu-

\
late the corresponding temperature gradients. The nozzle

with the smallest temperature gradient was rated as best.

17
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The order of the inlets rated by this method was then com-
pered to the order obtained using the total pressure measur=-

ments; the results are presented in Table III,

Table III Performance Ratings Based on Exit Total
Pressure and Throat Temperature Gradient

Throat
Inlet 323122 DSV dT/dy
faired ellipse L.o4 6.19 380
arc of radius 3h* 4,93 6.18 500
y = e* (short) 4,92 6.17 540
M=kx L,92 6.17 660
hyperbolic spiral L, 92 6.17 560
y = e¥ (long) b.92 6.17 560
arc of radius 5h¥ 4,92 6.17 740
15° ramp 4,91 6.16 560
arc of radius h¥ 4,90 6.14 720
30° ramp 4,84 6.07 830
45° ramp 71 5.91 1500
60° ramp 4,54 5.69 1660

In all three coiumis the three least efficlent nozzles
and the three most efficlent nozzles are the same and in the
same relative order. This 1is extremely encouraging since
using the molire' patterns to determine performance was en-

tirely independent of using the total pressure measurements.

18
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IV. Conclusions and Recommendations

From the results of thlis study the following conclusions
may Le drawn:

1. Of the 12 nozzle inlets tested the 45° ramp faired
to the throat with an ellipse was the most efficient. It re-
sulted in a total pressure loss of 5.85 in Hg while the least
efficient inlet, a 6C° ramp, resulted in a 14.5 in Hg loss,
The average P, loss for all the inlets was 9.0 in Hg.

2, Matching the curvature of the inlet to the throat
geometry 1s of extreme importance as can be noted by a com-
parison of the results of the nozzle with the 450 remp inlet
(11), to that of the nozzle with a 45° ramp faired to an el-
lipse (1).

3. Several of the nozzle inlet designs tested have nearly
the same efficiency. This 1s due to trade-offs between the
losses created by differences in the inlet lengths and the
losses due to changing the direction of the flow more rapidly.

4, The design of a nozzle inlet with high efficiency re-
quires extreme care to insure smooth turning of the flow.

5. Determination of relative nozzle efficlency using
heat transfer rates obtained from moire' patterns is in good
agreement with that obtained by measuring the total pressure
losses in the nozzle. This is significant because the use of
moire' patterns does not disturb the flow as probes do,

6. By proper design of the nozzle inlet a contact sur-

face can be generated which may prove to ald in inlet design.

19
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This would be accomplished by creating a layer of cooler, moie
dense air next to the nozzle wall thereby insulating the noz-

zle throat from hot gases in the mainstream of the flow,

" The recommendatlons arising out of the course of this
study are:

1. FPFurther study of the neczzles with inlets which had
high efficlency and variations of these inlets, should be
performed to examine the effect of changling parameters such
as the inlet to divergent ;ection lengths. Also the maximum
possible expansion for a given inlet could be determized by
varying the divergence angle and observing separation phenom-
ena,

2, Determination of heat transfer rates by more accurate
methods thzn using molre' patterns i1s recommended. One method
is currently avallable which concists of applying very thin
platinum heat transfer gages to a thin plece of pyrex glass
which i1s formed to take the shape of the nozzle,

3. Additional study of a nozzle with inlets similar to
the one with an arc of radlius h¥, using en interferometer to
determine if a strong contect surface exists and how it is
produced, could prove to be very important in future nozzle

design.,

20
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Appendix A

Photographs of Flow Patterns
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™~

'y = eX (long)

(5) hypefbolic spiral (6)

Schlieren Pictures of Various Nozzles at Pg/Py = 0.667
Fig A-1
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(10) 30° ramp

-

(11)  45° ramy (12)  60° r

Schlieren Pictures of Various Nozzles at Py/Po = 0,667
Fig A-2
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(3) y = eX (short) &) M = kx

i Aap

{(5) hyperbolic spiral

Schlieren Pictures of Various Nozzles at Pa/Po = 0 20

Fig A-3
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(1

(8) 150 ramp

*) 45° remp (12)  60° remp

Sehlieren Pictures of Various Nozzles at Pa/Pc = 0,20

Fig A-"'L}
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(5)'hyperbolic spirai i (6) y.; e‘X (loﬁg)

Schlieren Pictures of Various Nozzles at Pg/Po = 0,17

Fig A-5
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450 ramp (12) 600 ramp

Schlieren Pictures of Various Nozzles at Po/Py = 0.17

Fiz A-6
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(1) faired ellipse

(5) hyperbolic spiral (6) ¥y = eX (long)

Schlleren Pictures of Various Nozzles at Pg/Py = 0.16
Flg A=-7
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'(10)

|‘{11) 45° ramp
'r_._. e e e e ———— s ———

(12}  60° ramp

Schlieren Pictures of Vavious Nozzles at Pg/Py = 0.16

Fig A-8
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.

(5) hyperbolic spiral (6) y = eX (long)

Schlieren Pictures of Various Nozzles at Pg/P, = 0,156
Fig A-9

-~
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GAM/ME/69-11

(11) 459 ramp (12)

6QY ramp

Schlieren Pictures of Various Nozzles at Py/P, = 0.156

Fig A-10
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1)

(5) hyperbolic spiral (6) y = eX (long)

Schlieren Pictures of Various Nozzles at Py/Py = 0,15
Fig A-11
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(11) 45°.ramp | (12) 60°

ramp

Schlieren Pictures of Various Nozzles at

Fig A-12
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Moire! Patterns for Various Inlet Contours at Py/P, =

Fig A-13
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(11)

450

1125 600 rémp

Moire' Patterns for Various Inlet Contours at Pg/P, = 0.156

Fig A-14
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37




/ME/69-11

G

T~-d 3td
1IXT 9T220) 9SOIOV 1TXY 9TZZON SSOIOY
dxnssaxd 8105 JO UOTEETIBA aanssagd T230] JO UOTIBTIBA

(Ct x ut) £ (0T ¥ ut) £
8 9 14 Z 0]

e rpee T T
" t $ T i pae son; e D omw nauna ol t
: F S EA
% : _
; 5 i ;
—+ s 3 T : 7 L & @ = ¥ 2
2 : : T it
ase ¥ +- 4 T
. ; 25t ia HE
2 = : A= == 02
e 1 i 15T 1 T+ 1
3 ek : e
: ot 253 aes tesdeis o :
> T yas on T - -+ }
[ oo ns] e 1 T I 20 0 ® B o e 1
B Hrht T seens aaniess :
=t - 1 L 1 y=s I 1 r —lt
: : 1 : S
n - T + + — 4 o H- T i1
s et e S
1 T 3 T 1 1 1881 T 1
e o 1 1 8 1 3 TIrT T
+ ot e reees . 1T T TH " . T -
i S35 sist s S SEssssien) Ene i) : =
X oz i
ares:
e, _»»H Ly 8
- : o
u sod B B ses :
€ uoIaT i ¢ uorgtsod o o% reast e
¢ uotstsod 358 . et T FEEs
7
3 TS0 SEE, 25 d :
i b4 - -
{ i Z UOT3TSO o EeE: o -
T uotytsod i d S Sa S
: z i :
T ° i T TworjiTso o ik : o
Il 1
: £
2
(S SepoR oS Pe s 2ou <+ <13+ s I T I3 T e ~~
pisirpasasapes seceasatenis A tH AR e Seanspesus 0
204 Shoe .. + - >
- : E e et 0T »
- Al - as - 31T s ¢ 2 £ .
SOPES SINL S toges aye. +$ et om. 1 1 3
P4 T ve sasw 1 s aws T T
st 3 SE5 : : =
. e ae o sgeni T T 0
13 o] sassns T t In pee: : o]
< oo et o biopasd 1 3 1 o el b &
asaps > 3. 3 3 Y= = ¥ T ' g
- - s 1 T : 3 y 93 ¢
S e $38EE% faE 52 isdinmi tHg
< 3 313 e soua: L =+ s “ r
puans T 1ne g o o T 1 aw snea ©
: : T tessie: ! assasseas-
: 3 t : o HH t T T Eeysbeczsszy. S2%2 o’
38s sEaiy shat gty 25 s 7 T
A e : 2 : SR & = 5
B13§:333: 88 ] 0 + 257 Teer tan Fas7 cases ene ot e
RO : : -
g 3og ceary Sakag I s T e segisee ~— t 3 2s ' =e wa. 35 —
t + = 't { 1 % T
5 : : e H i
Seuny T 1 H t t s ox
Sl 4 : = 091
i Ha 22 }
s Fiin o gt H "
23 hseahass ' : e
B2 i i P : e ;
e
X + han T 1 e
- b v L + 1 T
ages o ; : T R ;
Eaas gue b 3 t
= 34 ¥ 530 t a2 1 H reana
s e H o
o v T T ¥ i3 N 3 T T . T T
+ +
Q02 dr1T _ 00¢
*9f snIpBx JO doI® 98ATTI® pPaJaTBF IH:
+ T
i i =t
3 : +it
:
: + : 0cc
: : } Y 3
:
t :
x 3 : : E i

38




- T TITTRTTT -y~ CE TR Ry e
‘ d v Ve s . -

2-9 314
3 TXJ 9T%Z0N SSO0IOY 1TXH O9T2ZON S80I0Y
8INs83Ld TEL 0L JO UOT}BTIBY aaIngsaxd TE10L JO WOTIRTIBA

(OoT x uyt) £ (oT x uvr) £
8 9 14 4 0 8 g 14 e

Tt
e | 1
T T

HHH

TR
1
HHHHEH ©

(0754 i

i
HHT
-+
(@]
<

014

463 4
18407

L

¢ uoryrsod 09
¢ uorzrsod
T uotrgysod 0g

r € uwotgtIsod
¢ uoctatsod
T uortgatsod

H
H
3

rH  THIH :“.

H
1

onoQ
on ¢

G8

39

j2ssnsnapeas
rauss
IYSHUTIUIPRETAREE SOUSI PR OOE Fa ““"l
1 4
14 T
HH
be +
HH

e T
< TEpeei I THIAT
3 R TR TR
T H T
Rt

5 4sU0s 0900800820 00RR00009N

v 3 = vsgsas rS
¥ 14 H EScEatesaa tieeas o
: — 32 : HH e eesaasa et
i 54 O0OT o gt 3 : Mt o0T o
352 (<] 3821 & ¥ : TH Sessa S2a: =
9 I g + iees bex
H ozt %uu St £ o e e ocT mu
i :
RTRE 22 : S
L =s .3 o s38is, i O.v.ﬂ w- H Serasesasay 1 um O,V.H WL
P o LR SEES ®
; ~ i it ~
09T = 091
= :
~ i S
7 H 08T 33 e 0gT
: o Eass
.mw : = Sescsaseesas the Eess sy
o : 002 ZEHEEAES 002
mm 5 XY = N 3 e (gx0ys) 2 = £ FEpEEeeT
i : : H
; 0ce : By 0de
- ]

LVL.I!FI SO



GAM/NE/69-11

1 TXH 9TZZON S80IV

sangsaxd [830] JO UOTFBIIBA

(0T x uy) £

9 L4 c e

£-d 3tg

1 TXT 9T2ZON SSOJIOV

aanssaxd B3 0L JO UOTIBTIBA

(0T x ut) £
8 9 ¥ 2

i : i FiEs ; O
i Hi ittt RH R HEHHHHH i
353 5 B LR THE BRI R HT TR R .W 138s 0c FE HHTHEH T x”_” 0c
! H I i i i o¥ “nmm HHE R L e AR T HHEEHE
R R R R e BT IR T T HLRE 33333 BRI IMACES HiE 11 1 OF
§ & tastdidstiine: , f LR L T i A R T e R
R 1 1 il LR e i
84 PxnnJrr .11 ao 8 og 1 M } FR g8 &4 H - REa5E MAM“
L M nowwwmon o4 i HUBEN T © wotgrsod o HEHMHL
B &t 19.0d a gy 0g ] fiidl GiiHiE 2 uoTrgTsod o {hgitHiEs 0 '
EETHEHITEY T UOoT4TsO o Hi ° TR 1 uotatsod o TEanmd 08 o
It et e e i — R L ; e
i R R oot b |mHELMLmmlia s ] oo @
[ R e R TR B HHH #;L?ﬁ“ﬁﬁ%ﬁc Hh B
1 rxx ssifasat 1] H HHEE 1 x* THiET o2 I 4 i i T i x”. % nw a8 Ix‘w ST i H fr o]
gl e i T 02T & it A i LT BHLEEE 02T &
fand i R © 14 HHH s dtadtanadl o Lnd: emas il et s ®
NG T L ER R T i o HIHHIHT HH R E T T Vrzsacined o’
THE § g ovtT & R R i, 35 : T OPT
L] 23231 t i aef festd s Bepsls: ~~
HHTHHE M tH H HHHHH 1
i g 09T - i - H09T
2848 ag se ok sal . 8 B4
il R 08T e e 08T
IHHHE e e e BRI HE 3 FTFHTTHIR AT
tH 2219 BEE ] I
th} (Suot) o = & HHITHHIS 002 et reatds otToquaedAy Hififiifind 00<
i) I it et it : _ : :
i ¥ ! } H ] Ty } ONN HH H ONN
.
-~

40




-4 3T

3 TXg 9TZ2O0N S80IOY 1 TXT STZZON SSOIOY .
aIns3axd T8¥30] JO UOTI8TIEH aanssaxd T830F JO UOT}B8TIECA

(0T x ug) £ (0T X ut) £ :
8 9 14 4 0 8 9 14 4

o
(o]

¥ 2tgeess TTHH s serpe T =8 TR THEEH
T it i H H IR T I wﬂ; Bl G e H
o e Rt B R P B U B R F HHH ShitieEsastbaatnal inda st rw, HHH T
: izl e Lill oz i it A oz
HHIRRTTRHR AR H B R i R E T HHHH b e Al AL e
13 FHHH H : H H L : o4 . jagss
H HH THT £ - 3824 skites apse 4 1 8 28 $haipdn! R B gk PR .qu.*.m
T R e e O 7 i R At At GO R N B S i O
$ H H i1 ,‘”4 .m (11 H 8 HTHEHER R I HHH ;ﬁ,w. ﬂﬁ HHH ,_ﬁn
L dsshat bt il ldadalibiadl i 1igfgtatistatiing: YR T R R R s T e EiEs -
. a3g438 ....y 15 4 8 anlf rw“ﬁLxlxlT..“,. H = om
i ¢ uotaTtsod o | 1 difdipidiiny € uorgtsod o Hi
il ¢ uotqgrsod a (IR 0g . HihE 2 uotgTsod of b 0g -
. i T uotgtisod o {i i o HHOIHERE T uoTgtsod o B o ey
BRI : I H . i —
M M, _M Hill ¥ M.J Q0T \T” i L; F“y.xm = w M;.Tr .H 00T [N
_ i b R R R R i 3]
PH H } ] T HI R AR HH 282
, w . i ozt & AL L R 2l 02T o
: _ i i i : biciss FEsR R st
} : ! i o LRt e IR e e £
: e if o' T ovt ¢
~ o dillk: faﬁ:ﬁ.j g <
L ,

L.. ._._‘.. x.ﬁwn.j. w ovl

SR
=
.
y
- 3

i Wi i .w.i..ﬂ_ ! HH HTH T ,um([: SR farce b Aip Rt t H, _ m
R 09 T I b R P ) 09T
SH131313 3! : Hi Hii _ ittt aasiattiotseysnts 38281 HTHY
A ; ! s TR TN A e ey
4 ki : HHHE : H HliH; Z.ﬁ T UL S
J& 1 153 i A 1 ¢ w M ¥ v i Ownql- 3 TH H u* THRH ﬁj‘ BS ..1.4 HIM.VAN 11J~ I Ownﬂ
o) padie Pt ALAN MR LR RATY i {ih L H 1 ] NYLLl.?x.u dfeastbadeaelast it A
SN 1 AR i i R i
~ . At H 0oz it i it
m i R A dwex 6T T IHHIH »uG snTpex Fo ox® ‘liHib s
3 H T " H e EeRan
mm 1t 1 Hit * ¢ pfod g8 28 Hin 2 ._n Tt ", xmnx T S TR
m "W m M m m w* i 4 0ce *” T W it “..M HT “ il t }Amqnf% N At 0ce
- iRt ! : pHHGIHITE i Hilb il ! i ecsiseid B eERN s 2zs Sosntaris




GAM/ME/69-11

1IXJ 9TZ2ZON SSO0IOY
axnsSsaxd TB2OL JO UOTIBVTI3A

(0T x ut) £

c-g 314

8 9 L4 c 0

1TXHd 9TZZON SSOIOY
aanssaxg TB105 IO UOTIBTIBA

(0T x ut) £

00T

0ct

091
0gT
002

0ce

s3225gss sazssasass sasgsenzss asnasay ssassszzssssasssnsnsssen:
3 T :
;
;
== 0c
:
| . T
T : =
: :
=k e
s : 0
.
P = : :
, :
pats o= woy = T : e 7
e —t
K d S e - 4 09
¢ uU0T3TSOd s = ¢ uotrgzTsod o
uso -+t = d
b tsod 11 2 UOT3TSO o
{ = 13T i
T uotatsod dJ e = T uotatsod o 0]¢]
LR o] ¥ L
H
— = e pon e
sr-aed 1 1 o & - §
| o T T T |
o] : =1 1
s :
8 3 : #
Y f
o) H E . f
& = Ecois s e = =+
& 4
= S =t = :
s ~—4 = 1 4 T
5 Boss amgs i et
3] XN T
X = == I
o =5 : z .
o P F OYT
p— + !
= Tt = i
: = =:
S Sees st O =
: s : T
+ T T 2 oa! : ¥
el B ol : 5% anm 1ot
T == i
. : oty s =t
; T = s
i T = o S S
= T : e s et
: == gngpBx JO oI®B s
; L’ | T S5
T 2 Ry nes as * .c “ 1
: : 23
_ :
vo n o dmy r- - = 5 L B e 1 < 1!
= Sy =
e T e e : 3
e

d

7 °

(sq® 34 u

42




9-g Itg

1TXT 9TZZON 880IOV 1TXT OTZZON SSOIOY
sangsaxd 1830 JO UWOTIBTIBH sxngsaxd TB30L JO UOT}ETIBA

(0T x ut) £ (0T x ut) £
1% 4 0

;. b

2 : s = 0¢

s HiE T
FiE 2, Po: s - = - VL ans an sl r.rM OAV

T R T e T R 1 oHy

F.Jf T ges |
€ uorztsod ¢ uor3Tsod O sy 09

2 uortaTtsod ¢ uotrgtsod 0 oo

T uwotatsod

. T uworzTsod =EEE 0g - A
“.« . ceecfecoifocecfocofeean s nwmu.».lt 0 .u-
oty skple siely is: & —
= p=ef ) O0T v :
NS = :
o8, 2 s i
ARt
s sy sar e e : S5t sy
e B B 15 oy 2= o SEase Kot o
i ey e =0 e VT
22t Heis e Sp et S5 Fioritstd saet =apees £t = ~—
SiEmaEs IR R SRR S B e i
e L e ol 09T ~
ryspg REAod danay crnEs ta; g T Sesas: 2 : s
~ Fr .Yr‘“i.rl‘«lnlx, 5 . - 2 boe murshs 7 kD -
~ fEoss cupe mresy bavs = - r isaaz3ses
] Soat szl e v.J =R ReE 2o O@H ! ~ 5 s
2 s enn
3ot Tige . = fxa s Bas 3
N T L 5idiEes deas egma ey 00¢c
m H SR 2 I
Hmr } ; 1 Ht 3
- sess f f = :
T T = 022 d
> gEetstes: : : e jits:
g g « ;
;
i




=g BT
sxnssaxg T®10] arunssaxd TB10L
FurFBIaAY JO 3031IF FutFBIsAY JO 303FFH
(0T x uy) £ (0T x ut) £
8 9 14 2 0 8 9 14 4 0
t T m” u” o o
e 0
e e OF oF
i afeIess v [E H = i
£ =3 noﬁﬁmom o fx % i sfrxoae V %
Ft 2 wOT3 TS0 o g uorgatsod o
T uotgteod o 08 e M ﬂowwwmom o 08
T it £EE T worgtsod © t
: % # 00T oot
: w i 02T 5 02T
2 7 ovT : 5 OvT
09T 09T
= 0]t 08T
,w.w (07074 00¢
W dmex 009 osd¥TTs DPOITSS ity
= i :
M i 4 HH $ £ HH S FH dea
G i

o WY
[SUTTUSRE ¥ ¥7PE ™ ST

Ll




o]

S e AP v pr et S Sy =

vt b S . e g v % Ed i T G

g-g Itd

8TXY 9T22ZO0N BuoTv STXY 912ZO0N JuoTy
3IUSsadd O0F3BLS JO UOTIBTISEY) aanssaxd 073838 JO UOTIEBTIBA

(up) x (ur) x
v € 2 T 0 ¥ € 2 T 0

dii 3t jEEssssEans: 0 i } ; 0
3 ] HHEHE 02 i HH 02
HH HHT & i H HEHHH HHH
ad Bu i i85 o¢ o HH H O.¢
HHREEE 480IUg 3 g HIRE 380IUg i St
T iiiiasts 09 H A H H A 09
H0Q 3 T T 08 = 4
H R T
I tH 001 de 1 : izt Hio §ogasdates HMﬁumwmm 00T S..Q
i L = 3 i L (74 M
- LR -
i HoZT b j i T GCT b
S o [ i T H ol
i oYT @™ ; : T OYT
i o HH L o
T ® fELEa g 09T @
a - Il S T 13 FHLTYT asmssy o
tH s % AT er w
sagsplsagenggesasy H ettty
i Spoacs 08T H gEiigges e ey OQT
} 1+ : H U s
: } T £

o

i T »4E SNIpBI JO oI oo osdTTTe poatey Hiiffiiy 00¢

T
L

4
e
e

GAL/AE/69-11

Hg\:
H A
¥
t
(g
H
T
1
1

L
Sanpep:
QY




6= 3Td

STXY 9T220N SuoTy STXY OT2Z2Z0N JuOoTy
aansssLd 9134838 JO UOTFBTIBA 3aINSSaxg OT123GS JO UOTEBTIBA

: (utr) x (ut) x

T HIY AT T T B R 0 TR TR THHANT m t ,wxmr ] ”ﬁ..w 1 i
$ i HiE g32 f=aigssyipigs H i ekt R
T I HE HE R L
H: m.rr-f HEHEH R R H R E H R R o e B R 2 HHHH L s iR HH H fON
H THH 3553 8= geyasaie f8sds 58, HHH P R E T R T H
4 L LR L A T AT 14 Hr H HLT} H ity Y 5
38 -4 4 {4404 sREss 1 4 +4 414+ 111 1141 t4 414 HT
1 FHE H EisEstiataaqeabi ceattitays HH) Y seldsiee s HHi HH
A L T s T s aEE R akeg st “ i (0] 4 RTRTTHH HHHHHTHE T HHHH HEH H ov
IM, 3 H ”u HiA H w 1 piiagaciat b H HHHHH HEHAHEH AT H ]
: fngidinig s gEas T H THHAHTHIH T
el Jai 33k s 38oxyl LT TR 1{[8 I it 4BOIUT EHHH Y, Hi i 09
Hrrrrttn e H HTHH HEHH T T HH HH
H 1 433, "theasariias dodih dyds T o i geaerft A H HHH BEHEH BT i _u
THH H  ERLTHTOHE T EE HY S H M S R TR R ET
i H Hoe e tE G H LT HHHR I TH T HR 8 o i 0O
8. - 111 . b4 L t 1
TaHE shaet Sy s T 08 g e T T R R O R BT R 08 Hd I
H eI HH ag xﬁn,,u“ 8358 810z sanss pasgisesrle xu‘w * as 1)) + Sdusispeiss 3 g fesseddasi w0
R HE R HHH k Jijs: — f ihsiidisiinice: - 3ti H LRiEHE R AT 00T ~—
a ..f”r 22 v H & gangginang L:wx” M wa “.n H “.1f|1m OOH . A1 suyen T § - HTH (..nm m.
CHTH T TR R T L D B RS (=] H b S HEL
- T apapes i ! i 3 T
HHHE S i i HH HT L o T HHH L i i TH docT =
$32 5% g3ot ke W.H. H H R T ON.H (V) T ] H HIH T L_. qun-m g
] R HH H T Hits H shedzie ] it
B BTHE HHH HiH H HEH R I o
i R Bifee dngositass o L I HRH He o,
i issatatens fEaiss R HH HHEH ovT Mw_. T B R H A‘Hrfﬂ; it HHAHEH ovT [4)]
38 H HiHH HH Wt i H HH ~r sasits H 22 8eddRiess i8S i R T H ~—
2t FHFR THT ankh sstesfspessdnfartineadegtnnsbeagobing A HHIE A
i LR i 09T ikl R T 09 T _
isgpgassaasast e i gadciit T R Al .
SR : H I HERHAHE i 3 i i
~ R T H S T L TR R T x.m”.,.ﬁ.r.um._“ 09T
7 i s e 08T T R
Hr pslp l'r e 4 b - Hi
W ittt st syt caes saatadne X 00¢ AP.HO.S..QV NO = £ B EHECEE A 00
| s T, TR .
H i 2338 ] 1] {4 t -1
L 022 i ik e L oz
L.x 18 o H3 g H R HHHY 34 HH xuﬁ.
T A 54 : . e t R .




8IXYy 9T220N SuoTy
axussald 9013838 JO UOTEBIABA

3

H1
e
v

{H

HiH
(HH

HHH

HH

Sg8edughuanndnnnns

HH

HH

e

1

JujBite

L

THHH

HIHE THE

S

ou

t11

9

HH

HH TRIH T H

1 H

H

it

HEFH

/69-11

Fo

——a

GAM/M

t1141 HIH

ot-4g

oc

oY

08

00T
0ct
ovT
09T
08T
00¢

0ce

STXY 9T220)N SuoTV
axnssaxd 0T383S JO UOT3BLIBA

H R

0

Hil

H

113

HHTHFR

age sgdtn

(sqe FH uT) Ba

+4

i

H
HIHE

HHHEHEH

A

FHH

L

O
(074

oy

08

00T
oct
oyt
091
08T
00¢c

0ce

47

(sqe 8H uy) °g




11-d 31d
STXY 9TTZ0N Juoly STXY OT2ZO0)N JuoTy
axmssagd °1,B3S JFO UOTIBTIBA axmssaag 0T181S JO UOTEBTIBY)
(ug; x (ut) x
v € c T 0 14 € c T 0
e ——— : - o
= == = 3553 t = 02 FrrH : o2
pres : MH t 3 xmﬂ_% 11
B S e O e i i Lips OF
e e e i S e e S S HEs
= 1 1B0IUY e g + 4B0IY2 : 9
e SR o syt cobis Epees ea EESaSETE Ko mﬂr g ; H : ¥ : . -
e e 2 o e o e e et e o 08 o =: H : 08 o
= joss geosed 1 t - } =+t T :
et e 2 : ~ T ~ 1 —
e e D e EEEEEI 00T b : : 001 &
et P 3 mobes sdeted] : 2 1
: = z 2 o . g ) ,»»Z, H 3 H
& S iy g feese e St 0T ™ : 0eT =
£ e = 52 e st soptd s et W. Tq_ W.
= Eeha e S st .
Eaoenih T e == B St oyt o OVT o
oad . 3 -Hh. - & @ 3 .—- : + N’ 0
SR e e e e 09 T ; 09T
|Enm e HE Hem e i, Hol et =t
~ 5 : Liz: LI e S SESt SRS s T e
i s S s e e s LT R = 08T e 0QT
S e e e 02
N ! 3 00¢ 0
m «J SNIPBI JO JIB it «US SUTPBI JO oIB
m m : s oce H Oze
ﬂ.u 1+ H + - 5

L8

omine Al




21-9 T4

8TXYV 912208 Puoly S1XYy 8T2ZON Suoly
aJnsSsaxg 013815 JFO UOTILBTIBH aanssaxg 0T3B1S JO UOTIBTABY

(uy) x (ur) x
c - T 0 ¥ 3 e T 0

4§ 444

_ o s A

0cT

3
. o1 T

SEEnaY

t oYt

- . 0 rrer e ey prerrrTr: =0
T b T 1 T b " w1 + 3
+ T X e 4 b wses 1 1
1 v’ T $ hi v 0 B 1 T
t ¥ T > : s T ma
', A s ’" r " s s
3 " 4 " =+t T T
H ] was + :
P TR t ; it
VR n : z
T T 7 $
ks e 1 : g 1
' ' T " i o
i = 1
b -
t T > ; o
ve T ' O..q
T 1 $ % 91 Y
1 ¥ T } D B va 1
T + ¥ + It
- A Sl * » - . 2
% & st 1 e A SRR 1 it
¥ 1 2o ! +
i . 09 ﬂ . =09
T T T .
; y : Tt T
e koS
-+ - e Sneny o : 1
3 i 3 > 4 e :
r SR R U ¥ » b et
e TQ + 2 T a
+ e k4 4 3 + x T 1 3 ow
o
14 * ; T s T
i =08 w : : :
L P | M e v
4 + +
» *
¢ aven + ~~ s *
1 + 1 0 5 s
: + N : ; : :
re 1 T - 414 b
Y T 13 I I 4 I . it : , :
i Tt 1 * : ¥ T T .
£ T Trs ’
+ 1 0 ” e | 1
1 T H T b Y 1T
1 3 Tt
e

. %

1

s
i
s

G

/€

‘,,‘;‘
Sdedad

§

dores,

H
i

1

i

reoan
Uradd

ko

(sq® 84 ut) °g

L

N




50

: c1-9 314
STXY 812z0N 10TV STXY 912208 JuOoTy
2anssaxd 9148318 JO UOTEBTIBA 3ansSsaxd 0T13%y JO UOILBIIBA
(ut) x (ut) x
14 e T O v £ 4 T 0
— e T 0 T T T m—
uvww” W.LLMJL 1 ,LLLLW,. «,Wum .u%'mm t n..L.. .w;v ‘m T EiE W T HEHH JMWV ” §asess
THE H f oS Easgy sfasessata et izaM PR EE i He e e e e e
”WW s :M. HHEHEHE HteHhl ot (674 10 T HH L AT HETH O Hip o (074
138 s R R e T F T
: aya i e s e )
it o R I AR e (B R S5 5
[382 - — -1 4 4 T 4 444 4 + +
B g Rms T 3i3Eia e Sttt T b easailas
£ it THE S HERETE qBoTyg A s
TR TR N JESa0s sabapcEtba s hadot MEROREE s sitians aane ats & HE
L it i i 09 15 sn 09
R i i IR e e R s
R T L e i 08 W - e g 08 W
R R thH HiHH N o Hihs gt FHR B i i/}
m‘ FH-F 2 s 28 H 4 Eagess: § et N i
: Srprh =  § Sagw 3 1 ssws HO RS FRHE i8Sy & aan d by i+ H
: =it S A e ] 00T %0 tEatis L Had 00T &°
“ 1 i H i HH B B H B B
i i1 sk i i HiE i
i 02T & i e 02T &
5 : 5 : “ I I ] T T R 2 W-
; ovT S B Bl i oY g
H % ~ e 8 sadidaiagisdnd 38e —
t >- B HY
' HH F Y
: : 091 B 091
g - 1 * HH H ssasndise: HHE T
d ~ L+ } HH Mg it it
n%/ ++ ; : siss owH s H BE) ; nmmmmm* Ow.ﬂ
"\ i i : ;
. ] 002 T #H 002
! & dwex 09 dusx G :
: 3 R 022 : 022
m 4] : + HHH 5 ;
}

heomoimney e e e e e e o i, 3 B AR




GAM/ME/69-11

Tempersature Gradient (°F/in)

Temperature Gradient (°F/in)

800

600

400

200

1000 } -

80C

600

400

200

Variation of Temperature ~ iyt I

.. Gr.dient With Distance SETETE S IO I SR
Trom Throat Lntrance for ag
Various Nozzle Contours

e e e 1 e e e e 2 o e

PR s R
e 32

R < w__“*_..*._l..,_”_ . o
e ///’/_ L e .
RO, : N e

Y L ==y s oo 5% v, /4 wwls el S el vesiemndl el elwiess P [P

P - e S - S < R
Axial Distznce (in)

Veriation of Temperature B I :
Gradient ¥With Distance VUL S
From Throzt Entrence for . B o
Verious Nozzle Contours — ~ ~ -7 TIUUC

Axiel Distance (in)

Fig 8-14

51




GAM/ME/69-11

Temper:ture Grzdient (°F/in)

femperature Gradient (°F/in)

1000

800

600

400 pAr

200

1800

1600

1400

1200 |

1000 |-

800

600

400 bbb

200

........ '4:1:',.1:#'-""
1 I
it I

#. ... Varistion of Temperwture
, . Gradient With Zistance

AL == From Throat Entrunce Ior
IR SR P Various Noszle Contours

P AR e S S Y S (R S
Axial Distance (in)

¥ Variation of Temperature
! Gradient {/ith Dist-nce

R

Axial Distance (in)

Fig B-15




GAM/ME/69~11

N St A TR s
ST T T R AR, T Y TR A ST IR TR SN e R SR R L TR O N N RS AR S gl o By R NS JLTRETE

B et TR B O Zo

Appundix C

Detail Drawings

53




s R

>

b M

TR TR

GAM/ME/69-11

1-0 314
O4NENITINWN W QIvd3o 17
WES/AWINYD ON LD23Arodd  L=,1 = = 6 5 5
J1ZZON IVNQISNIWIQ OM L e eV G 1€
R d T 17
201 AN lmv| o N
F b & ol
i - o | “ .._o
dWVYY 3FHICOE @ “ f Iy oI
dWvy 33393ast @ oo ! ' e
i by
] t B ER R
HONI ¥3d SQWINHL / ¢ - i ]
0Z ONNM Q3IMIHA dVL LON SIIOH ,:.aﬁu/.. §e_
L9L/SL OL IND H;I»ln N
SSYIOIX3Td L WO¥ 4 Q3L WANYIN e |
2] 4 r
] W 7 g, )
¥ i
¥
e ve .
|||||| e el _ m v g -
C gt ge _dd=
i— @
=08

-y

mo

-

-
o - s - > -
e > = = - -

T

L-—Q-t-—-]

- g




GAM/ME/69-11

2=0 8ta

DUNENSINN W GIVHIO 1

LI-69/3IN/INVO 'ON LD3rONd ..l =..L

SHDO018 13IN)

cioz

¥€ sniavd 40 duv (21

us snavy J0ouv (i)
k) G
3IM3 02wy ()

M SNIAVY 20 Duv @

(Z8LO=M) XM =i Q

dnva.0s (2)
dWYY oSy ()
REINC,

IVHEIES DINOEMIIAH @

55




TN

A e L

R ——— A

b b i}

GAM/ME/69-11

Vita

Gerald Martin Nulenburg was born | ENEGEGEGEGE
Y
B Acter attending GG

I ¢ cenlisted in the Alr Force in January

1956. He attended Oklahoma State University through the
Alrman Education and Commissioning Program and in January
1967 recieved a Bachelor of Science degres in Aero-Mechan-
ical Engineering. Completing Cfficer Tralning Schcol as a
Distinguished Graduate in April 1967, he was commissioned
a 2nd Lieutenant in the Air Force Reserve and assigned to
the Air Force Institute of Technology for Graduate study in

Aerospace-~Mecranical Engineering.

Permenent address: _

This thesis vas typed by [

Pll Redacted

3




falda e, e nartascniy

[ " S i Sl

Unclassified

Secunty Vlacscabn ation

DOCUMENT CGHTIGL DATA-R& D

Xecnuniy Flan sitiv ation of Hete, bodv o abitect wand 1ode vangt wriocslatien wnn ot be entered whon e averall tepoet Boela: dHied)

) ORIGINATING A0 HIVITY (Canuitate catlior) Ui, b 1oy SLCUIITY CLASMFICATIQN
'

‘Alr Force Institute of Technology (AFIT-SE) Unclassiried
Wright-Patterson Air Force Base, Ohio 45433 [ creur

3
b}

tRLFPORAT TITLE

An Experimental Study of the Effsct of Inlet Geometry on Flow
and Performancs of & Supersonic Nozzle

P I LT T R AP

4 CESCRIPYIVE NOYES (Type ol teport and inclusive dates)
AFIT Thesia

AUTHORS) (Firet nr.me, middle (nitie!, laet nome)

Gerald M, Mulenburg
First Lieutenant USAF

7]

o msTmeuTionsTaTEMENT ]S document 1s subject to special export controls and
ach transmittal to foreign govornnnnts or foreign nastionals may be made
:’n1¥ with prior aggrov 1 of vhe DUsan of Engineering, Aly Fores Inptitute
i°f echnology (AFIT-SE), Wright-Patterson Air Pores Base, Ohio 553

i 11, SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

noARsTRAdTTN]s study 1s an experimental evaluation of the performance of 12
wo-dimensional, converging-diverging, cold flcw, supersonic nozzles, each
1th the same throat and divergent section. The relative efficiency of
ach nozzle was evaluated by a comparison of total pressure measurements
caken in the exit plane, schlieren photographs cf the flow, and heat transs¢
ifer characteristics using moire' patterns., The nozzle with the highest
friciency had an inlet . ich was an ellipse faired to & 45°ramp, Its
performance was closely rollowed by thet of a nozzle with a circular arc
inlet having a radiua of three times the throat helght. The three noz-
les withthe lowest efficiencies were those with 30 .45°. and 60” linear
ramp inlets, respectively. The results of this study indicate that, in
ozzle dssign, a reglon of immense importance is the curvature just prior
to the throat and how this curvature is joined to the throat ssction. |

W

e

-
SO —

Co . Wv.1473 Unclassified

Sccurlty Clussification

5. REPORT DATE Ta, TOYAL NO. OF PAGES 7L, NO. OF REFS
28 February 1969 56 6
E4. CONTRACT OR GRANT NO. 90. ORIGINATOR'S REPORY NUMBERIS) W
{
b, PRQJECY NO GAM/ME/69-11
N/A
<. 9h, OTHER REPORT NO(S) (Any other numbers that muy be assigned
this veport)
d.

o B SRR BT e ety o




L i 2 o =

- ¢ (=AM, i ginll Ak dipshaeiin i

\
nolassified
| Neeieet o CLalivatusn
) ‘ i
1e. Uite A Litiv s Liter 2
KLY WOlLSE : . ‘
uor v TN wT Nk “

Nogezle Inlet Design
‘Nozgle Geometry
Nozzle Performance
Inlet pontour

l

B L

T

Unclassified

Security Ciassification






