
" I 

. . 

RM E53D09 

NACA 

RESEARCH MEMORANDUM 

INTERNAL PERFORMANCE CHARACTERISTICS OF VARIABLE-THROA T 

PLUG- AND VANED-TYPE CONVERGENT-DIYERGENT NOZZLES 

By H. George Krull, Fred W. Steffen, and Carl C. Ciepluch 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

June 23, 1953 
Declassified April 15, 1958 



' .. 



IU 
NACA RM E53D09 

NATI ONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

INTERNAL PERFORMANCE CHARACTERISTICS OF VARIABLE- THROAT PLUG- AND 

VANED - TYPE CONVERGENT-DIVERGENT NOZZLES 

By H. George Krull, Fred W. Steffen, and Carl C. Ciepluch 

SUMMARY 

As part of an over-all program for the experimental investigation 
of large-scale jet nozzles, the internal performance characteristics of 
three types of variable-throat convergent -divergent nozzles were obtained 
over a wide range of pressure ratios . The experimental results obtained 
with one of these nozzles was applied t o a typical flight plan of a 
ram-jet missile. 

There were only small d i fferences in peak thrust coefficient 
between t4.e(~hree types of variable -throat convergent -divergent nozzles. 
The peak t~rust coefficients obtained with these nozzles approached or 
e~ualled those obtained with several fixed - geometry convergent -divergent 
nozzles from a previous investigation . There was little gain (1 percent 
or less) obtained in the peak thrust coeff i cient of a convergent-divergent 
plug-type nozzle when the sharp corner of a simple conical center plug 
was rounded. 

By proper matching of a variable - throat convergent-divergent 
nozzle to a typical flight plan of a ram- jet miss i le, a thrust coef­
fiGient of 0 .95 was obtained over a flight Mach number range fr om 2.13 
to 3 .0. With the performance characteristics of the variable -throat 
nozz les investigated, this maximum thrust coefficient was obtained by 
matching the nozzle expansion ratio to the flight plan at the minimum 
flight Mach number and allowing the nozzle to operate underexpanded at 
the higher flight Mach numbers . 

INTRODUCTION 

It is important that the jet nozzle of a ram- jet or turbojet 
installation operating at supersonic speeds have high internal effic­
iency, because a small loss in nozzle efficiency results in a large 
loss in engine performance. The reason high efficiency is particularly 
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important at super sonic speeds (or high nozzle - pressure ratios) is that 
a small loss in jet thrust results in a large loss in net thrust . 

In or der that large changes in engine operating conditions (such 
as the fuel -air- ratio variation in a ram- jet or turbojet afterburner) 
can be provided for) a nozzle should have a variable throat. 
Maximum-internal- efficiency operation at high nozzle - pressure ratios 
(greater than 4 ) re~uires a convergent - divergent nozzle . Previous 
investigations of fixed-geometry convergent - divergent n ozzles) 
reported in references 1 to 3) show that high peak thrust coefficients 
can be obtained at the design pressure ratios . Also) at the off-design 
condition) there are severe loss·es due to overexpansion or under­
expansion of the nozzles . 

As a first approach to the problem of providing a variable­
geometry nozzle) three variable-throat convergent-divergent nozzles 
with fixed exits were investigated and are reported herein . It was 
recognized that this type of nozzle is not suitable to all flight 
plans because the expansion ratio cannot be varied independently of the 
throat area) but there are some applications such as ram-jets . To date 
no known experimental data are generally available for predicting the 
performance of large scale variable - throat convergent-divergent nozzles 
except in reference 4) which is a brief preliminary publication on one 
of the configurations presented herein . 

The three variable-throat nozzles were of two basic types. Two 
of the nozzles were of simple conical construction with a conical 
center plug. Each had a throat-area variation from approximately 50 
to 83 s~uare inches with an attendant expansion-ratio variation from 
1.5 to 2.5 . The third nozzle was two dimensional with a series of 
fixed and movable vanes which formed convergent -divergent f l ow 
channels. The throat area of this nozz l e could be var i ed from 52 t o 
84 s~uare inches which resulted in an expansion-rat io variat i on f r om 
1.45 to 2.34 . Each nozzle was operated over a range of pre ssure 
ratios from 1.5 to at least the design pressure ratio f or each of 
six expansion-ratio settings. The design pre ssure rat i o is def i ned 
as the ideal nozzle pressure ratio re~uired to complete l y expand 
the flow for a given physical expansion rati o . 

APPARATUS AND INSTRUMENTATION 

Installation 

The nozzles were installed in a test chamber connected to t he 
laboratory combustion air and altitude - exhau st fa c ili i os a s shown i n 
figures 1; 2 (a)) for the first pa r t of t he investiga t i on ; and 2 (b )) 
for the latter part. The nozzles wer e insta l l ed on '~ mount ing pipe 
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freely supported on flexure plates in both installations; the pipe was 
connected through linkage to a calibrated balanced -air-pressure dia­
phragm for measuring thrust. A labyrinth seal around the upstream 
end of the mounting pipe} figure 2(a)} and around the cylindrical 
section upstream of the diffuser inlet} figure 2(b)} separated the 
nozzle inlet air from the exhaust and provided a means of maintaining 
a pressure difference across the nozzle . 

During the first phase of the investigation} an examination of the 
data showed that the force measured on the balanced-air-pressure 
diaphragm with the test configuration shown in figure 2(a) was several 
times as large as the jet thrust of the nozzle. This condition was due 
to the large area of the mounting pipe at the labyrinth seal which 
resulted in a large pressure-area term in the thrust e~uation (see 
appendix). Ordinary experimental scatter was thus magnified several 
times. To correct this condition for the latter phase of the investi­
gation} the inlet pipe was modified as shown in figure 2(b). The area 
under the new labyrinth seal was about 1/3 of the original area. With 
this modification} the measured force on the balanced- air-pressure 
diaphragm was of about the same magnitude as the nozzle jet thrust} and 
the scatter of the thrust data was considerably reduced. 

The diffuser at the inlet to the mounting pipe had a cone half­
angle of 200 . With this wide angle} the flow separated from the wall 
of the diffuser and caused the nozzle-inlet pressure to surge. A 
splitter cone was installed in the diffuser} which eliminated flow 
separation and pressure surge (fig . 2(b)). 

Nozzles 

The three variable-throat convergent-divergent nozzles which were 
investigated are shown in figures 3 and 1 . The first nozzle} shown in 
figures 3(a) and 3(b)} consisted of a movable convergent-divergent 
conical shell with a fixed conical center plug . This configuration will 
hereinafter be referred to as "the sharp -plug nozzle . " The ratio of inlet 
to outlet area was about 1.0} and the throat area was varied by trans­
lating the movable shell axially downstream by means of the adjust-
ing screws. Air leakage between the outer and the movable shells was 
prevented by means of a rubber tube pressurized with water as shown in 
figure 3(a). The throat area of the nozzle for any positi')n of the 
movable shell was considered to be the annular area at the minimum 
diameter of the movable shell perpendicular to the axis of the nozzle. 
The second nozzle was the same as the first except that the sharp plug 
was replaced by the rounded plug shown in figure 3(c). Essentially} 
this plug differed from the sharp plug in that the sharp corner was 
rounded to a 2.46-inch radius . The maximum diameter was the same as 
that of the sharp plug. This nozzle will be referred to as the "rounded­
plug nozzle." The third nozzle which also had an inlet to outlet area 
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ratio of 1 is shown in figures 4(a) and 4(b) . This nozzle was two 

dimensional with a series of alternately fixed and movable vanes which 

formed convergent-divergent flow channels; it will be referred to as 

"the vaned nozzle . " The throat area was varied by translating the 

movable vanes upstream by means of the adjusting screws . Each blade 

had a horizontal flat surface at the maximum thickness and the forward 

and rear surfaces of the blade were faired into this flat portion to a 

small radius . The throat was considered to be in a plane perpendicular 

to the axis of the nozzle at the leading edge of the flat surface of 

the fixed vanes as shown in figure 4(a). 

It was characteristic of these nozzles that for any given throat 

area the nozzles had only one expansion ratio . The variation of throat 

area with expansion ratio, effected by translating the movable shell of 

the sharp -plug and rounded-plug nozzles or the movable vanes of the 

vaned nozzle over the entire range of travel, is shown in figure 5 . 

Over the full range of throat areas ,the expansion ratio varied from 1.5 

to 2 .5 for both the sharp -plug and rounded-plug nozzles and from 1 . 45 

to 2.34 for the vaned nozzle. These nozzles were designed for an exit 

Mach number of about 2.4, and they were for exploratory purposes rather 

than for any specific flight plan . 

Instrumentation 

Pressures and temperatures were measured at the stations indicated 

in figures 2(a) and 2(b). The stations at which the instrumentation 

was installed in the test chamber with the original inlet pipe are 

shown in figure 2(a). At the mounting- pipe inlet, station 3, were 

30 total-pressure and 14 static- pressure probes. A survey consisting 

of 14 total-pressure probes, 8 static- pressure probes, 2 wall static 

taps, and 6 thermocouples was located at the nozzle inlet, station 4, 

to measure air flow. 

The stations at which the instrumentation was installed in the 

test chamber with the modified inlet pipe are shown in figure 2(b). 

At the diffuser inlet, station 2, a survey consisting of 8 total­

pressure probes, 7 static- pressure probes, and 3 wall static taps was 

provided for measuring air flow. The nozzle inlet, station 4, was 

instrumented with 14 total-pressure probes and 6 thermocouples. A 

static- pressure survey was installed along the bellmouth and along 

the outside of the diffuser. Ambient-exhaust-pressure instrumentation 

was also provided at the exhaust -nozzle exit. 

The sharp - plug nozzle was investigated in the test chamber shown 

in figure 2 (a), and the rounded - plug and vaned nozzles were investigated 

with the test chamber modified as shown in figure 2(b) . The sharp - plug 

and rounded-plug nozzles had 15 wall static taps located along the 
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length of the movable shell and 10 wall static taps along the plug. 
The vaned nozzle had 12 wall static taps located along one of the fixed 
vanes and 10 wall static taps along one of the movable vanes. 

PROCEDURE 

Nozzle-performance data were obtained over a range of pressure 
ratios at several different air flows . The pressure ratio across the 
nozzle was varied by holding the inlet pressure and temperature con­
stant and lowering the exhaust pressure . Pressure ratio was varied 
from about 1 . 5 to at least the design pressure ratio for each of the 
six expansion-ratio settings of all three nozzles . With the size 
nozzles used for this investigation, it was necessary to heat the 
nozzle-inlet air to 9100 R in order to cover the desired pressure 
ratio range with the laboratory facilities . Early in the investigation 
reported in reference 1, the distribution of nozzle - wall pressures was 
checked for evidence of condensation shock. No such evidence was 
found (see ref. 1). 

The thrust coefficient was computed by dividing the actual jet 
thrust of the nozzle by the ideally obtainable jet thrust . The actual 
jet thrust was computed from measurements taken with the balanced-air­
pressure diaphragm and pressure and temperature surveys throughout the 
test setup. The ideally obtainable jet thrust was the product of the 
measured mass flow and the jet velocity calculated by assuming isen­
tropic expansion to the exhaust pressure . The symbols used in this 
report and the methods of calculation are given in the appendix. 

RESULTS AND DISCUSSION 

Performance Characteristics 

Thrust coefficients. - It is shown in reference 1 that thrust 
coefficients ranging from 0 . 95 to 0 . 975 could be obtained with fixed­
geometry convergent -divergent nozzles at design pressure ratios. 
These data were used as a 9asis of comparison for the three variable­
throat convergent-divergent nozzles investigated . The thrust coef­
ficients obtained with these nozzles are shown in figures 6(a) to 6(c) 
over a range of nozzle pressure ratios . As can be seen, these nozzles 
had peak thrust coefficients ranging from 0.945 to 0 . 975 over a range 
of pressure ratios from 6 to 16. These peak thrust coefficients 
approached or equalled those obtained with the fixed-geometry nozzles 
which are indicated by the solid symbols on the figures. The peak 
thrust coefficients did not always occur at the design pressure ratios; 
they also occurred at pressure ratios higher than deSign, and the 
reason for this will be discussed later in the text. 
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There were small variations in peak thrust coefficients between 
the three nozzles . The peak thrust coeff i cient of the sharp - plug 
nozzle vari ed from 0 . 945 to 0 . 965 . The lowest peak thrust coefficient 
was obtained when the nozzle was set for an expansion r atio of 2 . 27 . 
In this position) the flow area at the maxi mum diameter of t he plug 
was only sli ghtly larger than the throat of the nozzle; nearly critical 
flow therefore existed at the maximum diameter of the plug . With 
this high- velocity air flowing around the sharp corner of the plug) 
there was evidently a loss in total pressure with a r esultant loss in 
thrust coefficient . 

The peak thrust coefficients obtained with rounded-plug nozzle 
ranged from 0 . 949 to 0.975 . For all expansion ratio settings except 
the maximum) this nozzle had peak thrust coefficients approximately 
equal to or 1 percent higher than the sharp - plug nozzle . For the 
maximum expansion-ratio setting) the sharp - plug nozzle had a peak 
thrust coefficient 1 percent higher than the rounded-plug nozzle 
which was in disagreement with the wall pressure surveys and is there ­
fore presumed to be i n error. 

The vaned nozzle maintained an approximately constant peak thrust 
coefficient over the entire range of pressure ratios varying from 

. 0.955 to 0.96 . At expansion ratios up to 1 . 69) the thrust coefficients 
of the vaned nozzle were 1/ 2 to 1 percent lower than the plug nozzles. 
At higher expansion ratios,they were about the same . 

Wall static pressures. - The variations in peak thrust coefficient 
between the sharp- and rounded - plug nozzles are also reflected in the 
measured wall-static -pressure distributions along the divergent walls 
of the movable shell for the condition of complete expansion as shown 
with the theoretical isentropic expansion in figures 7(a) to 7(f) . 
The higher the integrated pressure along the divergent walls of a 
convergent -divergent nozzle for a given condition) the higher the 
thrust . Therefore) as was indicated by the thrust coefficients) except 
for the maximum expansion ratio) the pressures along the divergent walls 
of the movable shell were higher for the rounded - plug nozzle . Although 
not presented) the wall static pressures measured along the surfaces 
of the sharp and rounded plugs showed a corresponding effect. It can 
also be seen from figure 7 that) for each of the expansion- ratio set­
tings) the wall-static-pressure ratio at the throat of the nozzle was 
lower than critical) ranging from 0 . 32 to 0 . 37 . This was attributed 
to the expansion of the flow around the sharp corner of the outer shell 
at the throat. For the maximum expansion ratiOS) about 2 .5) the 
integrated wall static pressure was higher for the rounded plug; 
this contradicts the peak thrust coefficients obtained with the 
sharp and rounded plugs. The peak thrust coefficient for the rounded 
plug at an expansion ratio of 2 .5 was more reasonable as compared with 
the value obtained with a fixed -geometry nozzle in reference 1 . 
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The peak thrust coefficient for the rounded plug was therefore believed 
t o be correct} and the peak-thrust - coefficient value for the sharp plug 

vTaS probably 1 to l~ percent high for an expansion-ratio setting of 2.50. 

Although not presented) the pressure distribution along the vanes 
of the vaned nozzle was similar to that for the sharp- and rounded-plug 
nozzles except that the static pressure in the region of the throat 
was higher for the vaned nozzle . 

Air-flow parameters . - The theoretical value of the air-flow 

parameter Wa,fe/A5D for critlGal flow at the throat of a nozzle is 
0 . 344 pounds per second per square inch. The ratio of the experimental 
values of air- flow parameter (fig . 8 ) to the theoretical value gave 
fl ow coefficients ranging from 0 . 945 to 0 . 983 for the sharp -plug 
nozzle) from 0 . 966 to 1 . 00 for the rounded-plug nozzle) and from 0.978 
to 1. 01 for the vaned nozzle. The vaned nozzle) then) had the highest 
over-al l flow coefficients . The air- flow parameter obtained with the 
vaned nozzle at an expansion-ratio setting of 2 . 34 was in error) because 
the actual flow area at the throat of the no zzle could not be measured. 
As it t urned out) the movable vanes had been so adjusted that the small 
circular arcs (see sketch (a)) at the opposite edges of the horizontal 

Sketch (a) 

f lat surfaces of the fixed and movable blades) rather than the flat 
surface s) were opposite each other at the minimum area; thus) the 
throat area was increased) as shown by dimension A in the sketch. The 
~rea between the flat surfaces} illustrated by dimension B} was used 
in calcul ating the air - flow parameter) because the exact area between 
the cir cular arcs could not be determined . This dimension between the 
vane s was s o crit i cal t hat} if the vanes had been so positioned that 
d imension A was increased by 0 . 012 of an inch) t he fl ow coefficient 
woul d have been r educed 1 percent . 

As point ed out previously) the peak thrust coefficients did not 
a lways occur a t the design pressure ratiO; they also occurred at 
pre ssure ratios higher than design . This indicated that the nozzles 
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were effectively operating at an expansion ratio higher than the 
physical expansion rat io of the nozzles . Generally , tho peak thrust 
coefficient occurred at a nozzle pressur e r atio higher than dosign for 
the low expans i on-ratio setting and approached the design pressuro 
ratio at the high expansion-ratio settings . The air - flow par ameters , 
and conse<luently the flow coefficients , were lmwr at the low expans i on 
r atios ; the flow areas at the throats were ther efore smallest in 
r elation to the physical throats ; as a result , the nozzles operated 
at an effectively hi~ler expansion ratio and caused the peak thrust 
coefficients to occur at higher than design pre s sure r at i os . The 
sharp-plug no zz le for an expansion - r at i o setting of 2 . 27, whi ch was 
next to the hi ghest expansion-ratio setting) did not follow t his 
trend . The air- fl ow parameter dropped to the lowest value of any 
expansion-ratio setting) and as a r esult the des i gn pressure rat io .-ras 
much lower than t he pressure r at i o at which t he peak ·t hrust coefficient 
occurred . This expansion-ratio setting of the sharp - plug nozzle was 
also shown herein to have a marked effect on the peak thrust coeffici ent . 
This discussion of the r elation between air- flow parameter and the 
pressur e ratio at which the peak thrust coefficient occurs applies 
mainly to the sharp-plug and the rounded -p lug nozzles ) because ther e 
was insufficient variation in the a ir - flow parameter of the vaned 
nozzle to show any marked t r end except for the expansion- rat i o setting 
of 2 . 34 which has been previously discussed . 

Applicat i on of Results 

The variable-throat conver gent -divergent nozzles discussed herein 
are of the type which r educe the expansion ratio as the throat a r ea is 
i ncr eased . In reference 1 ) it is pointed out that if this type of 
nozzle were applied to a supersonic tur bojet inter ceptor) ,{hi eh was 
designed for a flight Mach number of 2 with afterburning ) the nozzle 
efficiency for t he nonafter urning subsonic -cruise condition would fall 
off considerably because of overexpansion of the nozzle . This general 
t ype of nozz le might, however) s t ill be used on the supersonic t urbojet 
aircraft if t he outer shell wer e of the iris type s o that the expansion 
ratio of t he nozzle could also be controlled . 

In the form investigated , these nozzles are applicahle to ram-jet 
engines for some types of flight plan . In order to illustrate the 
appl icat ion of the type nozzle investigated to a ram-jet flight plan) 
the following assumptions were made : (a) the ram- jet-power ed vehicle 
is air launched at an altitude of 35 )000 feet and i s boosted to a Mach 
number of 2 . 13 , and (b ) the vehicle is accelerated to a Mach number 
of 3 . 0 . Variat i ons of noz zle geometr y and obtai nable thrust coefficients 
over the range of Mach numbers covered during the period of accelerat i on 
are shown in figure 9 . The ratio of nozzle - throat area to combust i on­
chamber a rea r e<luir ed to maintain critical diffuser operat i on for the 
ram jet at stoichiometric fuel -air ratio is sholfn in figur e 9 (a) . The 



2U NACA RM E53D09 9 

ratio of nozzle-throat area to combustion - chamber area decreases from 
a value of 0.55 at a Mach number of 2 . 13 to 0.45 at a Mach number of 3 . 0. 

Nozzle expansion ratios fo r nozzles with three different geometrical 
characteristics are shown in figure 9 (b) . The nozzle - throat -area varia­
tion shown in figure 9(a ) was assumed for the three cases of expansion­
ratio variation shown in figure 9(b) . The ideal isentropic expansion 
ratio (complete expansion of the flow) for the nozzle pressure ratio 
obtained at each flight Mach number is shown by the solid curve . The 
geometrical characteristics of the rounded - plug nozzle were used to 
obtain the other two curves shown in f i gure 9(b) . The dashed curve 
shows the variation in expansion ratio which results if the ideal 
expansion ratio at a Mach number of 2.55 is matched . The curve com­
posed of alternate dots and dashes shows the variation in expansion 
ratio which results if the ideal expans i on ratio at a Mach number of 
2.13 is matched. The actual variation in expansion ratio for these 
last two cases is, of course , a function of the throat - area variation 
and the geometry of the nozzle shell and plug . 

The obtainable nozzle thrust coefficients for the nozzles with 
expansion-ratio variations shown in figure 9 (b ) a r e shown in fig -
ure 9(c). The performance characteristics of the rounded - plug nozzle 
were used to obtain the thrust coefficients shown . The rounded - plug­
nozzle data were extended to hi gher nozzle pressure ratios than those 
investigated by the method described i n r eference 5 in order to obtain 
parts of some of the thrust coefficient curves shown in figure 9(c). 
The thrust coefficient for the nozzle with the ideal-isentropic­
expansion- ratio variation is shown by the solid cur ve. The thrust 
coefficient decreased from a value of 0 . 96 at a flight Mach number of 
2.13 to 0.95 at a flight Mach number of 2 . 66 . Nozzle thrust coefficients 
at flight Mach numbers greater than 2 . 66 could not be shown because 
the corresponding ideal isentropic expansion ratios were beyond the 
range of expansion ratios covered by the experiment al investigation . 

The thrust coefficient for the nozz l e which matches the ideal isen­
tropic expansion ratio only at a f l ight Mach number of 2.55 is shown by th~ 
dashed curve. At a Mach number of 2 . 55, the t hrust coefficient is 0.95 
(equal to that for the ideal-is entropic- expansion-ratio nozzle ) . As the 
Mach number decreases below 2 .55, the thrust coefficient fall~ below that 
for the ideal-isentropic-expansion- rati o nozzle because of overexpansion. 
At a Mach number of 2 .13, the t hrust coeff icient decreased to a value of 
0.92 which is 4 percent below that for the ideal isentropic expansion-ratio 
nozzle . At flight Mach number s greater than 2 .55, the thrust coefficient 
drops off very slowl y to a val ue of 0 . 944 at a fl i ght Mach number of 3.0. 

The thrust coefficient for t he nozz l e which matches the ideal isen­
tropic expansion ratio at a f l ight Mach number of 2 .13 is shown by the 
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alternate dash-dot curve . The thrust coefficient for this nozzle 
decreases from a value of 0 . 96 at a flight Mach number of 2 . 13 to 0 . 94 
at a flight Mach number of 3 . 0 . Although this nozzle is physically 
underexpanded f or all Mach numbers gr eater than 2 . 13 , the thrust 
coefficients are very close to those for the nozzle with the idea l isen­
tropic expansion ratio and even slightly higher for Mach numbers from 2 . 25 
to 2 . 5 . The fact that the thrust coefficient f or a nozzle which is 
physically underexpanded can be equal to or greater than that for a 
nozzle with an ideal isentropic expansion ratio exists because, within 
the range of nozzle pressure ratios involved, the locus of maximum 
thrust coefficients ( see fi g . 6 (b )) de creases with increasing nozzle 
pressure ratio at approximately the same rate as the thrust coefficient 
for an underexpanded nozzle . This characteristic is further illus -
trated by the alternate dash-dot -dot cur ve in figure 9(c) which shows the 
maximum tlrrust coefficient obtainable at the no zzle pressure ratio 
corresponding to each Mach number . A nozzle giving this performance 
has both variable throat and exit and at each Mach number operates 
at an expansion rat io which is lower than the ideal isentropic value 
corresponding to the nozzle pressure ratio . The thrust coefficients 
for such a noz zle decrease from a value of 0 . 974 at a Mach number of 
2 . 13 to 0 . 95 at a Mach number of 2 . 66 . 

CONCLUDING REMARKS 

An internal flmv investigation showed small variations between 
the peak thrust coefficients of three variable - throat conver gent ­
divergent nozzles . The peak thrust coeffici ents for these no zz les 
varied from 0 . 945 to 0 . 975 over a range of no~ zle pressure rat ios 
from 6 to 16 . These thrust coefficien ts approached or equalled 
those previously obtained with several fixed -geometry convergent ­
divergent nozzles . There was little gain in the peak thrust 
coefficient of a variable-throat plug- type convergent- divergent 
nozzle when the sharp corner of a conical center plug was rounded . 

The nozzles investigated were of the type best suited for 
use with r ':".ll- jet missiles desi gned to operate over a wide range 
of flight Mach numbers . Application of the data obtained 'vith the 
rounded -plug nozzle to a typical flight plan of a ram-jet missile 
showed that a thrust coefficient of approximately 0 . 95 was possible 
over a range of flight Mach numbers from 2 . 13 to 3 . 0 by proper 
matching of the nozzle to the required nozzle operating schedule . 
With the performance characteristics of the nozzles investigated, 
this maximum thrust coefficient was obtained by matching the nozz le 
expansion ratio to the flight plan at the minimum flight Mach number 
and allowing the nozz le to operate underexpanded at the higher flight 
Mach numbers . 

Lewis Flight Propulsion Laboratory 
Nat i onal Advisory Committee for Aeronauti.. .. s 

Cleveland, OhiO , March 1:::: , 1%3 
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APPENDIX - SYMBOLS AND METHODS OF CALCULATION 

Symbols 

The following symbols are used in this report : 

outside area, sQ ft 

inside area, sQ ft 

outside area of mounting pipe, sq ft 

thrust coefficient 

thermal- expansion coefficient, ratio of area when hot to area 
when cold 

thrust, lb 

balanced -air- pressure - diaphragm force, lb 

acceleration due to gravity , 32 . 2 ft/sec 2 

Mach number 

mass flow, slugs/sec 

t otal pres sure, lb/sq ft 

s t atic pressure, lb/sq ft 

integrated static pressure acting on outside of bellmouth 
inlet to station 2, lb/sq ft 

integrated static pressure acting on outside of diffuser, 
lb/sq ft 

gas constant, 53 .3 ft - lb/(lb) (OR) for air 

total temperature, OR 

velocity, ft/sec 

air flow, lb/sec 

ratio of specific heats 
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ratio of total pressure at nozzle inlet to absolute pressure 
at NACA standard sea - level conditions 

ratio of total temper atur e at nozzle inlet to absolute tem ­
perature at NACA standard sea-level conditions 

Subscripts : 

e nozzle exit 

i ideal 

j jet 

0 exhaust 

1 mounting pipe inlet) modifi ed inlet pipe 

2 diffuser inlet 

3 mounting pipe inlet) original inlet pipe 

4 nozzle inlet 

5 nozzle throat 

Methods of Calculation 

Air flow . - The nozzle air flow for the original test chamber was 
computed as 

and for the modified test chamber as 

. I 
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The value of y was assumed to be 1 . 4 ) and values of the thermal­
expansion coefficient eX of the areas at the respective stations 

13 

were obtained from the thermal - expansion coefficient for the material 
and the temperature of the material. The material temperature was 
assumed to be the same as the temperature of the air flowing through 
the respective station . 

Thrust. - The jet thrust was defined as 

The actual jet thrust was calculated for the original inlet pipe 
by use of the following e~uation : 

and for the modified inlet pipe from 

where Fd was obtained from balanced- air -pressure - di aphragm measure­

ments. The value of Pl and Vl were computed by one -dimensional 

flow relations from the total and stat i c pressures measured at station 2 
and bhe total temperature measured at station 4 . This method was 
checked by actual preliminary pressure measurements at station 1 and 
found to be accurate . 

The ideally available thrust was calculated as 

Fi = Wa 
2R y [ -(;~)y;] --- T4 g y- l 

Thrust coefficient . - The thrust coefficient is defined as the 
ratio of actual to theoretical jet thrust 
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