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SUMMARY 

An investigation has been conducted in the Langley Unitary Plan wind tunnel 
to determine the nozzle hinge-moment coefficients for the Saturn C-I vehicle with 
various shrouds at Mach number§ from 1 .60 to 2.87. The model used in this i nves­
tigation represented the firs t stage and a modified second stage of the Saturn C-l 
configuration. Nozzle hinge-moment coefficients were obtained from pressure meas­
urements on one nozzle with and without simulated jet f l ow. In addition, pressure 
measurements were obtained on one shroud and at the base of the model. 

A limited analysis of the results of this investigation indicates that the 
long shrouds result in small nozzle hinge-moment coefficients which are relatively 
independent of gimbal angle, Mqch number, and jet flow. When the shrouds a r e 
shortened enough to allow signifi cant impingement of the airstream on the nozzles, 
nozzle gimbal angle, Mach numb~r, and jet flow become important factors in deter­
mining the magnitude of nozzle hinge-moment coefficients. 

INTRODUCTION 

Among the many problems involved with the launch system for a space vehicle 
is control of the system until first stage "dropoff." Control of such systems may 
be either by aerodynami c means such as fins or by thrust -vector control achi eved 
by gimbaling the nozzles. The determining factors in selecting the type of con­
trol is usually based on a compromise of weight and the positive nature of t he 
control. With thrust-vector control, the aerodynamic forces acting on the nozzle 
must be overcome in order to gimbal the nozzles to their required positions . One 
means of reducing or eliminating the aerodynamic loads on the nozzles is by 
shielding them with shrouds. However, complete shielding adds weight and pr e­
sents structural difficulties; therefore, a compromise is necessary in order to 
minimize the weight and structural problems and still maintain sufficiently low 
aerodynamic moments for the gimbal actuators to overcome. 



Inasmuch as the thrust- vector type of control has been selected for the 
Saturn C- l launch vehicle ) an investigation was initiated to determine the type 
and length of shr ouds required for the vehicle . The tests were performed in the 
Langley Unitary Plan wind tunnel at Mach numbers from 1 .60 to 2.81 (this Mach num­
ber range encompasses the anticipated maximum hinge- moments region ) , at angles of 
attack from 00 to _80 ) and with nozzle gimbal angles from 30 inward to 120 out­
ward, radially . Two types of shrouds were investigated) a single- and a double­
flare shroud; the single- flare shroud was tested with three different lengths. 
The data were obtained by means of pressure orifices over the external nozzle 
surfaces both with and without flow through the nozzles . Pressure coefficients 
were a lso obtained over the surfaces of the shrouds and the base of the vehicle . 
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SYMBOLS 

area) s q ft 

nozzle exit area) s q ft 

pressure coefficient) 

incremental pressure coefficient due to strut interference, 

Cp) strut on - Cp) strut off 

nozzle hinge- moment coefficient 

section normal force ) lb 

summation integers 

distance from nozzle pivot to exit plane) in. 

section moment arm) in . 

ach number 

nozzle hinge moment, in- lb 

section moment, in- lb 

static pressure ) Ib/sq ft 

jet- to- free- stream static- pr essure ratio 

dynamic pressure ) lb / sq ft 

radial distance from model center line) in . 



R 

X, Y,Z 

x 

y 

Reynolds number per foot 

axis system ( see Appendix ) 

distance forward of no zzle exi t or end of shroud, in . 

radial distance from nozzle center line, in. 

angle of attack, deg 

meridian angle, deg 

nozzle gimbal angle (measured radial ly with respect to the model center 
line), deg 

Subscripts : 

U upper 

L lower 

2 local 

j jet exit 

00 free stream 

WIND TUNNEL 

The tests were conducted in the Langley Unitary Plan wind tunnel which is a 
variable- pressure return- flow tunnel . The test section is 4 by 4 feet in cross 
section and approximately 7 feet long . The Mach number may be continuously varied 
from 1.5 to 2 . 9 by means of an asymmetric sliding block without shutting down the 
tunnel. Further details of the tunnel may be obtained from reference 1. 

MODEL AND SUPPORT SYSTEM 

A schematic drawing of the model and support system is presented in figures 1 
and 2 (a) . The model was of steel constr uction and represents the first two stages 
of the Saturn C- l vehicle . The first stage is a 1.57-percent model and the second 
stage is modified by shortening the length and replacing the second- to-third-stage 
interface with a conical nose section . (A f oreshortened version of the vehicle 
was necessary in order to test the model wi thout tunnel shock-wave interference 
at M = 1 . 60 and t o retain components lar ge enough for the hinge-moment tests . ) 
The model had a total of eight nozzles , four of which were clustered about the 
center of the base and the other four positioned 900 apart around the base periph­
ery (see model base in fig . 2(b )). The inner f our nozzles were fixed and alined 
parallel to the center line of t he model. The outer four nozzles were canted 60 
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radially outward in their normal position, but could be gimbaled radially from 30 

inward to 120 outward. The nozzles were all designed to have an exit Mach number 
of 2.66; details and coordinates of the nozzles are presented in figure 3. Noz­
zles 2, 3, and 6 (see fig. 4) were instrumented with orifices for measuring exter­
nal surface pressure distribution on the nozzles, and these orifices were located 
as shown in figure 5. In addition, nozzles 4 and 8 had orifices on the inner sur­
face near the exit. (Data from these nozzles were used to compute jet-pressure 
ratios.) Thin plates representing heat shields were provided at the base of the 
model, one between the inner four nozzles (referred to in the tables as a "star") 
1.454 inches from the base and the other 0.715 inch from the base. Heat shields 
were instrumented with pressure orifices as shown in figure 4. The heat shields 
closer to the base were removed for the tests with the shortest shroud. 

The two basic shroud designs, single and double flare, used in this investi­
gation are shown in figure 6. The two modified shrouds differed only in length 
from the single-flare design. The orifice locations on the shrouds are shown in 
figure 7. One shroud was instrumented for each configuration and this shroud was 
the one that shielded the number 2 nozzle. In addition to the regularly instru­
mented shrouds shown in figure 7, a single-flare basic shroud was instrumented 
with 37 pressure orifices, as shown in figure 8, to obtain a more detailed pres­
sure distribution. For jet simulation tests, a high-pressure air supply was 
introduced to the model through holes in the swept strut-support system (see 
fig. 2(a)). 

The air supply system available for jet simulation was capable of providing 
high-pressure air at a sustained flow rate of 2 pounds per second, or a maximum 
flow rate of about 11 pounds per second for about 10 seconds. 

TESTS, MEASUREMENTS, AND DATA PRESENTATION 

The tests were performed through a Mach number range from 1.60 to 2.87, at 
angles of attack from 00 to _80 , and with nozzle gimbal angles of 30 inward and 
60 and 120 outward, radially. Static pressure measurements were obtained on the 
shrouds, the nozzles, the model bases, and at the nozzle exit. These pressures 
were obtained by means of pressure transducers which for the majority of the data 
were accurate to about ±5 Ib/sq ft. The accuracy of the hinge-moment coefficients 
is estimated to be ±0.02 for the lowest value of ~. 

Since it was necessary to test the model with a strut-support system, it 
seemed desirable to determine the interference effects of the strut on the various 
pressure measurements taken at and near the base of the model. Accordingly, a 
similar, wooden model was fabricated that could be sting supported with and with­
out a strut attached. A drawing of this model and photographs are presented in 
figures 9 and 10, respectively. Pressure measurements were taken at locations 
shown in figure 11 for this model with and without the strut. The incremental 
pressure coefficient due to the strut is shown in figures 12 to 14, and, in gen­
eral, this effect is small enough not to compromise the accuracy of the pressure 
measurements obtained for the test vehicle. 
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The nozzle hinge-moment coefficients presented herein were obtained from 
mathematical integration of the pressures measured on the number 2 nozzle. An 
outline of thi s type of integration is presented in the appendix to this paper. 
It should be kept i n mind that the accuracy of the hinge-moment coefficients 
obtained in this manner is limited by the small number of pressure stations 
avai l able. 

Shown in table I are the test conditions for each configuration. Only a 
limited analysis has been made of the effect of various parameters on the nozzle 
hinge-moment coefficients derived from the pressure distribution on the number 2 
nozzle, and these results are presented in figures 15 to 18. 

Complete tabulations of the pressure data for all configurations have been 
calculated in coefficient form and are presented separately in a "Supplement to 
NASA TN D-1962" that may be obtained upon reQues t to the NASA. A reQuest form 
is included at the back of this paper. 

RESULTS AND DISCUSSION 

The effect of shroud geometry on the variation of nozzle hinge-moment coef­
ficient with Mach number in the jet-off condition is presented in figure 15. The 
data in figure 15 indicate that shroud length and nozzle attitude are the impor­
tant considerations concerning the magnitude of hinge-moment coefficients for 
nozzles on launch structures such as the Saturn C-l. When the nozzle is almost 
completely shielded from the airstream by a shroud such as is the case with either 
the single- or double-flare basic shroud, the nozzle hinge-moment coefficients are 
essentially zero at nozzle gimbal angles from 30 inward to 120 outward, and 
throughout the Mach number range from 1. 60 to 2.87. With the shortest shroud 
length (shroud cut to firewall), there is a significant increase in nozzle hinge­
moment coefficient at all test Mach numbers and a further increase in magnitude 
as the nozzle is gimbaled outward radially. For this shortest shroud condition, 
the data also indicate that, as increased portions of the nozzle are affected by 
airstream impingement due to gimbaling the nozzles outward, there is a decrease 
in hinge-moment coefficient with increasing Mach number. The hinge-moment coef­
ficients for the intermediate-length shroud configuration (shroud cut to heat 
shield) are about zero for a gimbal angle of -30 at all test Mach numbers; how­
ever, with gimbal angles outward 60 and 120 , there is an appreciable increase in 
hinge-moment coefficient, although not nearly as great as for the configuration 
with the shroud cut to firewall. The effect of nozzle gimbal angle on the shorter 
shroud configurations may be seen more clearly in figure 16 which presents the 
effect of angle of attack on the variation of nozzle hinge-moment coefficient 
with gimbal angle in the jet-off condition. (See specifically figs. 16(c) and 
l6(d).) Figure 16 also shows there are only small effects of angle of attack to 
_80 on the variation of nozzle hinge-moment coefficient with nozzle gimbal angle 
for single- and double- flare basic shroud configurations. For the shorter shroud 
configurations, the effects due to angle of attack in some cases are comparable 
in magnitude to the jet-flow effects for these configurations. 

The effect of jet pressure ratio on the variation of nozzle hinge-moment 
coefficient with gimbal angle at ~ = 00 is presented in figure 17. This figure 
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indicates that there is little or no effect of jet flow on the basic shroud 
length configurations at any of the test Mach numbers . With the shroud cut to 
heat shield) some effects of jet pressure ratio on nozzle hinge- moment coeffi­
cients may be noted; however) these effects are generally of small magnitude 
compared with the effects obtained for the shortest shroud configuration . With 
the shroud cut to firewall there is an appreciable effect of jet flow . At 
M = 1 . 60) ~ = 00 ) and Pj/Poo = 3.4, there is an almost constant increase in 

hinge- moment coefficient at all test gimbal angles as compared with the no- jet­
flow condition . At the higher Mach numbers of the test and with higher ratios 
of Pj/POO) jet flow causes a decrease in hinge- moment coefficient . To inspect 
further this reversal of effect of jet flow on nozzle hinge- moment coeffici ents ) 
the data for the shroud cut to firewall were plotted as a function of angle of 
attack at M = 1 . 60 and M = 2 .00 for conditions with and without jet flow in 
figure 18 . These data show the same reversal of effect of jet flow at ~ = 00 

noted in figure 17; however) at an angle of attack of _80
) the ef fect of jet flow 

is the same for both Mach numbers . Insufficient data were obtained to determine 
whether the reversal of jet flow effect at ~ = 00 between Moo = 1 . 60 and 
Moo = 2 .00 is caused by jet flow ratio or Mach number . 

Shown in figures 19 to 22 are some typical schlieren photographs of the four 
shroud configurations at various test conditions . 

CONCLUDING REMARKS 

Tests of a modified Saturn C- l model configuration to determine the nozzle 
hinge-moment coefficients with various shrouds at Mach numbers from 1 . 60 to 2.87 
indicate the following : 

1 . Shroud length is the major factor influencing nozzle hinge moments on 
this type of vehicle . 

2 . When there is significant impingement of the airstream on the nozzle) the 
nozzle gimbal angle ) Mach number) and jet flow become important factors in deter­
mining the magni tude of nozzle hinge- moment coefficients . 

Langley Research Center, 
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APPENDIX 

MATHEMATICAL INTEGRATION OF PRESSURES ON A NOZZLE 

y 

z 
Ii ~ I 

Pivot 0 0 Orifices 

point .~ -0 ---9 - ---1:;--- Y 
0 0 0 I. Stations 1 5 3 2 

~l = 1 . 54 

The nozzle hinge moment is determined from the pressure distribution on a 
nozzle based on the following assumptions : 

1. Only normal component of pressure acting perpendicular to the X-axis of 
the nozzle contributes to the hinge moment . 

2 . At a given station, as indicated in the sketch, each measured pressure 
acts on an equal area. 

Then the section normal force is : 

or 
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where Pk is the pressure at a par t i cular or ifice and Ak is the projected area 

associated with that orifice . 

At a gi ven station A2 =~, A3 = AS, and A4 = A7 

Then the section moment can be comput ed fo r t hat station as follows : 

M· = L.F · 111 

where Li i s a section moment arm. Then t he t otal nozzle hinge moment is : 

5 

MH = I LiFi 

i=l 

from which t he t otal nozzle hinge-moment coeffi ci ent s are obtained : 

s 

I 

~ 
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1 . Anon .: Manual for Users of the Unitary Plan Wind Tunnel Facilities of t he 
National Advisory Committee for Aeronautics. NACAJ 1956. 
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TABLE I . - TEST CONDITIONS FOR EACH CONFIGURATION INVESTIGATED 

Tes t conditions (nominal values) x indicates specific test conditions investigated for configuration : 

a., R, 'loo, 
Pjlp~ A-l A- 2 A- 3 A- 4 B- 1 B- 2 B- 3 B-4 C- l (;-4 M., deg per ft lb/sq ft C-2 C- 3 0- 1 E- l F-5 

0 X X X X X X X X X X X X X x 
2 .8 x 
3 ·0 x x x x x x x x x x x 

1. 60 Range 
.. 

2 .9 x 10- 6 645 3·4 x x x x x x x x x x x X x 
3 ·9 x 
4 ·5 x 
4 .8 x 

\. 6 ·5 x 

0 x x x x x x x x x x x x x 
5 · 1 x 
5 · 5 x 

2 .00 Range 2 .5 x 10- 6 553 6 · 3 x x x x x x x x x x x x 
7 · 1 x l S · 3 

x 
8 ·7 x 

11.9 x 

C 
x x x x x x x x x x x x x 

9 . 4 x 

2 .0 x 10- 6 
10 .1 x 

2 . 40 Range 435 11 . 4 x x x X X X X X X X X x 
12 .8 x 
15 · 4 x 
16 .0 x 
21 . 4 x 

2 . 4 540 9 · 3 x 
2 . 4 540 12 .8 x 
1. 5 327 15 · 3 x 
1. 5 327 21. 4 x 

C' 
x x x x x x x x x x x x x x 
x 

1 .6 x 10- 6 
20· 5 x 

2 .87 Range 3 · 04 23 ·6 x x x x x x X X X X X x x 
25 · 3 x 
31.2 x 
42 . 2 x 

~---

· CONFIGURATION CODE 

[Letters A, B, C, .. . refer to nozzle conditions j numbers 1, 2 , 3, . .. refer to shroud deSign] 

Nozzle Shroud 

A Nozzles 1, 2, 3, and 4 gimbaled 1 Basic shroud length; single flare . 
6° out ..... a rd. 2 Basic shroud lengthj double flare . 

B Nozzles 2 and 3 gimbaled 12° outward; 3 Shroud cut to heat shield . 
nozzles 1 and 4 gimbaled 6° out...,ard . 4 Shroud cut to fire .... all . 

C Nozzles 2 and 3 gimbaled 30 inward ; 5 Pressure shroud (baSic shroud length ; 
nozzles 1 and 4 gimbaled 60 outward . single flare instrumented wi th 

D Nozzle 1 pl~ed; nozzles 2, 3, and 4 37 orifices) . 
gimbaled 3 inward. 

E Nozzle 7 plugged; nozzles 1 , 2 , ), and 
gimbaled l~ outward . 

F Nozzle 1 plugged; nozzles 2 , 3, and 4 
gimbaled 6° outward . 

• {Range of a. : 00 , _20 , _40, and _8° . 



~ 
~ 

Tunnel CL 

24 .0 

~ ____________________________ 30.5 ____________________________ ~ 

Strout ---_ 

Tunnel •• 11 

Figure 1.- Tunnel installation of the C- l Saturn model. 
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(a ) Drawing of C- l Saturn model . 
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Figure 2 .- Drawing and photograph of C- l Saturn model used in nozzel hin~e -moment tests . 
unless otherwise noted . ) 

(All dimensions are in inches 
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(b) Photographs of C- l Saturn model with basic single- flare shroud. L-6l -7885 

Figure 2 . - Concluded. 
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1.135 0.244 
1.175 0.250 

Figure 3. - De tails of nozzl e . (All dimensions in inches unless otherwise noted .) 
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Section A-A 
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Orifice 
¢, deg number r, in . 

63 0.230 135 
64 .115 135 
65 0 0 
66 .115 315 

A ~ ( (!) (!) ill 

67 .230 315 
68 .681 315 
69 ·799 315 
70 ·917 315 
71 1.126 0 
72 1.251 0 

~ ~ 0 . 115 ( typi, al] 

73 1.376 0 Detail of heat shield between inboard nozzles . 

Figure 4. - Orifice location on heat shields. (All dimensions are in inches unless otherwise 
indi cated . ) 
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Figure 5.- Orifice location on the nozzles. 
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Figure 6.- Detail drawing of shrouds . (All dimensions in inches unless otherwise noted. ) 
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Figure 7. - Orifice locations on the shrouds . 
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Figure 8. - Orifice l oca t ions on t he singl e- f l a r e speci a l shr oud . (All dimensions are in inches 
unl ess otherwi se stated. ) 
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Figure 9.- Drawing of C- l Saturn model used for strut interference tests . (All dimensions in inches unless otherwise 
noted . ) 
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(a ) Photograph of C- l Saturn model with strut off . L-60-7373 

(b ) Photograph of C- l Saturn model with strut on. L-60-7377 

Figure 10 . - Photographs of strut- interference model. 
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Figure 11 . - Pressure orifice location on C- l Saturn strut- interference model . 
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Figure 12. - Effects of strut on the pressure of the four outer nozzles of C- l Saturn vehicle at 
various Mach numbers . 

23 



24 

. 04 

AC 
P 

o 

o 

o 

o 

o 

o 

o 

o 

" 

- 04 . 0 

,~ 

, , 

.. 
0 

0 

<> 
'"" /::,. 

,. 

" 

~ 

cx,deg 
* 

-6 ° 
- 4° 
-2° 
0° 

" '" 

, , 

" 

90 

-

L 

, , 

.~ 

180 
Ill, de 9 

(b ) Moo = 2 . 00 . 

-

'" 

Figure 12.- Cont inued . 

x , in 

-r .43 

1.0 7 

. 10 

.76 

. 10 

-ff 

.76 

.4 3 

, , .1.0 7 

-
270 

. 

" 

:q 

fI 
· II 

Noz 
Num 

1 

1 

z Ie 
ber 

2 

2 

3 

3 , . 

4 

4 



~-- -----

. 04 

Ae p 

0 

o 

o 

o 

o 

o 

o 

-.04 o 

a,deg 
o -6° i [Eg 

o -4° 
0 -2° 
/';. 0° 

90 180 
¢ , de 9 

(c ) M", = 2 · 50. 

Figure 12 .- Continued. 

Noz z Ie 
x , in • Num ber 

.43 

1.07 1 

.10 2 

.76 2 

.10 3 

.76 3 

1.0 7 ~ ~~ 4 

2 0 

25 



0 
0 

· 04 
0 
/::;. 

o 
....-

o " 

o 

o " 

o -

, . 

o " 

o Q, 

o 

- . 04 0 

26 

cx , de g 
- 6 ° 
- 4° 
- 2 ° 
0° 

, . 

~ 

90 

, , 

-

, , , 

" 

-

- , 

-

-
...., 

180 
¢ , de 9 

( d ) Moo = 2 . 80 . 

Figure 12 . - Concluded. 

, . 

, " 

....-

~ 
.j::tj 

Noz 
x , in. Num 

.43 1 

1.07 1 

t:l 

.10 2 

.76 2 

, , . 10 3 

-l-h 

• 76~ §§IE 3 ' ' gB-,; 
:j:J 

.43 4 
:rl:f 
::::; 
::= 

, ' ~~ , -1 • 07 , ':c 4 

-l-h 

270 

z Ie 
ber 



1-

f\) 
----l 

~c 
p 

o 

o 

o 

o 

o 

o 

o 

o 

-.04 
180 

0 

0 

0 
/:;. 

cx,deg 
-6 ° 
_4° 
-2° 
0° 

225 270 
¢,deg 

315 

r , I r I • 

III 
T 

----~----- - -------

Moo 
<tmm 

~ l. 6 

:?oo 

, • <t-lmIifll2 

j1;4_ 2 

LL. u~ Ii 

I~ J 

:0 ?' .5 

::> I?~ __ fi 

360 

Figure 13.- Effects of strut on the base pressures of the C- l Saturn vehicle . 
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