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ABSTRACT

An investigation was conducted in tile 16-Ft Transonic Tunnel
of the Propulsion Wind Tunnel Facility at the Arnold Center to
,avaluate base heating of the Saturn S-1 Booster.

Various turbine exhaust stack configurations were tested over
a Mach number range of 0. 6 to 1. 5, an altitude range of 10, 000 ft
to 42,000 ft, and a missile angle-of-attack range of 0 to -7 1/2 deg.
Rocket engines using liquid oxygen and RP-1 were used to simulate
the full-scale engine exhaust, and hydrogen was used to simulate
the turbo-pump exhaust.

Base burning at all test conditions was eliminated for .'.,ly one
of the turbine exhaust stack configurations. Various degrees of base
burning were obtained for all other exhaust stack configurations,
but no burning occurred at a free-stream Mach number of 1. 5 for
the trajectory altitude. At altitudes above 29,000 ft, only localized
base burning occurred and the accompanying heating rates were low.
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NOMENCLATURE

cp Specific heat of calorimeter slug function of material and
temperature). Btu/lb-*R

1) Body di; meLter, 13. 92 in.

dTdt Slope of temperature-tiine history curve
dq

he Experinental convection film conductance, d--

Btu, ft
2 -sec-H 

dT'

NI. Free-st ream Ni hch numbv r

Mx L,oca! Iarh utnbt'r

O'F ()xidi.er to fuel weight flow ratio

p. Free-stream static press tre. lb 1 ft 2

Pb Average base static pre.-sure. lb/ft2

t Calorimeter heating rate, j. Cpi 7 8 Btu't -see

Aq Changt in ca'orimvter total heat rat, due to turbine exhaust
tnt roduction. Btu, t 2 -sec (q, turbine exhaust on. -q. turbine
exhtiust off)

T Temperature OF

T Gas temperature. *F

(T) U -stitliatod equilibriun tenipoi atu.e. *F

t Tite, tec

x Dttutiace front mudel surface. in,

D Mudel atiile uf attavk. del

0 Ca!,)rincter locoiiiol. dog clockwise around an engine (The
line cunnecting the renter of th. engi-t' and the ceiter of its
turbine exhaubt duct 1s Acro deg.

p )ensity of slug materalI. Ib/rt 1

Thickness of calorimeter alu... 0t
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INTRODUCTION

.\t the request of the George ('. Marshal Space F'lih.' Center, NASA,
tests were cc,'cted to determine base heating on a 5. 47-percent scale
,ncdel of the S'.urn S-1 booster. Reported herein ore the results of tests
conducted in the 16-Ft Transonic Tunnel of the PWT, Arnold Center, Air
Force Systems Command, from May 9 to Mi;y 26, I;61..

Scale rock,,t engines burning liquid o-x)gten and RP-I were used to
produce the main engine exhaust. Hydrogen was used to simulate the
fuel-rich turbo-pump exhaust. Several exhaust stack configurations were
tested covering a Mach number range from 0. 5 to 1.5 at predicted trajcc-
tory altitudes. In addition, more extensive tests were made with one
tUrbine exhaust configuration to (ittermin,. the effects r)f angle of attack,
one-engine inuperativo'. and uff-t'ajectoxrv altitudes on base-heating.

APPARATUS

TEST FACILITY

The P\WT 16- Ft Transonic Tunnel is a continuous flow, closd-
circ,it type %ind tuntiel in which Mach nwmkber can be varied fran 0. 5
to 1. 6 and altitude from sea level to ovow 100, 000 rt. The rocket exhaust
g,,es are removed from the circuit by scavenging system, and simul-
tateoUslv, eonditiuned iir is supplied through the make-up air tiystem to
maintain the tunntel at equilibrium conditi ms. More complete descrip-
tions of thi. tuntel and propLUsion testing thereit are given In Refs. I
and :', respecttiely. Shown in Fig. I is a sketch of the tunnel test section
withi the bat;ic model installed.

The rocket propelant system includes equipment designed to deliver
liquid oxygen and ftoel at controlled flow rates and auxiliary systems pro-
viding fur engine ignitittl, water cooling, and nitrogen for line purging
and ishroud line pressuritation. Tie rocket propellant systemn is shown
schematically in Fia. 2. an- % more complett description of the system
ib givetI In ,efr, 3.

Manuscrip~t released by aithutrs August 1961.
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TEST ARTICLE

An arbitrary forebody was used witzi an exact scale shroud and en-
gine compartment. The model had a spherical nose section and a conic
transition to the cylindrical body. The contoured aft section was fitted
with eight engines and a removable heat shield. Views of the strut
mounted model in the 16-Ft test section are shown in Fig. 3. A dimen-
sional i~ketch of the model is shown in Fig. 4.

Turba.Pumo Exhausts

The simulated turbo-pump exhaust for the four outer enigines was
ducted through exhausterators installed on each of the engines. The
design was such that the exhaust was injected into the jet at 90 deg to
the jeL through art annular slot at the jet exit plane.

Various exhaust stack configurations which projected from the side
c,. the .- odel were used to simulate turbo-pump exhaust ducts for the
four inner engines. The exhaust stack configurations tested are shown
in Figs. 5 through 7. The heating value of the exhaust of the full-scale
turbines was simulated by a flow of approximately 0. 01 lbi'sec of hydro-
gen through each of the eight turbine exhatists.

Engines

The r'ocket engines which were developed by the George C, Marshal'.
Space Flight Center, NASA. has an area ratio of 7. 72 and were designed
to operate at a nomninal chamber pressure of 500 psia. an 0,F ratio of
approv'matcly 2. and a total propellant flow of 2. 25 lbisec per engine.
Cooling was accomplished with an integral water ja%.icet at a flcw r-ate of
3 lb. soc . All engines were ignited simultaneously by injecting trieth-
ylaa Iuninuzn (a pyrophoric fuel) into a section of a secondary fPiel line.
Injectilin o.f the pyrophoric Nuei intu the ev~ine by the secondary fuel flow
restilted In ignition with 1.0-; avid subsequent burning of the secondary
f~ow which was followed by the niain stage rue: flow. The triethyln'uimifum
and subsequent secotidar ' rutl nlo* entered at the center of the injector,
and) the main stage fuel was introderd through peripheral rows of oni-
ffices in the injector.

IMSTRUMEHTATION

4L'sloritneter and pressure o'rifice locations on the hea! shield are
shojwn in Fig. 8. During engine operation. heat shield temnweraiures
and pressure measurements were continuously cumnmutatec at a rate of
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100) per second into .1 high -speed digitizer and reccrded on magnetic tape.

Base pressure trl.sducers were located In the model, and calorimeter

temperatures wero mieasured by meial. of chromel alumel thermocouples.

CALORIMETERS

The model heat shield was of sandwich con,.Lruction and consisted of

a Ii 16-in. thick mild steel forward plate and a I/ 16-in. thick copper aft

plate. the segments were separated with a 0. 38-in. thick sheet of

MIIN-K insulating material. The calorimeters were mounted flush with

the aft plate. The calorimeter Incation designations shown in Fig. 8 also

indicate the type of calorimeter. Calorimeter descriptions and constants

are presented in Table 1 fcr each type of calorimeter.

ENGINE INSTRUMENTATION

Transducers located in the model measured individual engine eharn-
ber pressures, which were monitored on strip chart recorders. These
recorders were used also as permissive switches to prevent opening of

the main stage fuel valve unless each engine was running on secondary

fuel flow. Millivolt indicators were .sed to monitor engine cooling water

temperature rise and also to provide an over-temperature cutoff. Water,

liquid oxygen, and RH-i fuel flow rates were monitored by using turbine-
type flow meters.

PROCEDURE

These tests were run at predicted Saturn trajectory altitudes and

Mach numbers. Several test points were run to investigate the effect of

free-stream static press ure on base heating at a fixed Mach number.

Full-scale engine chamber pressure rould not be attained with the exist-
ing scale engines. In order not to compromise the phenomenon of base
burning, correct altitude pressures were run rather than match exit
pressure ratio. The turbo-exhaust was simulated with hydrogen at a
weight flow which duplicsted the scale heating value of the fuel-rich
turbo-pump exhaust. The exit total and static pressures nnd tempera-
ture of the full-gcale turbine exhaust were not simulated.

J's _oajth td8n t'ln Ue tunniel conditions were established at the
dop I~i htitli fk hurnbOJ" and altitude, and a test point was taken to docu-
ment the tunnel set conditions. A countdown of 15 seconds was iised to

13
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st at trnnsilent recurtlittg &4.qii., 1pm t and eaktuvas and$ a1( tC!. t point to
establish thlt ossentially stdy-state data was aiutomnatically recorded
at +5 SQconlds. En:1gint' ''p'srat ion at stabil ized chamuber conditions had a
dhuration of 1t) NLucohidx. The enlginets wcrv(1 pe rated at approximately
So00 ps ia chamiber pressu re and ait O/ raitio of ;'Iyrox i nately 2. 1. No
:itVIcIIt Wals ma1de to 11nvestigaite the-se pat inieters as text variables.
Hrdti!Ig vah.-s with turbitne-exhauist off were established during the first
funtx seconcis or main stdit, tvn git ope-ration; til-e1 yd rogeti v:-vo- was theni
openied, and heating raites were estanbiishe ,d With 01v simulated turbine'
VXhaLUSt flow. Unless a configur,'k oil change was rt-quired 5 the test con-
ditionls for anouther Point oni the tvajectory we-re establ ished and the ahove
pivcL'dure was$ re'peated.

RESULTS AND DISCUSSION

BOUNDARY-LAYER SURVEY

To document the flow in the vicinity of the aft end of the missile,
boundaiyv layer surveys were made 1 2 in. upstream of the base shroud
exit. The results of these surveys made during a portion of the test are
shown in Fig. 9.

BASE HEATING

Heating rates were obtained both with and without simulated turbine
exhRuSt for each rocket firing. All heating rates were computed by deter-
mining the change in calorimeter temperature over o 0. *l-sec time interval
and applying the proper calorinicter constant.

Various compromises were reqvired in the scale model, and the-re-
fore, the heating rates presented hierein :11'( useful iii obtaining~ trend.,
and for configuration comp~arisons, but shotild be used with caution to
obtain full-seCtlle heating rates. nhese ctim;rornisesa inClUded differences
in inner engine cant-angle and clearanice at the exits, engine-exit to free-
stream static-jpressure ratio, engine 0110 ratio, engine combustion effi-
ciency, and turbine exhaust aerodynamic ocharacteristics. Trhe effect of
setle of these ctinpromiises oil the base heating rates will be discussed
later.

Star ShI.IJ Meotiog

Hleating rates for various trajIectory contditionS s a rum~iln Of
calorimeter temperature foi- the star shield (see F~ig. 8) are Lihownl in

14
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Figs. tO, ! 1, 1,2, mtid l~i for all turbo-exhaust stuck configurat Ions. For
cach test condition, heatingr rates were established during the whole period
of engine operation; the first five secoaids provided heating rates for the
turbine-exhaumt-off Ulld the reinamadut of the f~ring provided heating rates
for the combined engine mid tti rboi-exhaiist ope rat ion.

rhLe experimlentali film heat t ransfvr coefficients obtained by taking
the sl.)IL' or the heating rate temiperature data in F~igs. If0, 11, 12, and 13
a11N, prcsvntevt in Fig. I11a a fuIncti(in ofC fre-st recam static pressure
(trajec-tory Mach number is alL~t) indicated). Star shield heating was
essentiall 'y the samie for all exhaust (.onf igtorat ions. The equilibrium
Wall temperwatuLre determined by extrapolation of the data to a heatin~g
rate of zero( is shown in IFig. 15. ThiAs temperature is believed to be
verv nearly the local stagnation temperatuire since the radiation heating
rate observed on other portions of the heat ohield was small (no satis-
factory radiation heating measurements were obtained on the star shi'eld).

The increase in equilibrium wall temperature (Fig. 15) produced
when the turbo-exhaust was introduced indic-tes that the flow at the
center of the base was an aspir~.ting one. The near agreement of the
equilibrium temperatures and film coefficients with and without turbo-
exhaust flow. obtain-d at the highest Mach numbers and altitudes, indi-
cates that inner-engine exhaust backf'low wili predominate at higher alti-
tudes. Sinc~e the properties of the gas mixture flowing over the star
shield are unknown for both the model and full-scale vehicle prior to
backflow, correction of the model heating rates tu full-scale would be
uncertain. If the full-scale and model engine exhaust properties are
known, backflow heating rates could be obtained by proper application
of Reynolds and] Prartdtl numbers to the experimental film coefficient.
Correction of the adiabatic wall temperature for the higher exhaust gas
temperatures of the full.-scale configuration would also be required.

The model inner engine 0-dog cant-angle and smaller than scale
clearances between the engines at the exits would cause the transition
from aspiration to backflow to occur at a lower pressure ratio than the
three-degree outward cant-angle and larger clearance spaces of the full-
scale booster. Thus, the backflow and higher heating rates would be
delayed to some extent for the full-scale configuration. The considerably
lower engine exhaust stagnation temperatures of the model engines in
comparison to the full-sc'ule engines. however, result in lower star
shield turbine -exhaust -off heating rates. Low model engine combustion
efficiency andi the lower 0/ F ratio At which peak efficiency was obtained
resulted in an emtimated stagnation temperature of 3860OR in cumparison
to a theoretical stagnation temperature of 5600"R at the full-scale 0/P
ratilo.

15
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Primary Heat Shield

For comparison of turbine exhaust stack configurations and test
variables, heating i-.tes at fixed calorimeter tempe. atures are presented.
Since heating rate is a function of the calorimeter (or temperature,
all heating rates used for comparison purposes were selected at the P".me
calorimetc-r temperature. The heating rates presented for turbine-
exhaust-of! are for an arbitrary calorimelter temperature of approxi-
mutely 100"F. The change in heating rate that is preF.,nted to compare
the effect uf the tuiabine exhaust is for a calorimeter temperature of
approximately 180*F. The heating rates measured on the primary heat
shield we"' lower, in general, than those measured on the star shield.
These heating rates and accompanying temperature changes were too
snmall to obtain accurate film coefficients and equilibrium temperatures.

The heating rates without turbine exhaust for various calorimeters
are presetnted as a function of calorimeter azimuth location about two of
tL outev- engines in Fig. 1&. With the exception of the calorimeters
located at 0 deg and 125 deg, the general level of the turbine-evhuist-
off heatinf, rate is approximately 5 Btu/ft 2 /sec. The calorimeters with
the lower heating rates were partially shielded by the model skin exten-
sion beyond the heat shield, and in addition were subjected to cooling
fron free-stream air flow inducted through nearby scoops. The radia-
tion heating for all locations and test conditions was approximately
2 Btuift 2 /sec. Assuming that the radiation is proportional to the fourth
power of the engine exhaust stagnation temperature, the full-scale radia-
tion level would be approximately 12 Btu/ft 2 /sec. Bare thermocouples
located in the model just aft of the heat shield indicated an essentially
constant tempera:ture of 200"F. This relatively low gas temperature
indicated that a negligible amount of engine exhaust was present in the
base. Relatively low equilibrium temperatures would be obtained even
with the higher full-scale exhaust stagnation temperatures.

The effect of the simulated turbine exhaust flow on base heating is
shown in Figs. 17, 18, 20, and 21 as the change in heating rate, which
occurred when the turbfne exhaust was turned on. An increase in heating
occurred for all test conditions in which any effect of turbine exhaust was
observed.

Figures i7 and 18 show a comparison of the base heating for different
turbine exhaust configurations at M. = 0. 8 and 1. 2. The heat flux did not
increase above turbine-exhaust-off heating rates at M. = 1. 5 for any of
the configur..tions, nor did the turbine exhaust produce any convective
cooling 41 the base. The streamlined exhaust stacks (configuration 3)
showed no increase in base heating rate at any test condition. The fact

16
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that base burning was; eliminated with this configuration indi:ates that
the exhau:sterators ort the four outboard engines did not cause significant
base burning. No significant ditferences in base heating were observed
at M. - 0. 8 for the other exhaust stack configurations; however, at
M- 1.2 for configuration 2 (short stack), the heating rate increases
were greater than for configuration 1-,A (long stack, streamline bracket).
The heating rates measured around engine number 2 location we-c signif-
icantly higher than for the engine number 3 location when the short stacks
were used. This may be attributed to differences in stack height (the
stack height in this quadrant was 12 percent low,-r than ln the others).

Insu~fficient thermocUupIC instrumentation was installed to determine
gas temperature profiles in the boundary layer or temperature distribu-
tions at the surface of the heat shield. Thermocouples projecting through
the primary heat shield near engine number 3 (see Fig. 8) however, had
a very rapid response and measured essentially constant temperatures
during each of the phases of operation (turbine-exhaust-off and turbine-
exhaust-on). A qualitative comparison of the base burning for the turbine
exhaust stack configui ,taios was, therefore, readily obtained from these
temperatures as showr in Fig. 19. The conclusions drawn from these
comparisons are the same as those obtained from the heating rates. The
temperatures indicate no base burning with configuration 3 and configura-
tion 2, compared to I-A, showed increased burning at M. = 1. 2 and
reduced burning at M. I 0. 8. No burning was observed below 500 psfa
frec-streamn static pressure for any of the configurations; however, the
scale effects ,re such that burning could persist in the full-scale configu-
ration to lower fiee-stream static pressures.

The effect of off-trajectory altitude on base heating at M. = 1.2 is
shown in Fig. 20. At trajectory altitude (29, 000 ft) base heating was
extensive; however, a small increase in altitude resulted only in local-
ized heating. At 42, 000 ft, the base heating from the turbine exhaust
was essentially eliminated.

As shown in Fig. 21, the increase in heating due to the turbine ex-
haust was essentially the same at 0 deg and -4 deg angle of attack; how-
ever, the increase in heat flux around the top engine (number 2) Pt
-7 1/2 deg angle of attack was the highest noted during the test.

Since the failure of one of the engines would not necessarily abort
a flight, it was desirable !o determine the effect of an inoperative engine
rn the base heating. This condition was investigated with the number 7
engine inoperative. The increase in heat flux decreased around the top
(number 2) engine and increased neat, the side engine (number 3) as
shown in Fig. 22. Small but negligible effects were noted for the turbine-
exhaust-off heating rates.

17
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BASE PRESSURES

The ratio of base pressure to free-strc aran static pressure for the
primary heat ,icld is shown in Fig. 23 for trajectory conditions. Opera-
tio of the engines resulted in an increase in base pressure an would be
expected. At MW a 1. 2 a significant irtcrlease in base pressure was ob-
served when the simulated turbine exhaust was used. The effect was the
bame for all turbine exhaust configurations. The increase in base pres-
sutre was not influenced by the exhaust stack configuration and is believed
to be tttributable to the change in the jet wake caused by the exhaustera-
tot '.

The ratio of base pressure on the star shield to free-stream static
pressure is shown in Fig. 24. Comparison of the star shield base pres-
SU'e ratios with the primary shield base pressure ratios (shown dashed)
itidicate. high aspiration at the low Mach numbers, and the equalized
press.-res at M. 1.4 and 1. 5 indicate the transition to backflow, as
was also shown by the star shield heating (Fig. 15).

The effect of higher trajectory altitudes at M. : 1. 2 is shown In
Fig. 25. The base pressure raLios for turbine-exhaust-off operation
were found to be a linear function of the free-stream static pressure and
increased as the free-stream static pressure was reduced. At the higher
altitudes (lower pressures) the change in base pressure produced by the
turbine exhaust was negligible. The effect of the engine exhaust on the
base pressure was small at the higher pressures and very large at the
lower pressures. The higher Mach number data at comparable free-
stream stntl', pressurcs indicate t-, hu power on base pressure is
also dependent upon Mach number as well as free-stream static pressure.

CONCLUSIONS

1. Simulated turbine exhaust flow caused increased star shield equilib-
rium wall temperatures and lower film coefficients for all exhaust
stack configurations at the lower Mach number and altitude trajec-
tory conditions.

2. Negligible effects of the turbine-exhaust on star shield heating at
the maximum test Mach number indicated the transition from inner
engine base aspiration to backfilow occurred at this condition.
Eqjallzation of the primary heat shield and star shield pressures
at theic test conditions also showed this base flow tranaition.

18
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.. Burning of the simulated turbine exhaust gases In the missile base
did riot occur when the streamline exhaust stacks were used. Burn-
ing did occur at some of the test conditions when the other exhaust
stnek conf igu rat ions were used.

.The base burning phcrinenori wawz f!--nd to be influenced by trajec-
tory altitude at M. 1. 2 with neajr zero increases in heat'ig rates
duei to the tutrbine exhaust at higher altitudes.

5. Increased base heating due to increasing the angle of attack was not
significant below approximately 4 (deg. At 7-1/2 deg, large in-
cvtascc in base heating were 1produiced.
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