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FOREWORD

Hus \olmm is one ot a () \olume fmal Leport of the btudy of a Smgle stage Earth-' :
'mlntal Reusable Vcehicle (SIS RV). The study was conducted by the Chrysler Corpora- s
. tmn Space Dl\'lbl()n (CCbD) for the National. Aexonautlcs and- Space- Admlmstratxon, S

o Gt ()1“0 C. Mar slmll Space Flight Centcr under. Contract NAS8-26341. The purpose

of the study was to evaluate the potentml of SERV. as. Lhe boost élement ‘of.a candldate

‘”'"Spdco transportation system. To establish the SERV. potent1al five key technical

Careas affecting concept f(,d&lblht‘. were 1dent1f1cd for exammatmn engme performance,

",',‘dm ‘'odynamic chax acteristics,. thelmal protectmn subsystem welghto, and the landmg

‘miethod.  The results of these analyses are pubhshed in a final report cons13tmg of tne

lnllo“mg, six volumeS'

A oyl - Mgt ad =N b e et £ A e ks ko e

o \'olume 1 Summarcy
o Volume 2 \elodynamlc Model Testmg
e V‘olume 3 Concept kvaluation
Volume 4 Vehicle Délinition
~Volume 5 Operations Definition
Volume 6 Resourccs

Clnyslcx olatofully acknowlod;,es the cooperatlon and support of North Amerxcan Rock-
well Corporation, Rocketdyne Division, who under subcontract assisted in ‘the model

test, and analyzed the test results of the uniquely integrated SERV engine-to-structure
concept.  Rocketdyne also generated parametric engine data and designed. the SERV.
" aerospike engine. - Chrysler also acknowledges the support and technical asmstance

- received from Detroit Diesel Alhson Division of General Motors Corpox‘atxon who pro- -

: .\'1dcd parametric engine data for advanced technology direct lift gas turbine engines. and

' ‘the ‘AVCO Systems Division who provided design and cost data for thermal protectwn
: ystuns In addition, _acknowledgement is made to the following NASA and DOD agencies '
for their cooperation during wmd tunnel testing: NASA Ames, NASA-IaRC, NASA MSFC, »
~and AF-AEDC. ‘ :

The study was managed and supervnsed by

~ Charles E. Tharratt ~ Study Manager ) o
~'William R. Baldwin Principal Systems Analyst
John H. Wood - - Principal Performance Analyst

© Arthur P. Raymohd Il Principal Proglam Analyst’

- of the (,hLyslel Cor poration Space Division, supported by Robert E. Schnurstem of the
. North American Rockwell Corporation, Rocketdyne Division. The study was conducted
~under the.direction of Robert J. Davies, NASA study manager. ‘ ' -
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“ Table IéiQr’ Nomenciature L SR ! f'yni'wup

CB/D

G e

»iforebody eerodynamic axiei.force coefficientif

‘angle of attack (a), M

ejrefe?ence area, Ap.o = f’DgEsz‘ V(ftg)es’.$“HW>nduyv -

aerodynamic axial force coefficiehf; ﬁCA n; Axial Force
L o - Qe - AREF

' *yaerodynamic-drag-COefficient,>’CDv:=b DRAG FORCE

?AREF -

aerodynamlc pltching moment coefficient,

o Gy= o mowmnT
S 9 AREF DREF

referenced to vehicle statlon X/D 0, unless otherwise noted

'gradient of aerodynamic pitching moment coefficient with

dc
d o ;

T aerodynamlc normal force coefflcient,

CN = Force Normal to Longltudlnal Axis

gradient of normal force coefficient‘with'angle of attack (a),

location along longitudinal axis where normal force must‘be

located to prodoce-aerodynamic pitching moment,.CP/D = CM/CN,

‘(measured from vehicle station X/D =0)

_ pressure coefficient, Cp = .B= P

Doe

maximum diaﬁeter across heat shield (feet).
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- 'Table 1-1.. Nomenclétufe_(Continuéa)

‘diameter is defined where used) -

- aetddfﬁaﬁicllift-toédfag r&tid;i.L/D = L

prim&ry’aerospike engine mass flow rate

- reference diameter (inimoét-cases»DREF =D = QMAX’ reference

afl.lifﬁ-to;drag:ratio'atwstatic,gerodynémié trim condition -

‘secondary aerospike engine mass flow rate
- Mach number

. ambient freestream Mach number

- base pressure

mean base heat shield region pressure

g

mean base pressure (over area outside of engine nozzle

 perimeter)

aerospike engine chamber pressure

_local pressure (psia or psfa)
ambient,preséﬁre (psia'or“psfa)
“heat shield surface radius

heat shield cornerfradius




X, Z

x

‘_Z./D :

" across heat shield =
R./D

'.§>a¢rOSS heat shield

' diameter, D

* “Table 1-1.  Nomenclature (Continued)

“f‘ratio*df heat shield corner radius_to mAximum‘diameter»‘\ |

 ”ra£io of heat Shie1d surfa¢e:fadiusfto'maximum Aiameter

Reference-area; S é‘Aref,

'Tilbngitﬁdinal andlldtéralxaxis coprdinates

vlongitudinal axis lécation,‘measured‘from'the center of the

;',heat'shield surfacé,-nondimensiona}izeégby»tﬁe‘reﬁexende;,

(.

lateral distance from the-vehicle_centerline_nondimensionai-

’ ized‘by.thé reference diameter, D ' 

.‘Wind angle of attack‘(angle between freestream velocity

~ vector and the reference axis)

Static,aefodynamic»trim angle of attack

vehicle thrust performance factor

constant-3.14159
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 Model c_éﬁfigﬁrgfti_qﬁ' Code

45° /25° frustum baseline ascent configuration centerbody
_with balance cavity on centerline = b

: 45 /25° frustum baseline descent configuration centerbody
with balance cavity on centerllne» ST

‘>~45°/25 frustum baseline descent configuration centerbody

Wlth balance cavity rotated 16°

45°/25° frustum baseline descent configuration centerbody
with balance cavity rotated 32° : .

Ascent conflguration base:- ring W1th aer08p1ke englne doors

- open 25

Ascent conflguratlon base ring w1th aerospike engine doors

_open 45

Descent configuration basellne reentry heat shield w1th
11% radius. aerosplke engine. doors. closed

Descent configuration reentry heat shield with aerospike

-englne doors removed -

E Descent configuration reentry heat shield with one -

quadrant of 117 radius aerospike englne doors at various
angular open1ngs :

Large. generallzed payload forebody - 2 2 1nch max. dia., |
. model scale 4 , i ‘

Large personnel module payload.- 1. 5 inch max. d1a s
model scale :

Wlnged-payload.-.1.24 inchfmax{ total span,”model-scale

Small personnel module payload - 1.5 inch max. d1a s
model scale

Reentry configuration with no afterbody payload attached
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removal of aerospike engine protection doors. A load cell was used to measure
~ the net vehicle axial force and. extenaive pressure measurements with selected :
'temperature measurements were made. S = : e

A pilot test was conducted in the AEDC. 1- foot PWT: to investigate the best model
'support mounting technique. to be used in the 16T PWT base. .flow test. This,test
~utilized a 0.156 percent scale model simulating:the test conditions at which
- the larger scale test was to -be"c¢onducted. ~ The effect on base pressure of for-
ward strut-sting mounting systems was compared to the effect produced by aft :
sting mounting-systems. From this test, it was concluded that a forward floor-~
mounted strut-sting mounting system: could be advantageously employed with a _,'

'mlnimum 1nf1uence on base pressure magnitudes and symmetry. S

v ,Scale -model..fo«r».ce,. ,.tes.ts_were.:conducf.,t.eda.i'n the N,ASA-‘Amesv 6:_v-.f.,qot Supersonic Wind .-
‘Tunnel (SWT) and the Langley Unitary Plan Wind Tunnel (UPWT) to define the aero-
dynamic flight performance characteristics of both the ascent and descent vehic-

les, These were to determine the aerodynamic stability characteristics, normal

‘ 'vforce axial force, and pitching moment: through the complete flight Mach number

range of 0.4 to 4.64. No .testing of ‘the ‘descentvehicle above-Mach 4. 64 was

. conducted as it was. considered. adequate for Task 4 -vehicle definition require=-: .

'ments to extrapolate the higher supersonic Mach number data to. the xreentry

.~ hypersonic Mach range by application of reference Apollo data and hypersonic
flow theory.

In the ascent ‘portion of these tests, 0.55 percent scale models of the SERV

" baseline configuration with the various payload options were utilized -~ The
‘models were approximately 6 inches in maximum cross=~section diameter. Tests

of the descent configuration utilized similar 0.55 percent scale models of a
maximum diameter of 6 inches in the heat—shleld first reentry and deceleration
attitude. The influence of descent configuration geometric parameters such as
- removal of engine doors, afterbody geometry, heat shield corner radius, and using
" the aerospike engine protection doors as flaps were investigated. “Aerodynamic
force characteristics of the ascent configurations were tested through an angle=
of-attack range of =4 to +16 degrees, while the descent configurations were -
tested from +4 to =50 degrees in the subsonic and transonic range (utilizing
offset stings), and from =6 to -34 degrees angle-of-attack range in the higher
‘supersonic reglme. : v

Figure 1-2 presents the test conditions of Reynolds number versus Mach number
for all aerodynamic tests conducted, with a comparison of the full scale flight
- Reynolds number for a typical trajectory. As is so often the case, all tests
: were conducted -at ‘simulated Reynolds numbers well below the full scale values.

1-9
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Figure 1 2. Wind Tunnel Test Conditions For SERV Investlgatlons-

Compared With Full-scale Condxtlons
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Sechon 2

";.‘ASCENT BASE FLQ_

2 1 PILOT MODEL TEST

-The ob1ect1ve -of thls,test was to. determlne experlmentally the*effect on base
pressures of various model mounting supports and nose shapes of a. 0. 156 -percent
scale model of the SERV ascent configuration in the transonic region. The re-
sults of thlS test were:used in determining the mounting of the 2.5 peércent
cold~flow-model of SERV in. the: AEDC 16T PWT.. ' The 0.156 ‘percent scale model. test
was conducted in the AEDC. 1~ foot PWT (reference 12). Sketches of ‘the conflgura-'
tions tested are shown in- flgures 2.1-1. through 2.1=4, R :

The model was. de51gned by Chrysler and ;. under subcontract was - fabricated from
‘aluminum and stainless steel by. Mlcrocraft Inc. of Tullahoma Tennessee, . Ten
“orifices were located on the model, 6 static orifices in the vert1ca1 centerllne
of the model base and 4 flow orlflces on the shoulder of the forebody, each 90
degrees apart (flgures 2 1-3 and 2 1= 5) .

2, 1 1 TEST PROCEDURE

The model was mounted’ in the test sectlon by two methods ,sting mounted from the
base of the model and strut mounted from the nose of the model. With the model -
sting mounted, three nose shapes were tested; .a large diameter payload of cargo’
module, an extended personnel module, and an extended nose. With the model
,strut-mounted two forward sting lengths were tested, one was a 1ength that
"located the base of the model 1,70 strut chord lengths (3.03 inches) from the
tailing edge of the strut and the other located the base of the model 3.74
strut chord lengths (6.66 inches) from the trailing edge of the strut.. The
'strut was mounted to the side wall of the test section. Photographs of the
model, strut mounted and sting mounted, are shown in figures 2.1=6 and 2.1-7.
Testing was performed at angles of attack of 0, =5 and -10 degrees from Mach
numbers of 0.6 to 1.30. A detailed description of the test plan is presented.

-~ in reference 1. : ' R SRR : :

Several problems developed during testing. Due to the limited space in the
model, it was nearly impossible to keep the flexible tubing which connected

‘the pressure orifices to the pressure transducers from kinking. inside .the model -
with the result that several orifices were inoperative, With the model strut
mounted, the tunnel had to be opened and part of the tunnel wall removed in
‘order to change the angle~of=~attack, resulting in a lengthy downtime and there=- -
fore limiting the angle-of~attack data obtained.  The model was not mounted in
front of the tunnel window so shadowgraphs and/or Schieren plctures of flow -

' characterlstlcs could not be obtained. » -
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‘*ﬁvz 1 2 RESULTS AND DISCUSSION

‘Only pressure data were obtained from this test and figure 2, i-8 presents the
‘base pressure ratio (PbVP“Q plotted versus radial diameters (R/D) at zero angle=
of-attack for the various configurations tested. _These data show that in the
~transonic region, the . 1ong nose sting on the strut-mounted model had less in-

- fluence on the model base pressures than the shorter nose sting. With the model
sting-mounted from the base, -the length of ‘the nose had no effect ‘on':the: base

. pressures. ‘The short nose sting was. tested with the model both strut and Bting
mounted.and the data showed slightly less effect on ‘the base pressures with the’
model sting mounted. Figure 2.1-9 presents pressure: coefflcient data (Cp). ob-».

. tained on the forebody with the model strut mounted - These were ‘the only fore-

“body pressure data obtained during the test. The pressures on the forebody were
more positive with the short nose:sting than with the long nose. sting.. - Completev~:;

e reaults and analysrs of the wind tunnel tesgt are presented 1n reference 2

The method selected to mount the 2. 5 percenL cold flow scale model in’ Lhe
AEDC 16T PWT was the strut mount with the long nose sting. The strut mounting

. was selected because with the sting mounted in the base and with -aerospike. en=

gine exhaust out the base, the flow would impinge on the stlng and .even: the :
smallest sting could give erroneous results. Also, due to the requirement of
routing the: air supply into the model,: the sting would have been.of a-diameter -
‘that could have resulted in large base pressure errors. . Because the differences:

~ in the effect on base pressures between the front strut mount and the aft. sting -

‘mount were small, and because the long nose sting had less effect on the base

.~ pressures than the short nose sting, it was decided that the front strut mount

~ with the long nose sting would have the least effect on the base flow character-
istics. . v _

2;2 COLD-FLOW MODEL TEST

: In order to adequately define the aerospike engine performance and resultlng
net vehicle axial forces during ascent fllght, it was necessary to determine
the flow characteristics of the engine with its large-area-ratlo at open wake
‘operating pressure ratio under the influence of a simulated flight slipstream
~ over .the blunt forebody configuration. Small-scale, cold-flow engine-model
wind tunnel slipstream testing had proven to be an inexpensive and accurate
means of verifying these characteristics on past programs as discussed in |

. appendix A. Cold-flow engine wind tunnel tests, under well controlled simu=
lation conditions, had been used to establish the flow characteristics and
performance trends of typical aerospike nozzles operating in a slipstream.

The experience gained by the reference testing, noted in appendix A, provided

" valuable guidelines for deflnlng the necessary model scaling and testlng tech-
'nlques. ~

A test program was conducted in the AEDC 16T PWT from December 3 through ‘Decem= -
.ber 8, 1970, utilizing a 2.5 percent scale model of the SERV baseline geometry,
,incorporating a high expansion ratio, short length aerospike engine. . The test
was conducted in still air and in a slipstream simulating flight altitude con-
ditions and freestream Mach numbers from O to 1.25. These tests did not dupli-
cate completely the pressure ratios of an actual trajectory. The resultant

data were to establish sufficient magnitudes and trends to extrapolate analyt1c~
ally to the higher pressure ratio flight conditions. Reference 3 presents a.
complete pretest plan for this program and references 4 through 7 and eppendlx‘A

2-9
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documcnt thc Lost data, analysrs and results.;::'

gfz;é.i TLST PACILITY

ff;ThL‘ALDC'16T PWT is a closed-~ crrcurt' contrnuous flow tunnel capable of belng
'opcrated at Mach numbers from 0.20 to 1.60. . The test section. is. 16 by 16 feet
~in cross scction: and 40 feet long. The ‘tunnel can be operated at §tagnation

:r?fpressures down to 120 psfa. at Sp&lelC Mach numbers; - Perforated walls in" ‘the o
" test eectlon allow continuous operatlon through the' Mach number - range with.a

~_¥}f2 2.2 MODEL DESIGN AND FABRICATION

- minimum of wall interference. A more ‘detailed descrlptlon of this test facrllty
Tis presented in reference 12 -1 v . . :

V'The test model was a 2.5 percent scale repllca of the SERV baselrne ascent ve-
“’hlcle It had a physical diameter of approx1mately 27 inches at the ‘base and °

~was approximately 20 inches in length. A 417, area ratio aeraspike: englne, de~

. srgned tc use air as-.a test gas, . was. 1ncorporated “The- model ‘was- mounred on

- a forebody sting 126.5 in. long which was strut mounted to the: tunnel floor.
Aerospike engine thermal protection doors were attached to the outer perimeter -
of the aerospike engine nozzle flange.  The model was instrumented: with an ax-

- ial force load cell, 163 static pressure taps, and & thermocouple gages. . Refw-

erences 3 and 4, and ‘appendix A present.a more detailed.description of the test. .

~ model and instrumentation. Figures 2.2~1and 2.2-2 illustrate the model” geom-

- etry, 1nstrumentat10n, and 1nsta11at10n in the AEDC test fac111ty

The model was desrgned Jorntlyvby.Chrysler-and Rocketdyne and fabricaged under
_subcontract to Rocketdyne. TFinal assembly was completed on November. .4, 1970
and operational checkout was conducted in the Rocketdyne Rocket Nozzle Test
o Fac111ty in Los ‘Angeles, Callfornla through November 10, 1970

2.2.3 TEST PROCEDURE PR S

The complete test plan followed in this program is published in reference 3.
The model was tested with and without engine flow at freestream Mach numbers

of 0,.0.6, 0.8, 0.9, 1.1, and 1.25. With engine flow, model chamber pressure

© was maintained at a nominal value of 400 psia. Tunnel pressure was varied to
~“obtain a range of aerospike engine. chamber pressure to freestream static press-
‘ure ratios at each Mach number. ‘At each test condition, data were recorded

. with no engine flow, with primary engine flow, and with primary engine plus

simulated secondary turbine exhaust flow. As mentioned previously, the altitude

versus Mach. number test conditions did not duplicate completely the full=-scale

. trajectory. A comparison of the reference traJectory to test condltlons is

' ,presented in flgure 2.2-3. , i

There were three major ‘problems incurred with this test program. First the

- axial force load cell readings indicated a significant bias due to the thermal
_stresses in the capillary spoke lines used to feed the high-pressure air from

~ the center pipe to the outer combustion chamber annulus. This bias was a small
- percentage of net' thrust, but it was especially significant when. ‘measuring
.-engine-off axial force or drag, due to the very low tunnel freestream densities.

This problem was solved by running a Mach number sweep at hlgh tunnel total *

pressures to measure model axial forces without engine on. These data were then

normalized to a drag coefficient to be used in the data reduction for englne

thrust at the low tunnel density test condltlons. :
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- It became apparent after several attempta that it would be very difficult to '
; hold the test section Mach number condition of 1.05 as required by the test

. this made it impossible to achieve the minimum test section total pressure of -~

' test conditions (noted above)

2.2.4 . RESULTS AND' DISCUSSI.ON Lo

plan. Therefore, a test Mach number of 1 1 was: run in the plece of 1. 05
In the last phases of testing a pressure seal in the facility ‘started leaking,’

120 psfa. This resulted in the reduction of the doors-off altitude simulation,. B
for the final phases of testing._.~‘ S : ,

-With the. exception of these difficulties, the;testrprogram-was comhleted with e o
‘excellent results. The: test model functioned'without‘fallure ‘throughout the - - : :

complete program.  Datd -acquisition was accomplished with a minimum of _repeat
conditions required. Schlieren photographs of the: model base flow are presented
in figure 2.2-4 at specific freestream Mach: number and -engine pressure ratio -

. test ‘conditions. The engine exhaust plume can be easily distinguished; however,

the slipstream ambient flow is not visible due to 1ts very 10W density for Lhese

'Complete llstlngs of . the- test data in dlgitlzed form and graphlc presentatlons
‘have been published in references 5 through 7" -Appendix .

by Rocketdyne docu- e
ments their analysis:of the engine. performance test data Wlth the method” of
extrapolatlon to full scale. R . o

It became apparent-after preliminary analysis of test data that the engine jet

exhaust impinged on the engine protection doors for engine pressure ratios,

P /Pm, of greater than 380. This had a tendency to alter engine performance,

due to a high buildup in the base pressure. -As impingement on the engine doors ;
represented an intolerable design condition with respect to door loads and heat- g
ing, the engine data with doors removed were used to evaluate engine pexformance '

. and an incremental drag term was included for attachment of the englne doore for

fllght performance evaluation as discussed in volume 4

vThe ax1a1 1oad ce11 measurements with engine on were used Wlth the evaluated

forebody drag and specific local surface pressure measurements to calculate

‘net engine model thrust at each freestream Mach number and engine pressure

ratio condition. Figure 2.2~5 presents these results in thrust coefficient

~form as a function of engine pressure ratio., There is a definite reduction in

engine thrust performance with increasing freestream Mach number. This is typ-
ical of the influence of the blunt body base pressure trends which this vehicle
should exhibit. The effect of the ambient slipstream of aerospike engine per-
formance is determined by the expansion of the engine exhaust flow into the base.
For all flight operating pressure ratios, the nozzle momentum thrust term and

~ exhaust flow compression on the aerospike ramp are constant. Only_expansion of

the flow from the end of the ramp into the base region changes with altitude and

- glipstream effects. The low expansion pressures of the ambient flow expanding

over the peripheral base geometry of ‘the vehicle are reflected through the ex- B}
haust plume into the base region causing a reduction in the effective pressure BN,
acting on the base heat shield, As this region is considered a component of the :
total engine thrust, there is, therefore a reduction in the engine thrust per-

_formance as compared to the condltlon of no sllpstream Ma = 0). _ L DR }e;
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Engine thrust performance increases with.increasing pressure . ratio and should

“increase with the addition of injection of turbine exhaust or secondary flow

into the base. The increase in engine performance by secondary flow injection - .

~will be a small percentage, but should definitely be distinguishable. That was

‘not always the result in this test; however, the turbine exhaust location and
flow rate were fixed and no attempt was made at optlmlzation.-*

.fFlgure 2.2~6(a) shows mean base pressure ratio (P /P ) over the. area outside

" " of the engine nozzle perimeter. These pressure ratios are a direct function of

the pumping action of the engine exhaust flow and the ambient slipstream expand=-

. “ing over the vehicle external geometry. - They are seen to decrease with increas=

ing slipstream Mach number, but have little. variation (except M=0.6) with engine

'Je_pressure ratio (P./P, ) for the range tested. At M =0.0 the drop in this

" local pressure below amblent must be’ due solely to the pumplng actlon of the
“engine. . : : ‘

"The‘mean pressure ratios (Pp./Pw ) in the base'heat 'shield region are shown:

~.in figure 2.2-6(b) as functions of flight Mach: number ‘and engine pressure:

ratio (Pc/Ps ). . These too decrease with. 1ncrea31ng freestream Mach number '

- and reflect almost ‘directly the reduction in engine thrust performance ‘due.

~ to slipstream effects. Within the pressure ratio range tested, thése preS*-V'

‘sures are. also.very nearly constant-with increasing engine pressure. ratio
(Pei/P, ). Secondary flow injection into-the:base- deflnltely appears to ln—‘

'crease the pressures in this reglon. '

2.2.5 CONCLUSIONS FRS

' ‘The most 81gn1f1cant result of the SERV base flow test was that the engine
.exhaust jet and base flow field were typlcally characteristic of aerospike
engines, The integrated SERV concept, with large area ratio at open wake and
low engine pressure ratios, did not indicate any new or different trends from
previous reference test data. Engine performance did prove to be semsitive to

" forebody geometry slipstream and the exhaust plume expanding into the base area.
This of course was due to the large portion of engine thrust which is determined

" by these areas for SERV. The necessary data were acquired, however, to assess

the influence of all these parameters for the specific SERV vehicle application,

- within the accuracy level of a Phase A feasibility study. - The basis for extra-
polation to full-scale flight performance was established and the comparison

with original predictions was good (see appendlx A for detalled analysis and

dlscuss1on) . :

L
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Sochon 3

ASCENT CONFIGURATION FORCE TESTS

~3 1 TEST PLAN

-To verlfy SERV. vehicle payload capabillty and fllght control requlrements in
the ascent mode, a2 definition of flight aerodynamic stability .and drag charace

. teristi®s was obtained‘from“wind tunnel tests according to plans outlined in:~
references 8 and 9. These experimental force tests conducted in the 6-foot
Supersonic Wind Tunnel (SWT).and.the Unitary Plan Wind Tunnel (UPWT) -at- NASAT
Ames Research Center and Langley:Research Center, respectively; covered a:
combined Mach number range of 0.4 to4.64 (subsonic to high supersonic).

Lower Mach numbers of 0.4 to:2.0 were obtained. in the Ames facility, wh11e

‘,remalnlng supersonic speeds.were acquired in.the. Langley facility. . Angle= .-
of-attack range for ascent mode testing varied from <4 to +16 degrees 1n

both faC111t1es. : : - :

~ Ascent configurations tested in these programs varied primarily in payload

. geometry with four different forebodies being considered. These were: Re=
tracted Personnel Module (PM); Winged Spacecraft (MURP); Large Payload (LPL) ;
and Extended Personnel Module (PM). An additional variation 1nvolved a
change in degree of aerospike protection door openlng.

3.2 MODEL DESIGN AND,FABRICATION

The four ascent configurations having 25-degree aerospike engine door openings
are illustrated in figure 3.2-1., Figure 3.2~1(e) shows the Extended Personnel
Module configuration ‘again but with engine doors open 45 degrees. The models
were fabrlcated of stainless steel to 0.55 percent of full scale by Standard
Tool and Die Inc. of Los-Angeles, California. All were approximately 6 inches
in diameter with the largest. (LPL) having an overall length of 8.87 inches and
the “shortest (Retracted Personnel Module) 5.69 inches. All component model
parts (including 1nterchangeab1e reentty conflguratlon parts) -are illustrated
in figure 3 2 2 »

~ Pertinent model reference dimensions and areas for ascent configurations were:
" reference diameter of 6 inches; reference area of 28 26 square inches; and a
base area of 21,23 square inches, :

Model strengths were adequate to withstand ant1c1pated maximum loads W1th a
- safety factor of four (4. 0) based on mater1a1 yleld strength

3. 3 TEST. PRDCEDURE

The tunnel installation typlcal in both faclllties, is illustrated in figure
3.3-1. The models were sting mounted from a rear tunnel support system which

3-1
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incorporated a Langley UT-22 strain. gage ‘balance and tubing for base cavity
_pressure measurement. The UT-22 balance measured three components: normal

"vforce, pitching moment:and axial force. It was capable of sustaining maximum

loads of 300 pounds in normal and axial directions and 300 inch pounds of
pitching moment. . Actual maximum loads encountered however were always less
_ than these limits. '

Data obtained from the UT-22 balance and pressure ‘transducers were reduced to J'
~ force, moment and base pressure coefficients defined as:
‘ Normal Force

L _ Pitching Moment
-.2) Cy = 9o SD

N Total Axial Force

3) ¢ = S ,
S (o (p R ) 24
: . AB Ao 5.

where 9, = test section dynamic pressure, S = reference area, D¥ reference
-diameter, and Ay = ascent configuration base area. K '

Moments measured by the balance were initially referenced to its electrical
center, and then transferred to model station 0.0 (figure 3.2<1). The transfer
distance from the balance moment reference to the reference model station was
measured by hanging weights with the balance installed. In addition to the
above coefficients, Schlieren photographs of the shock wave systems were acquir=
ed at all condltlons of interest. : , ‘
. Test run numbers,'correlated with nominal Mach numbers and angle~of=-attack

- ranges used in the testing, are shown in matrix form in table 3.3~ 1 Angle-
of-attack ranges were generally covered in 2= ~-degree steps. ' -

No specific problems developed-during the testing of ascent configurations.

No significant bias or shift. in the data was seen except in the pitching moment
characteristics at Mach 0.4 for both MURP and Retracted PM configurations, more
so for the latter model, however. This data bias was more of a serious problem
in the .reentry portion of the testing where offset stings were employed to
achieve extended angle=of=-attack ranges. - In these cases; the magnitude of any
data shift was often smaller than the accuracy limits of the balance. ‘

3.4 DISCUSSION OF RESULTS

The results of these experimental investigations of SERV ascent configurations
have been presented in detail in data reports (references 10 and 11). Aero-
dynamic characteristics given in these references were generally in agreement
with predicted trends as estimated and derived by empirical and/or theoretical
methods. Some sample characteristics from references 10 and 11 are shown in
coefficient form in figures 3.4~1 and 3.4-2 as functions of angle-of=-attack for
a Mach number of 1.2 (peak dynamic pressure region) and a second at a hlgh
supersonlc value of 4, 64 v
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Table _"5.3-1; ’i‘est Log'
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RETRACTED PM - ‘ - | ‘ . »
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T ! | | | | "1 72
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33 4 1 PAYIDAD VARIATION

o Effects of Payload variation at Mach numbers of 1. 2 and 4.64 are. presented in-

.figures 3.4=1 and 3.4=2. At Mach 1.2, normal force (CN) and axial force (Cp &
Aw), coefficients exhibit trends for the various configurations that do not
¥fer appreciably. The maximum observed deviations occur in the axial force
in the +2° angle-of-attack range, The effect of payload on pitchlng moment ,
however, at this. transonic Mach number (figure 3.4-1(b)) is quite 31gn1f1cant
'(beyond62—2°) ‘Differences due to payload at the higher Mach number are quite
noticeable for all characteristics shown. Normal force and pitching moment
~coefficient magnitudes are generally highest for the configurations having the -
longer and wider forebodies. Conversely, this same class of vehicles produces
minimum axial forces. In all characteristics shown here, the Retracted PM.
- and MURP forebodies show similar.levels .of magnitude, 1nd1cat1ng a small effect
- due to the more slender forebody-of -the MURP conflguratlon..

Drag coefflcients (at(x 0°) from references 10 and 11 have been plotted in
figure 3.4~3 for the entire combined Mach number range of 0.4 to 5.0. In this

. figure, the base drag coefficient shown results from testing involving no .sim=
ulation of engine operation and is constant for all configurations. It has no -
“ relationship to the power-on base pressure effects reported elsewhere. The
~effect of payload shape. on these drag characteristics (figure 3.4~3) becomes :
significant beyond Mach 1.0 where divergences.really begin, with the Retracted .
PM configuration (figure 3.2-1(a)) -exhibiting the highest level, and the LPL
configuration (figure 3.2-1(c)) showing the lowest level. While the Extended
PM configuration (figure 3.2-1(d)) is not included in figure 3.4=3, it-would
show characteristics intermediate to LPL and MURP payload vehicles. ' (Total
drag coefficient for this vehlcle is presented in figure 3.4-6 in another
~comparison.)

Schlieren photographs (figures 3.4-4 and 3.4~5) from the Ames and lLangley test
facilities represent the flow characteristics about the various ascent config-
‘urations at the sample Mach numbers of 1.2 and 4.64. The previously discussed
drag characteristics of the various vehicles may be correlated with these shock
formations to some degree. At Mach 1.2, drag divergence due to payload has not
yet occurred, so that little difference in the bow shock wave formations of the
various payloads should be apparent. Examination of the sequence of Mach 1.2
pictures in figure 3.4-4 indicates this is true; however, the LPL configuration
is beginning to display more obliqueness and a tendency toward the conical shock
pattern associated with reduced drag (figure 3.4-4(c)). At the higher Mach
number of 4.64, shock formations seen in figure 3.4~5 reflect the differences
in ‘drag seen in figure 3.4-3. The progression of the bow shock system from the
near normal shock case of the short-length Retracted PM.forebody to the increas=~
ingly more conical shock system of the longer nose payloads seen in the sequence
of pictures (3.4-5(a) through 3.4-~5(d)) corresponds to the regression in drag
due -to forebody shape seen in figure 3.4-3.

3.4.2 ENGINE DOOR OPENING

With the exception of some minor effect on the normal force at lower Mach num-
bers and higher angles-of-attack, an increase of engine door opening from 25
degrees  to 45 degrees affects the base axial force primarily. The increase of
about 25 percent in this parameter due to the increased opening, also increases
the total drag coefficient by the differential between curves seen in flgure

3. 4 6 where door opening cases are compared. : ~
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(d) EXTENDED PM
Figure 3.4-4, Flow Characteristics for Véribué Ascent Configurations - _
. | SRR Mach = 1.2 RN e
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"/ 3.4.3 STATIC STABILITY

'The slope of normal‘force and pitching moment coefficient‘curves in the linear
range of angle of attack (449 about zero), provide criteria which, when related

. properly, indicate the center of pressure location from the" vehicle base and

provide overall knowledge of wvehicle stabllity "These characterlstlcs are pre-
sented in figure 3. 4 7.

_Center of pressure locations shown in flgure 3.4~7 agree: generally Wlth the
predicted levels, with most payloads exhlbltlng marginal static stabxllty
characteristics in the range of 0.2 to 0.4 calibers forward of the vehicle

- base, Up to approximately Mach 1.5, normal force gradient (C;,@) ‘trends for -
all payload-versions were somewhat s1mllar, beyond this Mach .number, however,
trends- were dlfferent from predlcted .with wide-divergencies noted :

3 5 CONCLUSIOVS

Conclu51ons were:Summarizedoiﬁ the-following~paragraphsg
Experimentally acquired data were generally ‘in agreement with ‘predicted trends.

At Mach numbers-below-1.2, payload variation did not aporeciebiy affect normal .
“and axial force characteristics. . At angles of attack greater than 2 degrees,
the effect on pitching moment was quite 51gn1flcant.

At higher Mach numbers, payload shape has a significant effect on all aerody-~
~namic characteristics. The longer, larger-diameter payload shapes produce the
‘highest normal forces and pitching moments but produce minimum-axial forces.
‘The primary effect of a change in the opening of the aerospike engine doors
from 25 degrees to 45 degrees is about a 25 percent increase in the engine-off
base drag »

ALl payload shapes exhibit marginal static stability. characteristics with

center of pressure locatlons in the order of 0.2 to 0.4 calibers. forward of .
the base. '
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_ DESCENT CONFIGURATION»FORCE»TESTS

‘Descent performance of the SERV concept is contingent.upon reentry aerodynamic
drag, lift<to-drag ratio,: and trim stability.. In the lower supersonlc through.. .. -
 subsonic phase. of flight, vehicle static aerodynamic stabilitycharacteristics:
are very important  factors in minimized control system requirements. In order -
to determine these aerodynamic. performance characteristics to the accuracy re-

- quired to prove feasibility, wind tunnel force tests. were conducted on paramet—.:
rlc scale models of the SERV descent configuration. :

These tests were conducted in the NASA Ames Research Center 6-foot SWT and
Langley Research Center UPWT over .a combined Mach number range-of:from 0:4. toy«
4,64, The higher Mach number data were used to extrapolate the performance .-
characteristics to hypersonic Mach numbers through the use of applicable Apollo
‘reference data and hypersonic flow theory. Geometric effects such as heat shield
corner radius, afterbody configuration, removal of aerospike engine protection
doors, and opening engine doors in the lower Mach range, were investigated.

4.1 TEST PIAN

Aerodynamic wind tunnel force tests were conducted using 0.55 percent scale
models of the SERV descent baseline concept with specific geometric variations.
The NASA Ames Research Center 6-foot SWT was utilized for the test Mach number -
range from 0.4 to 2.0. The Langley Research Center UPWT was used for the super-
sonic test Mach numbers 2.6 to 4.64. The higher Mach number tests were conduct=-
ed for an angle-of-attack range of =6 to =34 degrees (heat-shield-down attitude)
while the lower supersonic, transonic and subsonic tests were conducted at angles
of attack from +4 to ~50 degrees. A 3~component force balance was used to meas-
ure the aerodynamic parameters, normal force (Cy), axial force (CA) and pitching
moment (Cy). An offset sting mounting system was employed to achieve the com-
plete angle-of-attack ranges. References 8 and 9 document in detail the original
- pretest plans. Both the Ames and Langley test facilities are continuous flow
tunnels with the capability of accurate testing of this size model within their
respective operating Mach ranges. The test Reynold's number conditions are de=
fined by figure 1-2. References 13 and 14 provide detailed deflnltlon of the
' tunnel capabilities and operating systems.

4.2 MDDEL DESTGN AND FABRICATION

The descent force models were 0.55 percent replicas of the SERV descent base-
" line configuration with parametric variations as illustrated in figure 4.2-1.
The models were designed by Chrysler and fabricated under purchase order by

: Standard Tool and Die, Company of Los Angeles, Callfornla.
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P Model OB4D;
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' The models were . approx1mate1y 6 inches in maximum dlameter.' Three heet shield

~..corner radii combinations were tested with two different afterbody conflguratlons.

The baseline reentry vehicle was tested with and without engine doors.  Stress

,-analys1s was performed to verify that the models, force balance, and support Syse
" tem would withstand the maximum anticipated loads with a safety factor’ of four'
IS (4 0) based on the material yield strength o : o

4, 3 TEST PROCEDURE

,Wlnd tunnel 1nstallat10n typical of" both test facilltles is 111ustrated in

figure 4.3-1. The models were aft mounted UtlllZlng offset -stings and canted
models to achieve the complete angle-of-attack range. The Langley Research
Center UT-22.3-component strain gage balance was-used - to:measure’ the' forces
~and moments. Base flow interference of the offset stings and low input loads
to the balance (capability of 300 1b normal and axial load, and 300 in./lb of
moment) , resulted in bias errors‘at small angle of attack near zero- load.: Hew—
ever, verification in the accuracy of thé higher angle-of-attack data allowed:
“the data to be shlfted and corrected for these biases- W1th1n a reasonable toler-"
ance. :

- Data. obtained. from the UT-22 balance-and pressure transducers were reduced-to
force, moment and base pressure coefficients as defined in subsection 3.3, Mo-
ments measured by the balance were initially referenced to its electrical cen-

~ ter, and then transferred to model station 0.0. (See figure 4.2-1.) The trans-
fer distance from the balance moment reference to the reference model stations
“was measured by hanging weights with the balance installed. In addition to the
above coefficients, Schlieren photographs of the shock wave systems were ac-

v qulred at all conditions of 1nterest. : :

No 51gn1f1cant problems developed durlng these tests, other than the low angle

of attack low load range bias due to the use of the offset sting system. These
biases existed only in the subsonic and transonlc_Maeh ranges where base pres-

sures were s1gn1f1cant1y affected. Above Mach 1.5, these biases tended_to'dis-
,s1pate ' :

4 4 DISCUSSION OF RESULTS

, The results of these w1nd tunnel tests have been presented in deta11 in ref-
erences 10 and 11. Aerodynamlc characteristics of the SERV baseline descent
vehicle were in agreement with previous Apollo test data. The configuration
data exhibited sufficient lift-to-drag ratio (L/D) values at angle of attack

. (approximately 0.3 at @ = =229, as predicted) and also indicated that the ve='
‘hicle would have adequate stability margins through transonic and subsonic de-
celeration flight. Normal force, axial force, pitching moment coeff1c1ents

and lift-to-drag ratio (L/D) are presented at representative Mach numbers over
the test range in figures 4.4=1 through 4.4-4 for ‘the orlglnal baseline descent
configuration. . :

- In addition to verifying the basic aerodynamic characteristics of the SERV
. baseline configuration, specific vehicle geometry details were also studied
in these tests., These were the effects on vehicle trim condltlons and lift~
" to-drag ratio caused by: : :

1) removei of the engine doors
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Normal Force Coéfficiantk M= 0,404
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BASIC AERODYNAMICS OF SERVI RE-ENTRY VEHICLECENGINE

Pitching Mémant Coefficient M-'0;404.
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Figure 4.4~2(a),
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Pitching Moment Coefficient M= 0,914
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* Axial Force Cosfficient M=3.85.
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Lift-to-Drag Ratio: M= 0.914
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Lift-to-Drag Ratio - Ma=1,204

B

SIC ACRODYNANICS OF SERVI RE-ENTRY VEHICLECENGINE DOGRS CLOSED)

L/D

HACH 2,204 -

.Figure 4.4~4(c).
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Lift-to-Drag M=l,702
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' Lift-to-Drag Ratic M= 2,60

~EFFECT_OF DOCRS AND/OR DOOR RADIUS ON BASIC AERODYNAMICS OF SERVI REENTRY VEH,
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Lift to-Drag Ratio M=3.85

'  .‘EF
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BORS' AND/OR DOCR

;-,Lift-to-D‘fag"R'atio M= 4.64
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RADIUS O BASIC AERODYAMICS OF SERVI REENIRY VEH
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ifjl2) decrease in heat shield corner radius

"23) increase in. afterbody length

4) different upper and lower heat shield face corner radii

References 10 and 11 give complete graphic presentations .and digitized listings
of the basic ‘data -from these'tests with comparisons of the. geometric variables .
noted above. Figures 4.4~5 and 4.4-6 illustrate the general effect of heat .

= shield.corner radii-and removal=of thé‘aerOSpike engine. protection “doors.

f',For comparison purposes, figure 4. 4 5 defines the effect’ of heat shield corner
" radius at the trim conditions for a vehicle with a typical longitudinal CG.

located at ‘0.2459 body diameters from the center of.the. heat shield face. ~ .
' Variation of. trim angle of attack-and resultant 11ft-to~drag ratio ‘with- lateral g

' .CG offset are given for the various corner radius configurations

‘ This,representativerMach,number.conditionvrndicates that decreasrng the heatn
shield corner radius from r/D = 0.1l1:to r/D = 0.05 does not 31gn1f1cant]y

~ change the variation in- trim angle of attack. However, due. to the higher 1ift~
to-drag characteristics at any angle of attack for the smaller corner radius
vehicle, it does increase the trim. L/D - Removal of the engine-doors- not. only
reduces the trim angle of attack, but also produces .an’ even: .greater decrease
"'in the trim L/D, Finally, 1eaving ‘the upper heat shield corner radius at -

(r/D)y = 0.11 and reducing the lower radius- to (r/D)L 0.05, creates an assy-
metric vehicle which will 1nduce a higher trim angle of attack and resultant
411ft to~drag ratio. : :

To further show the loss in trim angle of attack and L/D by removal .0of the
aerospike engine thermal protection doors, figure 4.4-6 presents ‘the high
supersonic test data extrapolated to. the hypersonic Mach range by application
of appropriate Apollo reference data and hypersonic flow theory (the validity
of this procedure is illustrated in more detail in section 2.2 of volume 4.)
Trim angle of attack and L/D are shown as a function of lateral and. longitudi~
nal CG position. From these trends, it is apparent that even if engine doors
could be eliminated as thermal protection, the loss in trim lift-to~-drag would
be unacceptable. An approximate 1l.5«foot additional CG offset would be requ1red
to trim this vehicle at the same L/D as the baseline vehicle.

Schlieren photographs of bow shock shapes and flow patterns for the four cone-
figurations discussed above are presented in figure 4.4<7. These flow field
photographs are all at M=4.65 for an angle of attack very near the baseline
vehicle nominally required trim angle of attack of a= 22°, :

4.5 CONCLUSIONS

From the SERV descent scale model wind tunnel force tests, the followrng
conc1u31ons can be made.

The SERV baseline descent configuration can be trimmed at a reentry L/D of
0. 3 with a CG offset of between 3% to 4 feet.
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 NOTE: o) LONGITUDINAL CG LOCATION X/D 0. 2459
G ‘.;REFERENCED TO VEHICLE STA (O) ‘
b)) - Z- REFERENCED TO VEHICLE AXIS (FT)
"-c). Mo = 4,64 . |

I R N )-—;--1 1% HEAT SHIELD CORNER RADIUS
b e S . me== 5% HEAT SHIELD CORNER.RADIUS
Co | e | e i11% UPPER, 5% LOWER
'HEAT SHIELD CORNER RADIUS
-+ ==iNO DOORS

TRIM ANGLE-OF-ATTACK, & (DEG) e

O
-

O
—

S
N
|

2
N

TRIM LIFT-TO-DRAG RATIO, (I/D);

L . LATERAL CG OFFSET, Z(FT)

" Figure 4.4-5 SERV Task 2 - Decent Vehicle Aerodynamic Trim Characteristics
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TRIM ANGLE-OF-ATTACK, a4y (DEG)

DENOTES DOORS OFF

'NOTE: Q)v'b
by ———-DENOTES DOORS ON

" ¢) X REFERENCED TO VEHICLE STA ©) (FT)
d) Z REFERENCED TO VEHICLE AXIS (FT)
&) Mo > 10

20 2 24 26 28 30 32

LONGITUDINAL CG LOCATION, X (FT)

- Figure b.4-6(a). SERV Task 2 - Descent Vehicle Aero.dynaui_i”'c; 'I_.'ri,'n'i Angle-Of-Attack
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(a)

MODEL OBgb, - N ®) MODEL OB3D6
My=4.64; =21° ' o Mg=4.64; ax21°
... ENGINE DOORS REMOVED

(c) MODEL OB3D5 - | (d) MODEL OB3Dg
M= 4.64; a=21° O Me=4.64; @210
REDUCED HEAT SHIELD - " DIFFERENTIAL HEAT
'CORNER RADIUS : - SHIELD CORNER

Figure 4,4-7, SERV Baseline Descent Configurations
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_ The SERV baseline descent configdration'iséadequately stable in a trimméd*
,attitude-throughout the reentry and.terminal deceleration flight range. -

’“y,]Removal of the aerospike engine protection doors results ‘in too 1arge a de-'7'

-crease “in. trlm lift to-drag ratio to be feasible.»‘

' Reduction in heat shield corner radius tends to increase trim llft-t.o-dragl

,ff:sllghtly.

u‘x-U81ng a. lalger corner radlus on the top side of the heat shield and a S1gn1f-.

'fjj‘icantly smaller radius on the. lower side induces. aerodynamlc moments Whlch
.- assist.in trimming:the. vehicle at. hxgher L/D for-a: glven CG . offset.

4=41
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1f:nozzie expangion area ratio and ‘therefore high vacuum'speoific'impulsé.‘;b

" SCOPE

ifA feasibility study of a single-stage to orbit reusable vehicle (SERV)'A - ST _-;; ,

l.:_is being. conducted by the Chrysler Corporation. Integrated into,tne ~'v' R d'?{7v7?

:fbase of this vehicle is an aerOSpike—nozzle engine naVingva‘diameter

of approiimately 89 feet, This large diameter allows for a very,high

e e a s vy e

.In addition, the inherent altitude: compensatlon capability of the e
'ffaerospike—nozzle provides high specific impulse throughout the vehicle

_trajectory, from sea level-to vacuum, .

;Under a 9 month contract, engine design, periormance and'operational

“data . were- furnished by Rocketdyne fox: the feasibxlity evaluation of-.

““the SERV concept. Performance‘data~have-been generated parametrically

“with vehicle and engine geometry. ,A_baseline.engine geometry was
-gelected on which wind tunnel gtudies were conducted,. The objectives
"of theée_tests were to provide daté for predicting the effect of the
. external flow_on full size engine_performanoe OVerithe SERV vehicle
>:‘range of operating conditions. This réport.presents fhe results:of
7’the-mode1 tests, the approach followed for eValuationband,scaling‘of
test results to obtain full size SERV engine installed performance,
7 and the full size installed engine performance generated over the
d‘ range of flight Mach numbers and altitudes of.interest for the
- SERV vehicle. ' | ‘




R : R N B D G R S A DA TN

. INTRODUCTION .

3 Aerospike engine Specific impulse performance is obtained from the -
‘devaluation_of. a) combustion and expansion in the combustor, b) expansion :
“in the nozzle and nozzle base Fig 1; ©) combustion and’ expansxon inthe .

gas= generator turbine systems' and d) friction in the. propellant flow .'

'~.1circuits.v These processes: are: evaluated in terms of effiCienCiesvwhich

' haracterize the degree to: which ideality is approached in each process

-Weighed summed and multiplied by ideal specific 1mpulse values these S
»»efficiencies yield the predicted aerospike englne specific impulse.~ ‘
;Extensiveicold—fIOW and hot~firingftestsfhavewbeen~conducted-toiVerify
-of these efficiencieq for conventional aerOSpike geometries. Because/of
1its high area ratio and short nozzle length the SERV is not considered a
_conventional-geometry. However, except for -the expansion process
occurringiat'the base,ef the nozzle all efficienc1es in the SERV engine v
".8Te accurately determined using the methods previously developed for

conventional aerospikes.

The efficiency of'the expansion at the-base of the aerospike is characterév
ized by the base pressure, and is incorporated into. the nozzle overall ‘

thrust coefficient efficiency,~ This efficiency evaluates the. expansion

T

“dne the aerospike primary flowfield and in the nozzle base, Initial

'estimates were made of this efficiency for use in the generation of SERV

' engine parametric data, A cold- flow program was conducted to improve

- the'reliability of the methods used to obtainCT estimates in still-air

~and. in slipstream operation,
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Q'NOTE;f The SERV basellne englne system

" uses a’ separate turblne drlven low
" ‘pressure pump (pre- inducer) in

" addition to the high pressure. pump

~;_systems rather than the single
. pumps- ShOWn schematlcally in thls
:flgure ,

“for both the ox1d1zer and fuel feed~*‘




_ The cold-flow test program was .run using. a scaledvmodel (Fig. 2) of the
;,:SERV vehicle, " incorporating a-high expansion area ratio, short”length |

iaerospike engine model , These tests were conducted in still a1r and 1n

”slipstream at Rocketdyne 8 Rocket Nozzle Test Facility (RNTF and at -
k Arnold Engineering Development Center (AEDC) .. ' L

| .The slinstreamcwind tunnel program simnlatedvlow altitudeventernal.flow; _
’h'conditions*similarftowthoserenCGUntereGbe»the vehicle'invflight.v>Thesef :
;ftests'Were not. run at the pressure;ratios of an actual-trajectory. . The
 odata‘vere extrapolatedfto'indicate.the effect of the slipstream on;high

: area ratio -aerospike- engine operation: Previous testing.with aerospike-

nozzles of low area ratio;has_shownrthat*thewintegrated’effect of. slip-“

_stream on the complete-trajectory is:-small,  Slipstream testing- at AEDC“
‘has provided information on this aspect for the SERV engine geometry =

©and furnished data used. in scaling the slipstream effects._

Still-air testing of the bageline SERV. engine geomerynis a gignificant

,.step in the test program since no aerospike of that area ratio (465) and

nozzle percent length (5 percent} has been tested previously under cold~

”flow‘or hot—firing conditions, Testing under the SERV program provided_
'a basis for the prediction of the bésline.engine performance andkfor'

the parametric engine data, The body of SERV ?arametric data enconipasses
;a’wide range of geometric parameters as indicated in Table 1. The Slip~Vi“
“stream testing constitutes the basis for correction of these data to

'-slipstream conditions These: teSts provide'data on the effect of engine -

operation ‘on vehicle base pressure and therefore vehicle base drag with

engln_e on,

‘Engine pérformance estipates have been revised based upon evaluation of
'test_results at RNTF and AEDC.facilities, The cold flow program does not

provide absolute confirmation of the engine performance, but constitutes

the most economic way of determining 1f the SERV configuration can develop

the necessaiy open-wake base: pressure to make concept fea31ble.
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SERV AEROSPIKE PERFORMANCE
* AND BASE PRESSURE REQUIREMENTS

- Parametric

'quzle'Expansion Area Ratio N 7150 - 1000

_ Nozzle Length, % of Cone 5 -=10

Pressure Ratio, % of Design T 0.24 - 100

 Propellants : Sl SR LOX/H2

’Baseline-
Engine

465

5

l:~ 160

LOX/H2



. AEROSPIKE PERFORMANCE CORRELATIONS

' ‘:A large body of data has been generéted for the aerospike nozzle under .
i NASA,.Air;Force, and-Rocketdyne sponsorship (Table 2), ‘These data have
- been'used fo>develop a method of calculation:of overall aerospike nozzle

| performance. This method predicts thé.primafy nbzzle cpntribufion and
' the secondary (base pressure). contribution té oﬁerall nozzle performanCe,
~ The primary contribution is.obtained-by using the method of‘chéractér— |
jistiés, a longtime proven method.~vThe bulk of the analytical effort.has
beenvpiaced in the development of béée‘pressure calculatioh methods,
B Sﬁccessful theoretical-énd empiriéal;methodsvof-base pressure prediction
were deyelobed»for.operation at -and:near design. pressure ratio. Past .
» cbrrelaéibns;ofvpredicted values and experimental data .have shoﬁn-good,
results in that pressure ratio range (Fig. 3). As may be noticed fiom :
' Fig, 3, the base pressure is ilnvariant with pressure ratio in a range
of pressure ratios including design pressure ratio. In this range,’
.known as the closed-wake region, ‘ambient pressure is notia#;ariable
affecting base preésure. The problem of prediction of base._pressure
vhere'is therefore greatly simplified. In the range of pressure ratios
which includés gea level, the base pfessure is affected_by the ambient
pressure and its theoretical and empirical prediction is more complex.
Because of this, overall nozzle performance prediction is made in two

distinct Ways, one for the closed-wake and oné for the open-wake. .

CLOSED WAKE OVERALL NOZZLE PERFORMANCE PREDICTION

In the closed-wake the performance of the aerospike engine is obtained
' from_the methbd of characteristics analysis of the primary and a calecu-
'lation of the base pressure, Fromvthese two analyses the primary and

secohdary thrusfs are computed, The methods used in the calculation of

these two contributions are discussed below.
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" TABLE 2.

* _AEROSPIKE TESTING RANGE OF EXPERIENCE

~NoZz1e Expansion Area Ratio

Nozzle Length % of Cone

Pressure Ratlo % of Design

Primary Heat Capacity Ratio, 73

-or Propellants '

Number of Tests
o Still-Adr
"Slipstream

A-10 -

" Cold~Flow -
8 -~ 150"

7 - 30

1.3 - 100

1.23, 1.4,

1.67

.5700
123

LOX/RP, LOX/H

'8 - 76

6 - 20

3 - 100

NTO/50-50, 2

Hzoz

200
71



" Primary Nozzle Thrust'Coefficieht,,C?

i‘”;f,, E , gThié pérameter\is obtainéd for éﬁy“altitude‘of éperatiOﬁ ffom computgrizéd;'
v | method of characteristics and boundary layer qudtions. The methods‘afe
f.‘ co very accurate and yield (for a given- geometry) nozzle thrust coeff101ent
and nozzle wall pressure values as.a. function of nozzle length and .pressure
‘ ratio. This parameter reflects the nozzle .expansion efficiency (7? ), the
-beffect of reaction kinetics (72 ), the boundary layer drag (?Zd , and oth’ér,f
;’vproces°es such as expansion around baffles (7Zb The various. efficiencies
. combined’ w1th the ideal thrust coefflcient vield the prlmary thrust co-

efficient as shown in the follow1ng equation

!i,‘ s . '. B - : ,  '
cp = 1+Z(7Z—1)i' Cp
o I D ideal

Typicél graphs resulting from this type of analysis are shown in Figs.?4
‘and ‘5. As can be seen in Fig. 4, the thrust coéfficient decreases as
pressure ratio (altitude) increaées, At high pressure ratios the thrust
coefficient becomes constant. This indicates that the nozzle wall pressures
are no longer affected by the prevailing.ambienf pressure, . The primary
nozzle thrust coefficient presented in»Fig; 4 follows the same trends with
pressure ratio as the primary intrinsic thruét of the nozzle. The intrin-
sic thrust of the nozzle, The intrinsic thruét'represents the force

developed by the engine exclusive of ambient pressure drag.

Closed-Wake Nozzle Base Pressure

The‘bése pressure of aeroépike nozzles follows. curves with pressure’ratio
which afe similar in behavior to that of the intrinsic¢ nozzle thrust '
.o o coefficient, Fig. 6, When altitude (pressure ratio) increases the base

pressure decreages, as ambient. pressure waves transmitted thfough the

A-11
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Primary Thrust Coefficient, Cp

P

Nozzle Pressure Ratib,,Pc/pA :

Figure 4, Typical Aerospike Primary‘Thrust Coeffiéienf_vs Pressurc.Ratid
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- primary flowfield affect-the base region, Anvaltitude~is eventually

reached where the ambient-pressure.doés not affect the ‘base. The base

pressure remains constant from this point on and the wake is said to be

‘ closed.

"~ - Two methods are used»for'prediction of base pressures in thevcldsed-wake,

:régime, a theoretical methdd, aﬁd:an empirical method. The empirical
method generates only the -bagse pressure. The theoretical method,‘
‘Appendix A5'is more encompassing and ‘generates more information abouf
the flowfield in the base, The results énd accuracy of-the"empirical

 and theoretical'methods are comparabieu

. For the SERV. engine-several of the“panameters of . Table 1 areubeyond.thé_ i

rangerofvaerospikebtest experience. ,However, the equations'werevassuméd.

applicable following similar experiencesbin aerospike 'programs wherein
,'equations_based on the lower expansion area ratio were successfully

extended to an area ratio of 150,

: Overall'NozzleiPerformance, Cc

T

, The'primary thrust coefficient (CF ) is combined with the closed-wake
base pressure to yield the closed P.overall nozzle thrust coefficient,
referred to as the intrinsic nozzle thrust coefficient,

C =. C + PB/PcéB _

'FINT FP

A tyéical intrinsic thrust coefficient curve is shown in Fig., 7.  From
this parameter, all that is necessary in the closed*>wake is to subtract
the ambient pressure drag at the altitude in question to obtain the

nozzle thrust coefficient. Thus,

C = C - P, /P €
F- FINT A" ¢

A-15
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Intrinsic Thrust Coefficient, C

i
=4

. Pressure Ratio, Pc/pA

.

Figure 7, A Typical Aerospike Intrinsic Thrust Coefficient vs Pressure Ratio
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~;The parameters in Eqs. 1 and 2 above, combined with the ideal -.combustion
’chamber characteristic velocity (C*) and efficiency (17*) and with the

secondary flowrate ratios (w /w ), yield the engine,specific impulse,

vkg(1+W/w) ' N L ;

The quotient of nozzle thrust coefficient and the optimum thrust co-

efficient for that altitude defines the nozzle thrust coefficient

efficiency (CT)’

cp = _F . 1 S @y
Cp  GF W) i AT

F SR

Unlike C. C._ varies in the closed-wake region because the ambient
. INT. , - o T

drag and the optimum thrust coefficient vary withkpressure ratio. A

large portion of the CT curve is generated with knowledge of'CF.",

Py and Cp - ' S - NG
OPT ~ . ;- o -

The parameter C, in Eq, 4 is used for nozzle comparison nozzle evalu-

T
ation, and for scaling to hot- firing conditions. An equation for

SCaling results when_C from Eq; 4 is substituted into Eq. 3.

F

OPENeWAKE OVERALL PERFORMANCE PREDICTION

As in the closed-wake, the open—wake overall nozzle performande coeffi-~

. cient (C ) is calculated from a primary thrust coefficient contribution

and a base_pressure contribution. The primary thrust coefficient’ (CF )
' P

'isveccurateiy established for the open-wake regime using the method of

. characterigtics analysis (Fig. 4). Empirical methods as well as an

extension of the closed-wake theoretical method.(Appendix B) have been

A-17
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'evaluated for prediction of the open-wake base pressure, These methods

did not fully characterize the proper trends with nozzle geometrical

1chahges'such as expansion area ratio and-nozzle 1ength Because of this,
a method has been developed which makes direct -use of C data generated. ‘

to date, This method is known as the normalized CT method

The-Normalized 'CT Method S B . S T |
If the CT date of e given aerospike geonetry tested under cold~flow and

hot- firing conditions (Fig. 8) is divided by the. respective value of C

at: design pressure ratio, and. the. pressure ratio is divided by the -
respectiverdesign«pressure,ratio, it is ‘found when the.resulting values

are plotted together, that the effects of geometry and specific heat

ratio are normalized .to a considerable degree (Fig. 8).. This is -

‘especially usefnl in the open-wake region, for it offers a way of.

scaling cold-flow to hot-firing performance in the open-wake region.

To obtain the ‘performance-of a hot-firing engine with cold~flow geometry

-(using the above technique) one proceeds as follows.

A, Caiculafe the thrust coefficient efficiency at design pressure ratio

(C ) per the closed—wake-method explained previously.,

. d '
" B., Calculate the normalized pressure ratio- (PR/PR ) at which the hot-

firing performance ia desired

T T "N.Po

C. At this value of (PR/PRd) read ‘Fig. 8 and obtain (C /C. )

D,  Compute CT for the nozzle in question as

Q
=3
I
L
Lo
Q
‘»—3

(5)

[=)
Q

T N.P.

A-18
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"-This technique has been used and found to have less uncertainty than the

'method which relies on calculation of- the open~wake base pressure.v It

"also gives the proper trends with the nozzle geometry variations such -as

expansion area ratie and nozzle length,

'_'Thereﬁeré,twofways-in which this method is used: 1, Wnere.hot—firing
.performance is desired for a gometry which has been ceold-flow teeted, the

‘uvnormalized C plot'is Obtained'from the cold~flow data for tne exeet

geometry and used. for hot~ firing calculations. This epproach has the
'11east uncertainty and has been verified in previous tests. 2, Where"
vparametric performance is desired and only a few geometrieskhave been

i -teeted, a universal‘type of’normalized~CT is used, This type of . plet

" uses all the data generated to date plotted in the same manner as shown
in Fig. 8.. This universal plot has a higher uncertainty associated with "

it,'but'is suitable for parametric-evaluations,

In the SERV program-the initial baseline engine performance and the
" parametric engine data have been generated using the,latteerethod for

the open-wake., The baseline engine performance will be updated when the

11

.-~ cold-flow model is tested and its "normalized CT is obtained,

Open-Wake Base Pressure From Normalized CT

Oncerthe overall nozzle performance is known for the open-wake condition
- ".the base preSSure can be calculated indirectly since the primary nozzle
thrust coefficient can be calculated using the method of characteristics,

Equations 2 and 4 can be combined for this purpose.




RELATIVE IMPORTANCE OF SERV ENGINE BASE PRESSURE

A comparison of the base pressure effects on nozzle performance in the

_ SERV ‘aerospike negine and in a conventional engine is depicted in Fig. 9;; l

Here the thrust coefficient efficlency a?c has been used - This efficiency '
F :

is equal to the nozzle thrust coefficient divided by the ideal vacuum thrust

‘coefficient, Tpe gain in performance with small amounts of secondary - flow

1s again greater in the SERV engine than in the conventlonal aerospike

At sea level the base pressure contribution becomes more significant in-
the SERV engine. Its magnitude is comparable to that of'thevprimary

contribution.

IMPACT OF SLIPSTREAM

When operating in the slipstream, and Eﬁring a relatively short. 1nterva1
of time, the vehicle provides an atmosphere unfavorable for efficient
expansicn of the aerospike engine gases, at the alfitude of operation.
As a.result, the nozzle thrust coefficient (and therefore thrust and
Specific impulse) is less than would pe‘expected for that altitude. To
get the proper appraisal of the situation one must look et the effect as

it relates to time.

- On a vehicle in flight’there are two types of forces in action: a'retafding
force (drag) caused by the glipstream and vehicle body form (or design),

and an accelerating force provided by the engine, The retarding force
..changes with the vehicle veloclty and is practically independent of the
typegof:engine installed<in'the vehicle base, The accelerating force is
“the engine intrinsic thrust, characterized by the intrinsic thrust coef-
ficient (Fig. 7). In the absence of adverse slipdtream effects, this
coefficient would decrease with time along the trajectory as shown in Fig. 10,
a feplot of Fig, 7 with fime-as abcissa, The time scale was obtained from a )

SERV vehicle trajectory,
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" Figure 9. Effect of Base Pressuje on Conventional Aerospike Enginé'Perfbrmahce
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*'Slipstream Effect on AerOSpike‘Thrust-Coefficient, CT

In the presence of slipstream, the engine, installed in the wake of the
'evehicle, sees an effective ambient pressure._ This causes the flow to
» effectively adjust to a higher altitude so that the intrinsic thrust
v‘produced ig that which would be experienced at a higher altitude. " This
means that -the intrinsic,thrust coefficient would be displaced in timerf‘
as shown in,Fig.‘lO,_an-estimate_of_theaeffect of'slipStream~onlthe,

SERV engine.

In previous slipstream test-programs {Table .2) it was obserred,that'theh;'
Veffeét of theipseudo—altitudevis:thevonly'effeCt,on»nozzle‘perforranoe;r
‘That is, expansion of the gases proceeds as 1f only the altitude had: been
change,vand no- extraneous: recompressions. occur:in the nozzle or nozzle

' pbase., This was confirmed in two previously conducted slipstreap~programs.‘,.
“The original data of both programs,isrshown in Figs. lla-and 12a in terms-
”oanOZZle.CT coefficient and base pressure ratios plotted against the ’
~altitude pressure ratio-Pc/P,‘._ When the daga-is recomputed in;terms of

the vehicle base pressure ratio and plottedlversust /P the results

BVEH’
e indicated in Figs. 11b and 12b were obtained: This shows altitude effects
alone have acted upon CT,and.the base pressure, so that the vehicle base

_pressure P is a correlating parametexr for both nozzle efficiency C

BVEH °T
and base pressure ratio (Figs. 11lb and 12b). The vehicle base pressure,

vPBVEH could not, however, be used as a correlating parameter for the SERV
engine. ‘The base pressure oﬁ the SERV in slipstream corresponded to a
etill-air value at an ambient pressure somewhere between PBVEHrand Poo «

These results are discusSed in the Slipstream Model Test Results section,
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SERV COLD-FLOW TEST MODEL

' The SERV cold-flow ‘test model (Fig. 1 ) has a diameter of 27 inches at thé |
- base and'a,length of 20 inches. . It has a double cone forebody and a semi-|
"spherical reentry type heat shield base, - The model is attached to a cylin;
“drical forebody of approximately>126 inches in length, »A strut éftachedv
-~ to the cylindrical.forebody supported the~mode1.dufihg~téstS-af AEDC?’V'.

‘The SERV vehicle model incorporétes éuscaled model of the SERV aerospike
engine, = The engine-model.has been.designed for air operation at a chamber
ipressure of 400 psia. w&th"aﬁmaSS\flow-hpproaching'11 pQunds;per second, 
the model develops approximatélleBO 1b of thrustﬂwithfé thrust coeffi-
cient of -approximately 1.6, Placed at a diameter of approximatélwaG-iﬁches
the throaf annulus has a width of approximately 0.014 inches. This latter
dimenéion was an important féctorfin the selection of the model size., The

more criticalvmodel.geométric pérameters ére summarized in Table 3.
- MODEL SCALING

Cdmplete éimulation of aerospike engine CT performance and base pressures

is achieved when geometry, specific heat ratio ( ¥ ), and boundary layer
conditions are matched-between engine and model. Matching of geometry and
specific heat ratio ensures identical dimensionless primary inviséid_flow;
..field propertieé (ekit.Mach number,_design pressure ratio, and exit flow
'angles): Equal boundary layer conditions ensure equal dimensionless primary
nozzle friction loss and baée presgure ratios. When all three conditiohs
are satisfiedbnozzle thrust coefficient effiqiencies (CT) of model and

engine are identiéal_(except for kinetic and gas relaxation effects).

»;Numerous aerospike test programs have indicated that nozzle geometry (char-
acterized by nozzle area ratio, percent length, and nozzle contour) is the
key parameter in the correlation of nozzle CT performance, ' Relying on

this experimental evidence, the SERV engine was scaled geometrically from
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~ SERV ENGINE MODEL ‘GEOMETRIC PARAMETERS

Exit Diameter, in,

Throat Diametef, in, -

Throat Gap, in,.

' Throat Area, Geometric
Throat Area, Aerodynmaic

Exbansion Area Ratio

Baée AreafRatio

.. Nozzle Length,v%

 TABLE ‘3

~ AS DESIGNED

25,8302

C1.2016
"d,oisé
1.136
1.02
465
. 368.8

5

A-28

AS BUILT

 25.84

1.230 ..

0.0147

1.237:

120
440
348

5

AS TESTED .

1.266

417
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, lifrom the SERY,baseline;engine. Nozzle expansion area ratio and~noz21e
percent length were p'res'erved.f The-hozzle confoursvare diffefent. Thie'

results in a different base:afea'ratiq between engine and model,

' MODEL NOZZLE CONTOUR DESIGN

~A truncated isentropic.spike contour is.the4basicrgeometfy frcm<

.Which the final»SERV'hoizIe contour is obtained; In fhislbasic»gédmetry
the ekhansion of the gases centers about a point on.the'nczzle throat "
resulting in external.ekpansionucf the gases, For the_SERV’configufafion :
a two-dimensional double wall section replacee a section of the basic
isentropic Spike contour neai-the throat. The resultlng geometry: expandoax
"the ‘gases 1nterna11y in the double wall section and externally in thé

‘.truncated isentropic spike section, Careful matching of the two sections

. is made to retain the same external flowfield as the basic truncated

isentropic nozzle contour. This insures equal nozzle performanCe of the‘

SERV and the truncated isentrdpic spike geometries.

The model nozzle contour design resulting from geometry scaling alone is
preeented in Fig. 13 . Since the specific heat ratio of the model test
medium is 1.4 and that of the SERV engine combustlon gases have an effective

value of l 16, the nozzle contours dlffer slightly.

SERV MODEL OVERALL DESIGN

. The SERV model was designed by Chrysler with close coordination with
Rpcketdyne.' The following discussion on the overall SERV model design and
drawingS‘are taken from a Chrysler document (Refr 2 , revised where applic-

able,
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* PRECEDING PAGE BLANK NOT FILMED

: The test model is a 2,5 percent scale, stainless steel repllca of the aft.
"portion of the SERV- Launch Vehicle. It has a diameter’ ‘of 27 inches at

the base and is approximately 20 inches in length -.The model has a double
: ncone forebody consisting of 45 deg and 25 deg half angle conical frustxums..
e.and a semi-spherical reentry type ‘heat. shield base. The model Wwill bp -
. ?mounted on a strut supported. cylincr1ca1 forebody that is 6. 68 incheés in

".diameter and 126 inches in length A drawing of the model.geometryvis~

shown in Fig. 13. S L i |

\,The model has a scaled 5 percent length aerospike engine 1ncorporated in
n.the base and:is de31gned to determine axial force, englne performance: and
body staticvpressure distribution during cold—flow Jet simulation testing.
The-model engine combustion ehamber, nozzle,:and:nQQZ;e‘Contour'have,beén
designed:fbr alr operation, at a chamber preéSure of~400‘psia'énd afbmass
-.flows of 11 pounde'per second.nvInterna1~ducting 15 provided'in the'model
to bleed off approkimafely 2.1 percent of the engine mass flow from the |
air manifold -to the turbine exhaust annulus 1ocated in the base juet

inboard of the aerospike ramp.

" The airbmanifold which feeds the aerospike engine is the main model suppert‘
strueture;. This manifold consists of-alcenter-barrel, fhree rows of radial
tubes, a ring flange, end a-set of fleXureS-at‘the forward end. The center
vbarrel_mates with. the model sting at e socket joint and 1s secured with a

v.Ma:man elamp.-*TWOvrowe of lOvthin;walied'radial tubes are brazed to the

‘center barfel and to the outer ring flange,. These tubes duct air from the
center barrel to the engine and provide radial support for the model. A

“third row of 10 radial tubes are brazed to the cenfer barrel gnd to the ait
section of the ring flange fo duct air to the turbine exhaust annulus. An
orifice place is provided in the center barrel to meter thevturbine exhaust

‘mass flow,
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.'An axial ring flexure 1s secured’ to the foreward end of the center ‘barrel

'*fand provides radial support and roll restraint for the model Model axial B
"restraint is provided by a 1000-pound load cell mounted between qnlversal
kflexures and secured between the center barrel and the model thrust

'.fstructure.

" The aerospike ramp, including the inboard combustion chamber, inboard nozzle;
' surface, and turbine exhaust -manifold is secured to the r1ng flange w1th
Esocket heat cap screws, The outboard combustion chamber and exit. nozzle

’surface mates wlth the ramp,sectlon in a-slip-qo;nt.andvls secured with
" socket heat cap screws whichfwilliallow-exaCt-sbacing of the'nozzleifhroat

gap;lf04fing~seals are provided at all‘joints.

B The model base plate is atfached to the aerospike ramp at a flange type
joint, ‘The base plate provides access to the model for final assémbly and
a8 connection of model instrumentation, . The plate also has prov151ons for an

alternate turbine exhaust dump locatlon.

.One set of engine reentry protection'dOOrs is provided with the model,
These doors are fabricated as split rings for ease of handling and installa-
"tion on the model., The doors are attached to the outboard nozzle ring with

socket head cap screws,
The fiist forebody section conéiets of the 25 deg frustrum, and is attached
to the air manifold ring flange at the- aft end and to the ring flexure at

' “'the foreward end at flange Joints. This section also includes the model

‘thrust structure and transmits model axial forces to the load cell,
"The second model forebody section consists of the 45 deg frustrum and isv

attached to the first forebody section ata flange- ‘joint. This section

provides access for connection of model instrumentation,
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' The oylindrical seetion supporting:the model: has a thick wall center tube.
“which supports the model and ducts the high preesure gif tofthenengine

- manifold. Spacer bars are welded to the outside. of the center tube and:

iybsupport a removable sheet metal c&lindricélifgiringvwhich providesnaccees;
channels for routing instrumentation from»thetuodel and simulates the
"toutside diametervof'onevof:the SERVapay;oad,configurations. pTﬁegiorwerdt
end of the cyiinder is olosed'with a 15[deg‘ha1f angle cone. R L

"A modlfied double wedge strut extends from the support tube to the tunnel

FJ',floor (Fig. 14) for slipstream testing.e This strut has: a- chord of uO inches,

a thickness of 24 75 incheg, . The: center portion . of the strut provides the E
structural support and houses four 1nlet air tubes. The leadlng and t
',trailing edges-of the strut are rempvable for routing instrumentations.
.Spacers will be provided for placement between the strut and the tunnel

' f;oor so that + 10 deg angle of attack»may be.achieved._'

“.'An installation drawing of the. model for still—air testing at the Rocketdyne

RNTF is shown in Fig. 15,
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~ PRECEDING PAGE BLANK NOT FILMED

. ENGINE PERFORMANCE REVIEW

- IR BASELINE ENGINE PERFORMANCE

'A complete description of the SERV baseline engine design, engine balance,k
and component. efficiency parameters is shown in Table 4 . The data in the
| table traces the development of the initial baseliqe engine to its _present
l geometry. In this table values are furnished for the various process
efficiencies whose combined effect determine the -engine specific. impulse.
System geometry and flowrates as well as temperature and pressure schedules.
fare'presented in,tne table.  The performance shown iS»tne nominal engine

'performance.based on the;nOminal efficiencies shown in thé table.

-~ ENGINE REBALANCE

. Sincebthe_initial baseline engine performance estimate'was prepared (Ref. 3 ),
'studies heve been conducted to provide a 10:1 throttling capability in the
SERV ‘engine, to evaluate the turbomachinery efficiency ralues, to refine
the nozzlé_contour and the respective nozzle divergency and.drag effici-

"‘encies, and the fuel heat gain in the jacket cooling process. . As e reeult
i;of these refinements, an-increase in baseline performance can be predicted.

R\ reduction in turbine flow requirements for the engine was also indicated.

The reduction in secondary flow results in part of the increased engine Is.

_Theee studies indicated that turbine flow requirements could be reduced to
' 0.0264; . To provide throttling of the engine to 10 percent of its nominal
‘thrust,ltheroxidizer injector pressure drop'had to be increased to 2000

pSia to insure proper combustion in the chamber.

.The increased pressure drOp required an oxidizer pump discharge of 4320 '
psia. This additional requirement on the turbomachinery was met by increas—

_ing ‘the turbine flow ratio ( T’ ) to 0.0295.
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¢  CONFIGURATION

f ENGINE DIAMETER, IN.
COMBUSTOR
CYCLE
TURBINE ARRANGEMENT

 ENGINE
SEA LEVEL THRUST, 1B
SEA LEVEL SPECIFIC IMPULSE, SEC
VACUUM THRUST, LB
VACUUM SPECIFIC IMPULSE, SEC
MIXTURE RATIO, O/F
OXIDIZER FLOWRATE, LB/SEC
'FUEL FLOWRATE, LB/SEC
EFFICIENCY AT VACUIM

A/

COMBUSTOR
MIXTURE RATIO, O/F
CHAMBER PRESSURE, PSIA
OXIDIZER FLOWRATE, LB/SEC
FUEL FLOWRATE, LB/SEC
FUEL INJECTION TEMPERATURE, R
CHARACTERISTIC VELOCITY, FT/SEC

COMBUSTION EFFICIENCY fREF TO INJECTION
CONDITIONS

* REFERENCED TO PROPELLANT INJECTION CONDITIONS
*% REFERENCED TO PROPELLANT TANK CONDITIONS

TABLE 4

SERV BASELINE ENGINE DESIGN DATA

INITIAL BASELINE
ENGINE

1049
SINGLE

GAS GENERATOR
PARALLEL
5.4 x 106
344.6
7.29 x 10
465.3

6.0
13,432 -
2,239
0.9421% (0.9555%%)

6

6.64
2000
13,141
1,979

474

7509

0.995 .

- 7.286 x 10

INITIAL BASELINE

WITH 10:1 THROTTLING

1049

SINGLE
GAS- GENERATOR

 PARALLEL

5.4 x 10°
347.1

6
468.3

6.0

13,335 ﬁ_
2,222

0.9456% (0.9618%*)

6. 51

;zooo
'13 099

2,012
474
7549

10.995

6.0

7551

CURRENT GEOMETRY

WITH 10:1 THROTTLING

1065

' SINGLE

GAS GENERATOR -
PARALLEL

5.4 x 106
346.7
7.31 x 10
469.5

13, 349
2,225

©0.9466% (0.9633%+*)

6.51

2000

13,113 ¢
2,014

474

0.995




TABLE 4
‘ SERV BASELINE ‘ENGINE. DESIGN DATA (Continued)

INITIAL BASELINE - INITIAL BASELINE L CURRENT GECMETRY
ENGINE ' WITH.10:1 THROTTLING -~ WITH 10:1 THROTTLING

'PRIMARY NOZZLE e | S , ,
AREA RATIO | L I oaes . 4e2.8  482.9
NOZZLE THRUST COEFFICIENT . - - 1.881 ~ 1.878 S 1,887
DIVERGENCE EFFICIENCY | - 7 70.9086 | 0.90¢ . 0.9126

_ DRAG EFFICIENCY | . o.e865 0.9866. 0.9865

KINETICS EFFICIENCY . = ‘0.999 0.9996 . 0.9996
BAFFLE EFFICIENCY A 0,999 o 0.999 o .. 0.999

BASE | B | S | . i
SECONDARY -FLOW RATIO, w /w o . 0.0364 - . .- ..0.0205 . - . . 0.0295
SECONDARY CHARACTERISTIC VELOCITY FT/SEC = 5500 o ss00 . 5500

 BASE PRESSURE AT VACUUM, PSIA 0 1.10 1o - " o901

GAS GENERATOR | o ST | S o

/ MIXTURE RATIO, O/F 1z - iz o az
OXIDIZER FLOWRATE, LB/SEC 5 2008 o 2385 . 235.8
FUEL FLOWRATE, LB/SEC o 2896 . 210.3 . 2105
TEMPERATURE, R ~ 1960 , 10 . 1960
SPECIFIC HEAT, BTU/LB<R . . 1.8 e 1.8 S s

GAMMA v R ' ."_ 1.348 . : J_;.' 1.348 0 -  3]"1m ' 1.348
MOLECULAR WEIGHT = o a2m2 stz gtz
' CHARACTERISTIC VELOCITY, FT/SEC g 7045 Ll o045 T 7045




TABLE 4 |
SERV BASELINE ENGINE DESIGN DATA (Continued)
'CURRENT GEOMETRY
WITH 10:1 THROTTLING

INITIAL BASELINE " INITIAL BASELINE .
ENGINE . WITH 10:1 THROTTLING

GEOMETRY

ENGINE DIAMETER "IN,
NOZZLE EXIT DIAMETER, IN.
THROAT CENTERLINE DIAMETER, IN.
BASE AREA RATIO B

BASE DIAMETER, IN.

- NOZZLE PERCENT LENGTH

NOZZI.E LENGTH, IN.

'1049 04

1022 05

'1028.4

337.64
870.94
5.0
90.94.
1764.4

1049.04
1022.05 .

.1028.4
' 337.64
873

5.0
90.93

. 1064.5

- 1044.7
.1051.04

'346.7

'885.3

5,265
97.97
1775.2

COMBUSTOR THROAT AREA, IN. 1772.8

COMBUSTOR THROAT GAP, IN.:

-y

0.5904%%*

0.5932% 0.5812%%

| OXIDIZER FUEL ~ °  OXIDIZER FUEL - - OXIDIZER f'fﬁEL

 PRESSURE SCHEDULE | - | o e

i _ CHAMBER PRESSURE, PSIA S TR 2000 o 2000 2000

‘ ' INJECTOR END PRESSURE, PSIA .~ . . 2030 "f2030>" "‘:‘ '¥vv  2030 ‘
AP INJECTOR, PST . 500 200 2000 200 . 2000 200
/P COOLING JACKET, PSI e 700 —em 700 (v;*f:fi,—-;}" 700
AP LINES, VALVES, MANIFOLDS, PSI - S 290 120 280 120  *:‘v1f ,29o’:' V
GG SOURCE PRESSURE, PSIA - - 2820 3050 2820 3050 - 2820
TURBINE INLET PRESSURE, PSIA 900 900 ~fff‘ 825 :f 1\,‘9b0v.v-4, éﬁ>825fl
TURBINE EXIT PRESSURE - STATIC, PSIA 60 ' 60 . 60 60 < 60

’_:* BASED ON 12 FEET NPSH FOR OXIDIZER O FEET FOR FUEL
* REFERENCED TO PROPELLANT TANK CONDITIONS




- PUMPS |

INLET PRESSURE, PSIA
INLET TEMPERATURE, R
HORSEPOWER, HP S
DISCHARGE PRESSURE, PSIA

, SPEED, RPFM
- v ,
; EFFICIENCY
Pl
&

TURBINES

INLET TEMPERATURE, R

DISCHARGE TEMPERATURE,»R;'

PRESSURE RATIO
EFFICIENCY | ‘
FLOWRATE, LB/SEC

B

TABLE 4

SERV BASELINE ENGINE DESIGN DATA (Contlnued)

INIBTAL BASELINE ENGINE

' INITIAL BASELINE -
WITH 10:1 THROTTLING

~ CURRENT GEOMETRY
_WITH 10:1 THROTTLING

OXIDIZER FUEL

. LOW PRESSURE/ LOW PRESSURE/

HIGH PRESSURE HIGH PRESSURE

OXIDIZER -

'LOW PRESSURE/

HIGH PRESSURE

. FUEL
LOW PRESSURE/
HIGH PRESSURE

OXIDIZER

'LOW PRESSURE/

HIGH PRESSURE

FUEL
LOW PRESSURE/ -
HIGH PRESSURE

¥20.7/321 *14.7/222
%163/164 ¥36.5/39.5
11650/12600 3050/43000 -
321/2820 © 222/3050
4760/21700 - 13400/22700
0.80/0.81 0.80/0.77
© 1110/1960 1050/1960 
980/1110 980/1050
1.65/9.0 1.3/1125
10.395/0.45 0.62/0.53
12.2/13.0 28.2/34.7

*20.7/321

*163/164
2800,/18300

544 /4320

© 7040/21700
0.80/0.81

1116/1960‘
980/1110
1.88/8.0 .
0.50/0.70"
12.6 -

. 0.80/0.77

*14.7/222

*36.5/39.5

13050/43000

222/3050
13400/22700

' '1050/1960

980/1050 . -
1.3/11.25

0.70/0.74

25

%20.7/321
- %163/164

2800/18300 .
544,/4320 -
7040/21700

© 0.80/0.81°

_ 1110/1960_"
98071110 -
%I1.88/8A0"
10.50/0.70 "
12,6

*14.7/222

%36.5/39.5

 3050/43000
. 222/3050

13400/22700’

0. 80/0 775

11050/1960
98071050 - .
1.3/11.25 .-

0.70/0.74 -

S25




ments have led to. improved basellne engine performance.

Since the sea level thrust and basellne engine diameter are kept constant
the. above changes in turbomachlnery efflClencies and turbine flow requlre—'

These 1mpxovements

and the assoc1ated geometry changeq are reflected in Table 5

pase No,

6-B. -

.6-1

-

.0364

. <0264 -

.0295

TABLE 5

BASELINE ENG

-

465.3

468.7

'468,3

BASELINE ENGINE NOZZLE REDESIGN

INE REBALANCE

a1,
344;6 465
347.6 L 461.1
347.1 © 462.8

‘Initial

‘ ,Ehgine ‘
Description

:Baseline 
Improved Process

Efficiencies .

10:1 Throttling .
Capability

Structural studies have been conducted'recently whieh resulted in the incor-

poration of the engine thrust ring with existing'vehicle Structural elements.

This action resulted in . a weight savings,

It also allowed

for the nozzle

' throat to be placed at a larger diameter and at a position closer to the

propellant tanks.
alterations:

_nezzle length.

the nozzle expansion area ratio increased as

mance as shown in Table 6.

Case No, . T
6-A 0364
6-2 .0295

1 469.5

Two changes in engine geometry resulted

TABLE 6
BASELINE ENGINE NOZZLE REDESIGN

€

S S
v SL —_— Length
465,3 344,6 465 90,94

346.7

482,9 97,96

A=4b6 i

o
CRES s

Initial"’

from the above

well as the

Both of these changes have led to imprdVed engine perfor-

Engine

Description

Baseline:

Larger Engine
Diameter



'.Thé above'studies and a redesign of the secondaryfflow~exhaust.manifold

have resolved. the interference problem encountered ‘in the’ orlglnal base-

line engine with the turbofan englnes.

BASELINE ENGINE PERFORMANCE PARAMETERS

In this section the engine performance parameters necessary for correla-

tion with cold-flow nozzle data are compiled. In Table 7 the nozzle

efficiencies and base pressure data are presented at three pressure ratios -

of interest.

. TABLE 7
T SERV BASELINE ENGINE NOZZLE PERFORMANCE PARAMETERS
Nozzle Expansion Area Ratio, € = 465

L PressurekRatio>

Percent of Design Pressure Rafio

Primary Nozzle Thrust Coefficient
Efficiency

V-Nozzle Overall Thrust Coefficient
' Efflclency

Nozzle Normalized Thrust Coef-
ficient Efflciency :

Nozzle Base Pressure, psia
Nozzle Exit Wall Pressure, psia

Amnient éressure, psisa

‘ - Design ]
Sea Level  ~Altitude  Vacuum
136.09 10,303.4 o
1.321 100 ®
0.856 0.9464 10.9468
10,9045 1.0 -
14.48  1.10 "1.10
0

14.7 0.1941

e T
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" SERV MODEL STILL.AIR PERFORMANCE CALCULATIONS

9[] The as designed"” geometry of the SERV cold-flow model. was.used to deter~
: mine the expected still air nozzle primary performance (C nozzle C
A performance, the nozzle wall pressure,.andvthe nozzle basep pressures.
The model was designed with ah area‘rafio of 465 Cold flow blowdowns

of the assembled nozzle at chamber pressure .of 400 psia indicate that -

the model area ratio . as tested was- 4]7.-

NOZZLE PRIMAKY THRUST COEFFICIENT

"The nozzle primary thrust coefficiént wag obtained from a method‘of
characteristics analysis 6f the primary flowfield. It was calculated
“for pressure ratios from Simulated'sea~1evel-(450),to;vgcudm.,.Results»‘,
'are shown in Fig., 16, Recompression of the nozzle -can be séen to end

at a pressure ratio of 440 as indicated by the conctancy of the pr1ma1y

' thrust coefficient

NOZZLE THRUST COEFFICIENT EFFICIENCY,‘CT
Eduations 1 through 4.weré used'for‘the'céiculafion of_the closed~wake
Cc performance shown in Fig. 17. The drag thrust coefficient 1oss'ACF

T

was obtained from a boundary 1ayervana1y91s of the model, The base d

pressures were calculated using the closed-wake empirical equations,
Performance is shown for the case of no secondary flow and for the turbine

flow conditions of the baseline engine (W.CE/M C¥ = 0.021).

A-48




Nozzle Thrust Coefficlent, Cp
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 NOZZLE WALL PRESSURE RATIOS

j»Thé-ndzZIé'wall‘pxessure,ratios,-onevof theanufpnts;bf the,method'of
‘Vchargcterist;cs~énalysis 6f fhe pdzzle, aréfshown ;n’Fig}_IS. 'de,;_
pfeésuiexraftps_are'shOWn;'vécuum,:fOr’which'thereiis‘no recompression,
‘and séaulevél\(simulated):for-whichvstmbng recompression is felt 6n the
nozzlé walls. The wall pfessuré ratiqs (Pw/Pc)iare plotted-against the
dimensionless - -datance (X/RT);from‘xhe:nozzleuthroat.“ Pressure taps-at
selected locations on the model nozzle wall were used to verify the

.'1calculatcd values.:




°3/"q ‘otimy smsssag TTEM
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SERV Cold Flow Model Wall Pressure
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" MEASURED MODEL PERFORMANCE

lehen the siipstream model tésf.prqgramfwgSPQxiginally.formulated;'it wasg
vb.,recognized that_the“engine_thrust wouldvnot‘bevdirectly ﬁeasured'during
,the’slipstream.ruhs,;but could -be isolated from the force baléncenméasureQ
ments:of»thrusf—plus—vehicle—drag, using engine-off and engine-on. runs af
identical slipstream conditions. The test procedure was designed to. . .
‘ 'provide’pairs'of runs1consistihguoﬁaan»éngine4on-casevfollowed*by,an.;'L~»
‘engine¥qff“case'at as nearly ‘the same glipstream Mach number and.totali-
pressure as was pracfically thainéble.fvThevdifferencebin for¢eVbélance
readingé between each pair of runs would then,§e the_enginé'fhruéf, pius
the fdrce-due to the change in vehicle»dfag dueatovthe»engine,Vplus,eﬁrorv
'fOrcés due to changes in run conditionSrbétweenﬁthefengine—oh:casehand
correéponding-engine—off case,'as-welljas-any>shift»in:theiforceQbalanceaw
zero due fo pressure and temperature induced loads Cauéed by the engihe
gas éupply flowing in the model.k The model was designed to minimize the
zér6 shift, and this effect was assumed to be negligible in planning the
tgét program. In monitoring the on-line data during the testing, it was
found that internal stresses,»apparently producéd by a temperature
‘difference between the modelvahd'the'nozzle supply air,véaused force .
" balance loads that would be an important factor in interpreting the

test resulis.

_From the results of a pair of runs, an engine-on case followed by an
engine-off case at the same glipstream conditions, the engine thrust

can be obtained,

The force balance load, FAC, opposes the net force on. the model (Fig. 19).

-AiAC = qudel




Figure 19, Definition of Force Terms
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For engine-on operation,

T FAC = F  + ¥ =+~ F
U e - d V.

-YI>Where F”lie the engine thrust-'F is the~force on thelcowl and dodrs

d
(the part of the vehicle base not occupied by the engine) and Fv”is _

‘the drag force of the vehicle forebody.

fwhére.Fb‘iis the.engine—eff,forCewon the part of the vehicle base . . -

dccupiedo'by the engine.

'Assuming that the engine does not affect F v’ i.e., Fv =F Fé can b,e‘..;.~

: v
obtained °

L Fy = (FAC - FAC ) = (V,Fd‘-» F ) + F

In this development the engine thrust, Fe,‘is referenced to vacuum, ratherb
“ than the local ambient pressure as is ﬁsuaily the case. Fe is termed the

“intrinsic thrust of the engine,

"iThefforces,Fd, Fd ?ﬂd'Fg afebrelatively smali compared fe the force -
k*,balance readings,otherefoge, the .accuracy of the engine thyust value$~
is'stfengly dependent On_thefaccuraci of the force belance”readings, for

both the engine-on and engine—off'cases; As a check on the engine-off

force data, a series of engine~off high dynamic pressure runs were made
>at,slipstream Mach numbers of .6, .8, .9, 1.1 and 1,25 to obtain drag/dynamic
pressure, Dq, which'shpu;dvbe censtapt with varying q. Having q for the
engine-on/engine~off pair ef runs, the engine-off drag could be computed

using D/q from the high q runs, ‘The high q data provided a source of




-5;enginesoff force‘results that"avoided the_uncertainty_associated;with“
the internalkioading_of.the force cell, since the model was in thermai .

. equilibrium during the high q runs. Drag forces .from the D/q'data were -
.in general felt to ‘be-more accurate than the engine-off force reading
taken 1mmediate1y after the engine—on run. " The D/q forces were used in

the data reduction procedure finally selected

: Haﬁingvaetermined that the.originallyuselected'method‘of.obtainingv
performance from the test data cquld‘introduce considerable error;'an
'alternative method was used to check the sensitivity of the final results
“to- the method used It was observed that for chamber pressure/cowl pressure
(P /PBV) of more than 400, the nozzle wall pressures were: independent of
’slipstream Mach number and P /Pao- Figure. 20 compares experimental and:
'theoreticalowall pressures. The experimental pressures are- higher -than
‘the predicted values due to.the;lower area ratio of the model, € =417,
compared to e; = 465 used for the predictions, The. theoretiCa1 results
indlcated that the wall pressure should be constant for: P /PBV 450,

For PC/PBV greater than 400, “the intrinsic thrust of the nozzlel excluding

the nozzle‘base, F , 18 therefore constant. If the value of F were
Pint o Pint ,
know ‘the nozzle thrust at various slipstream conditions could be obtained

without using the force balance outputs, either for engine-on or engine-off,
~since’ | ' ' : .
CF = 4+ PBExA,_ - P__, A
€00 - F;int b ot
where _ ‘ : o
‘PBE 1s the integrated average base pregsure
”'Poﬂ is the freestream ambient static pressure
vab ig the base area ‘ ‘
: Ae is the area of the vehicle basetoccupied by the engine
In thig case the ‘accuracy of the regults is independent of the force

'readings for a given case, but is dependent on a pressure integration.
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R waSAObtained from the force ‘balance eutputs for mahy“cases‘ahd”an

pint

‘f average value of 865 lbs was selecfed;, Using experimentalidata,

8 Fp  , 4=1 (FAC - FAC)) - (pﬁni- PBDO) x Ay - PBE x A+ PBVO x A_
Fint . St
where
7'{JEAC 18 the force palance: reading, engine~off _
. PBD is the integrated average pressure on- the vehicle base
| - outside of the area- occupied by the engine
© PBDO is the PED for engine-off = : |
'ﬂ»PBVO ig the integrated average: pressure on the vehicle base
area occupled. by the englne
‘  A, is the area of the engine base. -
'Aé ~ig the area:of the:engine

A is the vehicle base area minus area of the engine

Figure 21 shows model nozzle efficiency for the doors-off configuratioh,

,referenced to freestream ambient pressure P base en F = 865 1lbs.

- The efficiency, Cc , 1s defined as
, Too T

W’
pint

or
: ideal
i where
Fe = F + PBE x A o X Ae
int o ‘
and , | :
Fideal is the thrust that would be obtained by a one-dimensional

frictionlesd, equllibrium expansion from the nozzle stagnafion

1cenditions to the freegstream ambient static pressure,

Figure 22 shows CT for the model based on force balance readings, The
o>
engine-off forces were based on the high dynamic pressure D/q data 1n cases

“where the force balance and high q results varied.
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" EXTRAPOLATION OF PERFORMANCE TO HIGHER PRESSURE RATIOS

'.The-SERV model expansion area ratio wasi417vas tested. A one-dimensional l.‘
»isentropic expansion of air to an’ expansion ratio of 417 gives an exit |
pressure/total ‘pressure of .336 x. 10 . The design pressure ratio,; PRD

is the chamber pressure “to ambient pressure ratio where the exit pressure:
'eQHalg anbient_pressnre" which in”this case'is 1/.336 x 10'_'4 = 29800 _

For the full scale 05/H engine with an expansion ratio of 483, PRD_11000.
Model performance can best ‘be scaled to hot firing performance by using:

“the normalized. performance method. described in an earlier section. This.-

method states ‘that if gg PR ., then ,CT:_ =G o
a D Model ,' D_Full Gy CT :
, L o -~ "D Model D Full

'wher.e-"CT ¥s- the nozzle efficiency -at: the-design pressure- ratio.* Forf a
S D ; ..
typical»SERV,trajectory,M;” = 0, .06, .8, .9, 1,1 and 1, 25 occurred at
Pv/P = 135, 260, 390, 480, 740 and 1000 respectively. The equivalent

: PR
model pressure ratios are P /Poﬂ’Full D Model which are 365, 700,
' | PRy Full

/1050, 1300, 2000 and 2700,

The test conditions run for the model'fall short'ofAthe required-pressure
ratios for all flight Mach numbers except M., = 0. The model data must
therefore be ‘extrapolated to determine performance at the equivalent
trajectory pressure ratiog. : The extrapolation could be reduced to an
,interpolation‘by:anchoring a high pressure retio point on each M_, curve.
'Tne:high pressure:ratio points used were the computed points at which,'
thevperformance departed fron the theoretical uncombensated performance

curve for each glipstream Mach number.

The exhaust plume outer bourdary of an aerogpike nozzle adjusts to the
lpressure on the vehicle base pressure just outside the engine, PBV, as
shown in Fig. -23. ‘The influence of the outer jet boundary (OJB) is felt

along:the first characteristic line from the OJB, For Pé/PB¥ = PRD this
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7 : Figure 23 , .
".SLIPSTREAM INTERACTION WITH \IOZZLE EXHAUST JET :

a, Slips'tream, PC/PBV < Design Pressure Ratio

b, Still Air, PBV = P, P_/PBV <—§ Design Pressure Ratio

Py d
¢. Slipstream, P /PU =R Design Pressure Ratio, Shock Intersects IJB Close Enough
to Engine Basu. to Influence Base Presgsure Lo - : . .
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“line pASSesvwellldownstream of that part of the inner jet bcundéry*(IJé)

that determines the engine base pressure and base pressure ‘is 1ndependent

3.4of PBY in this range. In still adr, the first characteristic line from

"the OJB intersects the IJB close ‘enough :to:the nozzle to influence (raise)
the engine base pressure when P /PBV'”“ ; PRD. For ‘slipstream with»a,¢
t-blunt vehicle base the vehicle slipstream intersects the OJB'causrng a
f’shock which influences base pressure at P /PBV considerably greater than
the -:1,; PRD which holds. for still atr..
CcnSidering,theeperformance of anlaerospike n6221e.as ambient pressure‘is
increased at constént’P ot C follows .the uncompensated curve until the -
shock from the intersection between the slipstream and the engine. jet.:

causes the-base-pressure4tOvbegin~to rise.  The ppint_at whrchbthe

" performénce:Curve'fcr«a~given slipstream“MaCh’numberlintersectSﬂthew'

uncompensated performance curve is the'point‘at which thegbaSe'pressure
starts to'increase above the;vacUUm value., - Figure 24 shews,the'meaSured
nozile base pressure extrapolated to intersect the theoretical closed wake
base'pressure fer zero-bleed. 'Besed on thege results, the M,, = .6, .8,
.9, 1.1 and 1.25_perfermance intersectsvthe_uncompenseted curve at ,
PC/PG; = 2600, 2200, i800, 1700 and 1700'respect1ve1y. The pcints anchor -
the high pressure ratio end of the slipstream performance curves. A curve
of CT'faired through the test data and intersecting the uncompensated 
curve at tne appropriate point was used tocestimate performance at high

~ pressure ratios as shown in Fig. 21,
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INSTALLED PERFORMANCE

s

‘Figure 25 shows nozzle efficiencies with the vehicle with doors ‘on. and
- off. The- effect of the doors. on the nozzle is complex. For some pressure B

;ratic/Mach.pumber cases, the doors cause.a reduced PBV which reduces nozzle‘

'bese‘pressure;3and therefore reducessnozZle»efficiency. For other conditions,*'

“the’ n02zle Jet impinges on the doors, : constraining the nozzle expansion

v thereby increasing base. pressure. - Referring to Fig, 24, at Moo = 9,and‘
VTPR”= 800, PBE = ,36 with doors and .30 without, In this case the doors
increase PBE, and from Fig. 25 it can be seen that for these conditionsv
the doors~-on CTO‘,is 2 percent nore- than the doors—off performance. |
Similarly, at Moo =1, 25 and PR = 800 PBE is .18 with doors. en and .22,

is 2.percent!higher';han~ o

'with doors off, in which case the: doors off CTao

for doors~off

_ The installed performance of the engine is defined as (nozzle thrust plus

the change.in vehicle drag due to the engine exhaust) /ideal thrust

CTI"g Fo, + (PBD - PBDO) A,
- Flaea1
-~:or - B T I
c c. . 'zic
T, o= T + T,
Where
z;ch _ (PBD - PBDO) A
- F|deal

Figure 26 shows ZSCT for fhe Siipstream-tests with both doors-on and
D .

doors-ofi. The large effect of the doors on vehicle: performance 1s best

seen'in these results, TFor slipstream operation ZKCT with doors~on is
o 3]
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""" Effect of Doors om’

' 'Model Nozzle Efficiency
. Based on F = 865 -

| Y= 1.4 ‘1nt» :

O Doors On

® Doors Off ‘
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*f 10 to 13 percent while ZS C without doors is 0 to 2:perceut'forkthe

. D , t ‘
‘ pressure ratios of Lnterest The large effect of the doors on vehicle

i hdrag at high pressure ratios. is apparently due to. implngement of the

v,expanding engine jet on the inside of the doors. The high pressure.
impingement ‘region: inside the doors hasg - a relatively 1arge projected

“area normal to ‘the engineicenterline and ia opposed by a relatlvely B

low pressure outslde the doors over the same projected area, Flgure 27
_shows the measured static pressures inside and outside the. doors for the o
’conditions tested. Figure 28'compareSginstalled;perfermance-for,doors—oh,"
and doors-off. .At high pressure ratios'1nstalled~perfcrmance 'iucreases-
~of b to:10 percent were obtained: by removing the doors.. These performauce
gains were relative to the tested doors position which was: clearly a poor
configuration due to the exhaust impingement that occurred at high pressure
ratios for this doors position. Performance»approaching the doors—offs
‘VaIUes_should be -obtained if ‘the doors are swung out to avoid impingement
~and a vent 1is provided to increase PBV relative to P_ . The doors—off

performance is representative of the performance expected from a conflgu—

" ration resulting from a doors optimization program

o values shown in Fig, 26 are strcngly dependent
T v _ _ :

(approximately 1 to 1) on the”vehicle cowl area, Ad’ which is prcportionally

The doors—qff'model AC

much'greater than the correspohding area on the full scale vehicle.  The
- over—size cowl area was required for the model to maintain the throat
deflection within allowable limits, For an optimized‘full scale vehicle

_l\CT would approach zero, therefore in this way doors-off CT values are -
‘Do : : ’ L A § S

-conservative,
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vFigure 27, Static Pressure Distribution on Inside of Doors
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* PERFORMANCE SCALED TO FULL SCALE

" Model performance was scaled to predict the. installed performance of the
full scale engine over the range oi’ cohditiohs that might occur for SERV .

!

missions.. -The scaling procedure used was the normalized efficiency method
discussed previously. The full scale. performance at some .combination of
‘ .M and pregsure ratio wag obtained: by extrapolating the cold flow C . curve .

Too
(e g., big. 21) at: that. Moo value to. the pressure ‘ratio where B

The model CT value was then adjusted to account for the ‘effect of the:
o’
engine on vehicle drag at the proper pressure ratio and M (using Fig. 26)

¢, ¢ ﬂz&c: ) o o ‘;'--f .
s e TD A

f.'ThiS gives the ingstalled model nozzle perforinance,. To obtain CT _for the

firing engine conditions, first CT for the full scale nozzle was.computed
from ¥ v _
R C [
CT . _ C’T D Full
- ‘e Full =~ ‘eo Model Cop '
: - ’ ' D Model
" Then assuming that AcC Y A Co - Cy - was obtained at any
N D Full D Model, I Full o SR
Moo and PR/PRD u’sing .
o o c - Ac
Trrmnn = Teomun * b woder
where ACT : _ ACT » at the same M, ‘and PR/PRD. Figure. 29 shov(s
D Model Full - , .
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’CT for full scale conditions uas based'on'the modei results usinév
F I = 865 1lbs, The O /H uncompensated curve 1s ‘not. neax the scaled

' unégmpensated air curve, therefore under hot firing conditions performance

:»is,expected to continue in a‘smooth curve to the 02/82 uncompensated curve,

b Figure 30 is the best available prediction of installed specific impulse

.:'performance of the éf 483 0 /H SERV engine over the range of altitudes.

" of interest -for: each of‘the IlightAMach numbers:tested +Figure-31 shows

k the installed  performance- (I Y. over a typical SLRV trajectory using the

fperformance curves fz rom Fig.: 30

' The results~presentedﬁinwFigs;w°0~and 31 arefapplicablevtO"a»speeific/full:
scale nozzle: area. ratio, in this . case. 483, The- model. performance can be-
" used to predict performance for other full 'scale area ratios having the.

'hot firing design pressure ratio and design CT for the -case in mind.
. . ol R
and plotted against

kFigure 32 shows the model C data normalized by C

! Moo | b
the normalized pressure ratio, PR/PRD, Having C and PRD for any area
= - | T, v
ratio near the model € (465),
o B cToo ¢y
%o Full at mReRy T T | X PR
TD-

Model at PR/PR_
—and as before

c . S e, Ac

Tt Ful1 at PR/PRy) = Teo Full at PR/PR ¥ 7D Model at PR/PR
Final reéults are not sensitive to the agsumption that AC ' =
. D Model
ZQCT» -at the same normalized. pressure ratio since the magnitude of
D Full

l&CTf is relatively small, In some cases it may be more accurate to scale

D , . .

model C,, directly rather than scale C then add A C, . Neither method.
T, T oo T,

is exact however.
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The lower area ratio of the model resulted in the_test geometry

‘being sligatly differcnt from the desxgn conf1guration Thls

3

was due mzinly to manufacturin g tolerances._

in earlier 11p5tream model tests it Waa found Lhat nozzle
cfficiencies, C., at different slipstream'Mach”numbersfmapped-

into a single curve when plotted against Pc/PBV. These tests were:-
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the SEZRV model., Fig A shows the ratiq bf'engine base pressures

tc wehicle cowl pressures for SERV, At the low fractions of design

sresiure ratics tested, che slipstream affected. the engine base

sregsure dovnstream of the region of influence of PBV. The corre-

iaticn to PBV cannot be made in the SERV case.

vig., B swmarizes the mo ¢l base pressures measured during the

siipstrean test‘pro;ram normalized by the pressure on the engine
A

vage in slipstream with the engine off. For flight Mach numbers of

,

.8 cr above, the interaction of the engine exhaust with the vehicle
siipstream produced a low PBV value which-in turn produced a low
value of PEE compared to the pressure on the same region with engine

off. .Thez increase in engine base pressure with the addition of base

e
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" APPENDIX A

_ BASE ‘PRESSURE THEORY

ROcketdynekbecame interested in the base‘fioy problem becauSe of thei
neceeeity of_calcufatfng the base pressure to‘eomplete the.thrust ealeu1a4'
_tioneéforethe aerospike nozzle.  In this nozzle, high-pressure gas is ex—
hausted from an annelar—type,combustion chémber”with lew+pressure‘furbine ;[s.
'y exhaust gas introduced threugh‘a base- region (Fig. A-1), Part of the v
thrust contrlbutlon normally- attrlbuted to a full ~length. nozzle is. obtalned
by the pressure of the secondary gases acting over the base region-and, '
-;‘therefore,,calculatlon 'of base pressure. 1s.an,1mportant‘part.of everallw.ﬁ
perforﬁance.evaluation; Because«the&centenbodywie:bTanate&;;theﬁéfimary
flow separates from the end of  the nozzle'and'encioses'a-nearewake region
aft of the base. The turbine“exhaust‘gas~bledbiheb‘the'base region tends

» te keep the recirculating hot.gases off of the base surface.: In addltlon

) the - introduction of base bleed gives rise to hlgher base pressures,

For -the purpose of ana1y31s, ‘the: base pressure problem was cnnvenlontly
divided into two regimes: zero- and small—bleed, and large-bleed In

the fermer’regime, tbe near wake is characterized by a rec1rculat1ng flow
pattern, whereas, in the latter regime, the bleed rate is sufflclent to
‘suppress the reverse—flow component, Tt has been found that the 1nner
free jet boundary has the general shape shown in Fig. A-1, This shape
differs from the usual free jet boundary ehape for flow over cylinders
because the expansioh waves from the flow expanding at the 6ute§ lip in-
tersect the inner jet boundary and cause it to be concave upward. Because
‘of this inner jet boundary shape, it was found that; for the ."large-bleed"
regime; the flow through the central core was much like the flow through

a converg:ng—dlverglng nozzle with chok1ng occurring at minimum area, ‘In
the case of flow over a cyllnder this type of flow configuration w111

ﬁot exist because the constant pressure free jet boundary tends to curve
intb.the'axis of symmetry,'so that a minimum areercannet_occur., Tberefore)

“only the small-bleed theory will be applicable for flow over cylinders,
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It should be mentioned that the terms small-bleed and large-bleed were

'iintroduced to define the flow configurations for the case' in which-fe—

‘ circulation ‘1s presont and the case in which roc1rculat10n does not

. e - : occur, Therefore, the small-bleed theory mlght actually be used on flow
S " fields in which subutantlal amounts of base bleed are 1ntroduced ‘The |

,detalls of this theory are presented below.
KORST TWO-DIMENSIONAL-MODEL

qu'the zero~ and small-bleed ease,.the Korst‘tWo?dimenSional model

(Ref, A-1) has.been»taken~aSVa,stafting'point. iﬁ.its erigingl fofm;’ _
- this. model considers a supersonic'primary flow,field'eXpanding isentrop—'

1ca11y intoa lower pressure base region (Flg A-2). . The thlckness of

the boundary layer before separation is assumed to be neglngbl”” ‘Most

of this flow field is inviscid, but there exists a turbulent sheax layer
‘1n which mixing occurs between the: prlmury flow and the reclrculatlng fluld
near the base, The w1dfh of thls m1x1ng zone is proportlonal to its length,
Two 1mportant streamlines in the shear layex are def1ned by contlnulty

The jet boundary streamline originates at the p01nt of flow separatlon,

E and divides primary flow from base flow. The dlscrlmxnat1ng streamline

separates the fluid which passes through the wake from ‘that wh1ch recircu- /

3
f

lates back to the base. Any bleed introduced into- the base reglon is

7

bounded by these two streamlines, With no bleed, the two are 1dent1cal. / 1v

‘The etetic preseure is agsumed to be constant from the initial expansiqhv
auntil the recompression region is reached, At that point, the inviscid
flew, which has been converging toward the axis of symﬁetry,dis turneﬁ
parallel to the axis with an aceompanying pressure rise, This‘bresenre
gradient is' imposed on the turbulent'sheaf leyer, causingfdecelerdﬁion
and, for the slower elements, a reversal of flow back into the baee region,
The diserimiﬂgting streaﬁlinekstagnates in the adverse pressure-%éadieut;

All higher velocity elements penetrate the recdmpreséion regionwénd escape

into the far wake; all those possessing. lower velocity are turqéd back.
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On the basis of simplified shear layer flow equations, Korst arrived ay

an.crror-function similarity velocity profile,'in terms of a imension-

less length COordinatc; n, and a- d1mcns1on1055 veloc1ty, © no1mnlizcd'

» W1th respect- to . the velocity along the cozrespondlng 1nv1sc1d Jet boundary.

egQwertn) )
‘ Qhere. S f | v_; ; 7..: :i £ ‘“e. i e /,
and - | S

-n Iy a - :ﬂ - C fn 5e "e.‘fj_f_;,i (A:3)f

The turbulent spreading parameter, O, is a measure of the linear rate:o}

growth of the shear layer with length. The valueS'fortfsuggested'by5f.

'MrChanna?ragada (Ret., :4-2) have been used in the present analysis,

"~ This velo¢ity profile“is_superiﬁbosed on the corresponding inviseid jet
'boundary (that boundary which would exist in the absenee of aAviscous
Aéhear layer, Fig..A~3). An 1ntr1n31c coord1nate system’ (x, y) is 'set up
‘within the shear leyer. The x-axis orlglnates ‘at the p01nt of inception

- of the shear layer and colncldes-w1th the midpoint of the veloclty'proflle

(p = 0.5). To fix the .location of the velocity profile in space, a ref-

erence'coordinate'systemf,(x, Y) is defined in which the X-axis 1is coinci-

dent with the corresponding inviscid jet boundary. The displacement, Yp?
between the X~-axes of the intrinsic and reference coordlnate systems is
determined by a momentum balance between the point of -separation and the

downstream location of the velocity profile. If the slight angle between.

the X-axes is ignored in computing the abscissa then the relationship be-

tween the two coordinate systems is given by::

(A1)
(A-5)

]

Y=y -y,

**Refer to Fig., A~-2 for subscript notations
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APPLICATION TO AXISYMMETRIC GEOMETRY

‘bor appl1cat10n of the Korst flow model to ax1symmetr1c geometry, con-
's1derat1on must.be given to the d1stort1on in shape of the annular stzeem
: tubes as they approach the axis. In the absence of Yongitudinal density
:and veloc1ty gradlcnts, the cross—sect10na1 area of an annular stream tube
'would be constant Therefore, as the mean radius of the shear layer de-~
. creased the width of the 1nd1v1dua1 stream tubes would. ‘increase, and

'there‘would be an accompanylng distortion of the overall veloclty prof11e;f T

fIn'Fig. A-&l a hypotheticai stepéfunction profile 'is used to iliustrete
',the -effect. At locatlon A-A, edch stream tube of the proflle has the
same annular fIOW\area. At sectlon BB, - the areasare unchanged ;. but 1t‘
can be seen that the total radial width of the proflle, ‘as well as the

relatlve widths of the two stream tubes, are qulte dlfferent

In the present method, it is assumed that.the normaiﬁsﬁeer”laYer spreading '
rate observed in two-dimensional flow and the radial distortion effect
_are additive, That 1s, if axisymmetric. effects were reduced by moving -
the actual shear layer out to a position of large constant radius, the
velocity profile and geometric dimensions would approach those of a two-
dimensional configuration. To quantify this concept, a hypothetical shear
layer is con51dered ‘having the same orlgln as the actual shear layer,

~and characterlzed by the same spreading parameter (Fig. A-5). The Jet
,bonndary streanline, which originates at the separation point, remains at

- a distance R from the axis."it is assumed that the thickness of the shear
layer is sufflclently small compared to R so that the two-dimensional' '
error—functlon profile is appllcable, Under the foreg01ng assumptlons,
"'the mass flow between any two streamlines in the hypothetlcal shear layer
is equal ‘to the corresponding flow in the actual shear layer. In addition,
the radial position of any streamline in the actual shear layer, as a
'functionrof x, can be determined from its position'in the hypothetical

shear layer by use of the fact that stream-tube flow areas are equal.

—
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‘_Thé hypothetical shear layer cdhccpt,Acombincd with the two-diﬁensiondl

: Korst model leads to the follOwihg‘relationships in the viscous region,

3 assummg a negligible boundary layer on the SOlld surface at the separa-
- tion corner. . A momen tum balance between the pomt of flow separatlon ‘

‘and some point downst-ream in the hypothetical .shear layer (Flg. A-b ) is

given by:
211 f . u‘%2 =* 4" CLom f o u =Xt P (a6)

o bad 1x = x

" where ..YR repi‘esents an asymptotic streamline that is essentially in the |

inviscid flow field having velocity u = =, and denmty p p2a The -
bar over the quantltles indicates: no initial boundary layen, .apd- the

. starred quantltles refer to the hypothetlcal ‘ghear layer.

| | e | N SRS P,
. By use of Eq. A-5, and the following information: at x =0, r =R + Y and

s % L% % SV :
~at x =X, r = Ro»- yJ. +Y , Eq.  A-6 can be transformed to:
' * D o ok _
¥ . ¥+ y -
' 2 7') av’ * (A )
f Poa Yga _(Ro* ) a¥ - f (R 'Y +)’)dy -7

: Multlpllcatlon of both 31des by *2 0-2 5 yields:

p2a Y24
. * e
G_YE R
x* -
o))
=% + =% ) d{ =%
0 X -
* ¥ o
O‘YR O"ym
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vhere C2a iS;the Crocco number of the free streaﬁ. Application of
Bq. A-2, A-3, and A-9 to Eq. A-8 yields: | ”

i SR g | S
| f (;,1’;0 PR A () = (- Cyo) f ——ﬁ——l T TR <% =W ~‘*>,d».7’* |
o) ("R -y ﬁ) a o a0)

=%

My

S

where

and
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 Integration of Eq. A-10 lcn‘ds‘.t‘o:, R L

o

w2
*

My Ty

R

o] 1%
=

o flx _*f . o .ﬁm :
+ - - L) e
R TR ) e
o : ‘ ' o :
Ca-e s i\ —Lea L SR |
ST o oo C 1 o A

L.- 2&,.('0'», =00 - -C2a.' J

Similarly, the coﬁtintli'ty equa,tvion is-written for thev.‘fluid above the

Jjet bomldafy'vstrea_mline:' ' ‘
YL RS R ' : S

2 f Pog Yo ¥ d¥ | = 2 f* P’ul‘, SRR R RO SRR Sttt
0 ) ;v ‘ N ‘— . . ) . . . ) g

»Operatians analogous to these used on the momentum equation give the

folloving result:

* ._* Ty * [ % % _* :—*'
Ty T-’YR+—T2£—‘ ( ‘ *"YR""J) "%’.

* .

(4]

: ol ) (_* ) _*)_f B dﬁ*+f endn | (a-13)
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'qu ’conver‘lience, the following shorthand notation is now 'int}x‘*o‘ducéd:

3:{. - o o e o . |
- (-6 ) [ —E——an 1=(1-C“)“"—‘23‘*d’7
. N 1 ~C ‘02 : 3 l~Cl"’-‘:92'"
B I, = (1<¢ 2) —-J’—zl——'——‘d'n,
2 4 2a 1 ¢ 2¢g
T Tea T
Equations A-11and 4-13 are coml.)ined“:to Yleld— -
‘where o
' % ¥
' nYRb»' R
. -1
2| x A . _ , o S
e i 50 | o ,(A___ls)
o e T "y | | |
1 % 3 N
,nj‘ -0
agd » _ _ , , .
e B. (3R -0V N (=11
_‘whefé o o
— -¥ - ¥
B o=, -7 -7 (A-17)
J 0 R : :
. ’ _ ¥ ¥
S 67 A i "*) I nYR R .
C =-6T ~9+2 (M -9) L | 2L | (a-18)
.0 . [} ot . 77' )
. . i . : Jj

Equation Alh is solved by iteration and the resulting value of n is sub-

¥
stituted 1nto Eq. A-6 to determine qn For computatlonal purposes, nY
is chosen to be 3.0 hecause little changes in the error functlon arlse

when 7 < -~ 3,0.0or 1. > 3.0,

A9 ¥ R




‘Because the mass flow betwoen any two streamlines 1n the uctunl shear
‘fklayer is .equal-to the corresponding quantity in the hypothotxcal shcu:
_,layer, culculatlons can be made b) considering only ‘the’ 1attcv goomnf:»

In general

% . ‘ . N _*

s o P O
W= 27r pu dy = 2T (B ~y. +y ) dy elisy
-y Sy —* O e :

e o . R ,
where yIVand Y11 represent. arbitrary streamlines, .

Application of operations discussed previously yields:

¥ ‘
e W2 T o , , :
e p u, X : o o o ‘ %% _*> _ :
v - —222 _(._c 2)[ L (@ -0, + A )afr (a-20)
@ e T R A T RS
| - , _x o &
Cor o . % s : e
PP ' 27p, x R n. _ ' e S
g a2 -z | vo—1, | e
' g * nR ' * o S
o =% () B
a s | I

. EFFECT OF THC INITIAL BOUNDARY LAYER

~ The effect of the 1n1t1a1 boundary layer is accounted for by the method
'of Kirk (Ref. A<3 ).  An equlvalent shear layer is postualed so that 1Ls_
~momentum thickness at the point of separation is equal to that of the.

initial boundary layer (Fig. A-7).

The momentum.thickness of the two-dimensional shear layer iS'giyen by:

9: =¥.(1_0202)/ —o(1-0) an (A-22) "
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 Therefore, the length of thezequifaient shear lnyef.up to thc‘po1nt of
~ separation is: ’

o s el x! 2

i b
(1=, 2 se_j_—g)_d,, .| -1
1-6, 2&’ | |

3 7 (a-23)
:-where Gb is- the momentumuthickne554of the-iqitfar boundafyvla&er atvthe :
- point of separation after expansion to the base pressure, P' —”-P2 The change
.1n boundary layer momentum thlckness caused Dby expansion from P1 to Pz
‘.glven by (Ref A-A) o - L '

i1 59" 5 12 o
I coy V4 1-¢, “¢ / [Kcla -(K—l)] (1_cla Q")

L M2a [1 g Mla ‘ :

6, - 6 : = .‘ 3
2 ,1 1 s : . —_—
j‘ Q-0 odo (A
- 0 ‘

S\ '
where

)Y

P, = the stagnation pressure of the flow and n is ‘the exponent in

the power-law boundary layer velocity profile (chosen as
= 7 for turbulent flow), i.e.,




Tﬁeréfore,kthc total length of;thO'equiValénb shear layer fs;.

where X is the length of_the’ffee jét boundary for'ﬁd'iﬁiiial boundary
layer. ' . ‘ o

Frpmvthe'twq-dimensional shear layer?rélatibnships,(Réf.~Aal):* -

A e A B e e, e

Im. eo e | e
A P X i

~In a_two%dimensional shear layer, the mass flow per unit Widthfbétwéén.Ahnww

streamlines is given'byﬁ _

i : n
IX

P u b'¢ . ) : :

e T2a 2a

e Y oz

,_ hAnI‘

Thefefore, the mass flow per unit width belbw‘the'jet bouﬁdary streamline

of the equivalent shear layer at x = 0 (point of actual flow separation)

is given by: : n.
. . ) J ;

P, X v . . : ; ;

. oa Ya 1 o : Ty -

W o=""3 L = Py Yoy 8 | (A*_'29)

Because there is no flow across streamlines, that amount of mass flow

will remain between the jet boundary streamline of the equivalent shear
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:;l_ “layer (75) and the streaml1ne orlgxnatlng at the p01ut of JLcual flow

"separatlon (n ) for all .valves of x, That is,

L L R
. X i . _ o
B -

-where n in the equivalent shear layer corresponds to.TGvin the.shear

v;layer wh1ch originates at separatlon.

EIn'the presénfvapproach, the‘foregoingicdncepté arerapplied'to‘the hypo- e
thetical shear layer. At»thérpointbpf flow separatiop~(r = Ro), the
,momentUm~thickness,g%2, is small, compared to Ro;‘and the two-dimensional
Eq. A-22 through A-~25 can be applied. . ‘

 COMBINED SHEAR LAYER Movfm,

vThe effect of comblnlng the hypothetlcal shear layer (y at consﬁant R“)
with the equlvalent shear layer concept is to displace the Jjet boundary
streamllne (y*) in the hypothetlcal equivalent shear layer above the
streamllne orlglnatlng at the corner. (Flg. A-8 ) by: ’

-yj]?'-yﬁ%'é'i (173‘ -m) | (A-31)

Therefore,*
%o . ] -~ o :.’ : ' RN ‘ ’ o A~ 2)
T®= R —ygoy | ST (‘,3 )

' ‘ The area-felationships discussed preiiously,'betﬁeen the hypothetiéal
equivalent shear layer and the shear layer following the corresponding

inviscid jet boundary are preserved. The analog to Eq. A-21 for

ST TN

the mass flow:between any two streamlines is given by:

03 S L0

R S 2T p. u  x*R | * _
RHOR A N SRR 2020 o . X (a-33)

1
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Iﬁbperticular; thcxaxiSymmetric fermbef Lq. A-ﬁﬂeﬁis;

1 *;?'B; L oessL |l 8—2; B T ¢ V5. T) B
' _]lid ’ ‘ nll;, & I R

* ’ iy %
K A

'In plactlce, n * and qm* for the hypothetlcal shear layer are. calculated”
_'u81ng Fq. Al and A-16, and these values are- a351gned to the coxxespondlng

'quantltles (n * and qi*) of the hypothetlcal equlvalent shear layer. Asf
long.as the upward translation of the shear layer, as glvon by Lq. A- 31

1s-'small compared to,Rd th1s appronlmatlon is valid,
RECOMPRESSION MODEL -

\Tepclese’thegbeSe”pressﬁrevsolutinh, the identi&y’bf'the;diseriminating
streamline must bedetermined by enelgy\relationships.in the -recompression
) regioh ~In the two—dlmen51ona1 model, Korst postulated that' the energy
on the dlscrlmlnatlng stxeamllne, in terms of the ratio of stagnatlon
pressure to static pressure, 1s equal to the pressure rise associated
with the turning of the 1nv1301d flow behind the near wake (Flg,_A-_ )
The atlsymmetrlc case presents unlque problems, however, because the

flow angle along:-the corresponding inviscid jet boundary is constantly
changing as a functlon of X. Therefore,vcon51derable empha91s has been

. placed on‘deflnlng the flow geometry in the .aft pertion of the necar wake -

‘to determine the value.of X at which recompression effectively occurs.

As theJinviscid flow, wiﬁh the superimposed shear layer; approaches the
ax1s, a point will be reached at which the forward-moving velocity pxoflle
1ntersccts the reverse flow (Flg A-Q ) Because of spatlpl considerations,
the inviscid flow must subsequently turn, ceusipg an associated pressure
rise'(recompression). This adverse pressure gradient is imposed on the
viscous flow, cauSing'the less encrgetic elements to reverse direction
vprogressively and join the recirculating stream. Because there is only
a small pressure rise associated with the flow reversal of the loQ~ ’

velocity "tail" of the cerror—function profile, recompression is not

 A-101
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: éonsidcred to bcgin,untilbthq,lower portion of the profile,has,ﬂéuh turnéd
back and the slope of the static preséuro curve becomes more discernible
(Pig.- A-9). At that p01nt part. of the xcmnlnxng pxof11u also will have
been dxstoxtcd by viscous foxces.  As an app10x1mat10n,_1t 1SvaSaumcd
that the uppc1 poztlon retains its er101—funct10n form but that the lower } -
portlon assumes the shape of the tangent to_the‘ollg;nal proflle at.its - .
midpoint or point of inflection (Fig;AQIO) The resulting point of zero -
..ve10c1ty is now located at a correspondingly hlgher value of - the- d1mcn51on-
less- coordinate, 7] (1 e., n VGEES-' The reverse~flow portlon of ~the
profile contains a mass flowrate equal to that Delow the d1qcr mlnatlng B
., streamline in the forward-mov1ng portion. Dur1ng ‘the flow reversal procéss,
“some mixing ‘will occur in the recirculating stream‘ The-slmpllfylngﬂassumpa‘,
v,tibntis'made that the mixing-is: complete; resultingmiﬁ_uhiform velocity

and density,
CALCULATIONS IN THE RECOMPRESSION ZONE

g Based on the foreg01ng assumptions, the p01nt on the free ‘jet boundary

-~ at which recompress1on begins can be determined. It corresponds to the

unique point at which the outer radius of the recirculating stream (rs).
~is equal to the inner radius of the forward-moving profile (r_R); radius

of the forward—moving'profile (r_R), as shown in Fig. A-11.

For the.feéirculating stream, thelassumption of cohstant—pressure flow

wniformization along the axis yields the following cquations (Fig. A-12):

Conservation of Mass

| : | 1a a o
2T p u, R n_* _ _ AR AT
gt |1 - nﬁ* I * n;* L =Ry upy Tre (A35)
0 ‘ , o s
-~ -
R 2 2]
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" where I’ has the same: form as the Vgoxfrespondihg' integral dut ined after:

7fj;Eq. VA-13), but the velocity profil§ is that_shows in Fig. A—IO;

>: §¢ "%'(1‘+ erf.ﬂ); {h?’d)_ -  ?]?{;; ‘}f, .‘£ﬁ ;L'i: _;<A”§§)

g Cohsefvation‘of Momentum -

b wlen

2a ¢ 2a 0

o I 2 ’?(A—§? '

" ~where 1&* represents the discriminating streamline in the hypothetical
eduivalenf shear layer, TFor the case in which a stlng is present in the

base reglon, ~these equations become:

n3* | hd*

’ D S ~ 2
/1 tach = Py, ugy (g - xy

g (A-38)

and

(A-39)

whéfe rSt is the sting radius.




The conscrvation of cnergy can now be used tu vbtain the feilowing oo-

lations (idecal gas, constant-To): .
Relationships‘Betwccn-Veloéify'ahd Crocco Number  .. 2
 '2' u | T
BT S |
S po o
‘ ) ~
ug) 2¢,, (-T0 - ij)
u,, = 2¢ (T0 - Toa)
- 3h o 3b S ‘ : : (,\ 1‘0»,)‘ %
w2 T\ 2 o o \a=alre
U, _2a Lo ‘ S = RN
2a ( -7 > 2a |
0 |
Relationship Between Density and Crocco Number
‘ fﬁg'_ TQa/To
R VN |
1 -2 5~ 1 E
" 72a 2a
=T 2 77 Z (A-n1)
_1,‘ €35 1 Cjb.
' A2 2
-CQa CQa
Equations A—38 and‘A-39 can be combined to give:
Py, C | |
b 2a - (A-n2)
p’)a : 2 . -
e 1 5‘2 o
2" 2
CQa uQa




The vnlue of';zl rcquzred for Fq. A-40 is obtained through division

. ;; of Lq A_)7 by Eq. A-}s

Usp

o 0a

Or, for the casein wulch a stlng is: present Eh A- 38 and A—)9 can be_f  f

v', used to- obtain the ~same result

. The outer- radlus of the rec1rculat1ng stream; TR is- then found from-
= Eq. A-35  or A-738 uslng the values of p}b/pé and ujb/u from Eq, A- 42
ffand A-43, ie., : v . s

'p: q i ' 7&* , "h .
2 2 2a _2a" o ' 1 -, 1 | '
rc=r 4+ 2 —=l1 - == b o(a-nn)
s st '_,p3b u3b o S WR: 2 .
-y |-

L - 2 : 2J

fThe value of r the radial posltlon of the streamllne at 1 R in. the

)
f»forward-mov1ng Shcar layer, is determlned by the equality annular flow
'areas bctween_glven streamlines in the hypothetlcal equivalent shear
~-layer and in the shear layer which.is superimposed on the inviscid jet
‘boundary.‘ The gebmctric rglationships are depicfed in Fig. A-11 . The
radius of the inviscid jet boundary, ;JB’ is khown as- a function of its

: Iength, x. The flow arca between r a’nd’;_R is given by:

JB
B (r;m - r-R) /Cos Byp RETE (A-15)
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'The cornespondlng flow area 1n the hypothetlcal cquxvulcnt ahcﬂl IQ\LI

is given: by

A * ;(n‘(#JB*QM’ r;R*Q) “; i ":/kiki;ﬁéi“tﬁﬁk(Aéﬁé)?::

JB-I

From Lq, A-}ﬁ, the‘value of.rJB* isigiven by

‘or, alternatively,
ryp* =R+ %‘;*'(1%* - ¥ o o (A-u8)

Similarly, r_R*.can be ‘expressed as:.

* = — . * . - : . Al
r-.'ll , - R0 o (n-R r’b ) : : : (A 19)
| ; . B o o
By ‘use. of the fact that AJB—R and AJB«R are equal, the gbove equations

can be combined to yield:

"-:“-[Rof g"‘*%*w-,"b*’)‘]?l o - o)

- The above equation can be reﬁrranged to give:

"f_'R.Q_ - EJBQ ~ Cos e ; nb*) [211 s (%* - *);]

x*

- g (Mp* - ”S*) [2110 * % (n_g* - (a-51)

- Equations A-/44 and A-51 are now solved éimultaneously with an iteration

pexformed on r

JB (with corresponding QIB and g) so that:

3
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o At tha£:boin£3 rccompreSsioh ié séid‘ib’ﬁcgin. Thc ad\accnt 1uv1sc1d

: fxe]d is then assumed - to undergo an 1scntrop1c rccompxoq51on as it t\zn~ i
| fronm qn3back to the axial dlrectlon Thxs results in a prcssuxe rst"
v from PB to Pq “The' 1ccompr0351on waves then coalesce into.a tra111ng .f"'

‘ ‘shock falther out in-the flow fleld (Flg. ,-9 ) .

 ;A recompressxon factor N, as defined’ by Nash (Ref A-)), is used to re-
~late. the pressurc on-the- dlscrlmlnatlng streamllne (in, terms of the.ratio.
of stagnation pressure to static: pressure) to the total pressure rise

“'aqsoclated with- the turnlng of . the f1u1d along the 1nv1sc1d Jet boundary
(4-5%)

Then, in terms of this N factor, fhé-pressure ratio on the discriﬁihating

‘streamline is given by: e

L

(E, LA . N R |

) I e Y /O N
e B o SRS N |
~The value of ny* is then found from the féliowihg reiatiqnships
e yl[P:’-;'—l/“‘ o

- : + ‘ , : =
-._.d »,MQa M2a 7 1 ‘ Po d ~ . i ‘ S
e =5 1+ erfr1k.) | e o (A-56)

' DETERMINATION OF BASE BLEED

From the definitions of nh and nB’ the mass flowrate between the two
streamlines represents fluid added to.the'near wake (base bleed in Fig.
A-1). | | |
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”"-,Ffom‘Eq.JA_zﬁ , the bléed‘flowratc can be calculated ‘as: .

ST . , - x o
n * . N\ : :
v - 2= pba“Qa x Rb {1 Bg; 1 1 >I
s =T o ‘— nR* h : ,+_.nR * —0
Lo o SRR ¥ AR x o - %
. R L
The primary flowrate is given by: "
Vo= Py, U, Aéﬂ'  S '~?:,ff7f»ﬂ'f{:':i" ]? f"Ti;(A-5§) B

p "o

where Aia is an effective area for,therrimary;flpw, If an effective o

throat radius, r;, is defined by: .

t’

then the ratio of secondary to prihary flowfate ié found to be:

n * : --.nB*

3 \ B L . .
2 o= I‘1 +-5R—; I, | (A-60)
P % 0 : %

| " |

‘It should be pointed out that the valve of‘\'vs/\‘&P for which this ﬁodelvis
~applicable is limited to the total mass flow in the shear layer below the .
knB*‘sﬁreamline. Once the N-factor has been'chosen,fthe above equations

" can be used to obtain Th*, ©,, and, finally, the secondary flowrate

necessafy to yield a given base pressure,
N-FACTOR CORRELATION

Application of the theory to experimental data for'ae;ospike base flows
has yielded the empirical correlation of Fig, A—13; Similar curves have
been obtained for flow over two-dimensional backstépé and for flow over

cylinders‘(Fig, A—l})- The N-factor has been found to be a function of
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 “CroccdvnuhBér‘on the inviscid jct-bouhddry” Ihis. fuﬁcﬂxoh;fv;cl'tawRQMiy
appears to be most affected by the ‘general shape of thc inviscid jet
 boundary “For tno—d1mensxonal flow the jet boundary is reiatively wf'llﬂh'v
(rig. A- l4a); for parallel uniform flow over r}l1nders, it has the. shapc.
shown in Fig.A-14b; and, for aerosplhc flow fields, it has the bhapc shown
~in Fig.A-th. The more the constant-pressure free jet boundéry tends to

"dive" -into the axis, the higher the N—factor:for a given Crocco number.

The eXperimental data used to’obtainjfhe NQfactor correlations rovéred‘a"

wide variety of flow cond1t10ns, i. e., gas. compos1t1ons, free stream Mach

number; initial boundary.-layer moment.. thlckness, degree of nonunlformlty .

: jpf the free stream flow amount.of base bleed, and base geometries including .
stiﬁgs. The straight line correlationiqurves,shown in Fig, A§13 were then
chosen for'thevNafactor'detéfminationeﬁoﬁwthewvanious gqometrieSuandvfrce~
.atream Crocco numbers, Use of these N-factors for base pressure calcula-
tions fdrvcases not used for the N-factor correlation has given: results
which agree quite well with experimental data. . In addifion, where exper¥  
imental data have been avaiiable{ the location of the point at which re-

A, compression begins, the pressure at reattachment and the peak pressure

' ;rlse have been compared for theory and experlment Comparisons of this
‘type are shown in Fig, A-15 through A-l?. The experimental_data, taken

. from Ref, A-6 , extended over various frec stream Mach numbers and ratios

.. of sting radii to base radii., For some of these data, the momentun thick-

ness of the initial boundary layer was substantial when compared with the

step‘height. Nevertheless, the theory was able td'predict the-base prés—

sure and the location of the point at which recompression begins quite

accurately, -

It should be emphasizéd that the N-factors were,determined'as the proper
>va1ues to force thé theory to give the correct'base.pressurés for given
base bleed flqwiates, and were not defined from detailed experimental
data in the recompression region, The fact that these N-factors do pre-
dict the location of the start of recompression and the pressufe level

at.reattachment lends support to the validity of the theory.
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'. (a) FLOW- OVER TWO- DlHENSiONAL BACKSTE.P

(c) AEROSPIKE BASE FLOW

Figure A-14. Base Flow Free Jet Boundaries
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' A'c6ﬁpdtfsonvof.theoryvdnd.eﬁpqriméﬁt for base pfégsuxo h“vﬂ’biééd'iS; 

- present is shown in Fig,’A-18; ‘Th6 experimental data wern obtaindd.fiom"
cold-flow wind. tunnel tests fpr aérdSpik§~uozilc with varions amounts of "
‘basc bLleed. Similar comparisoﬁsvhachbeenvobtainod'fbrfuthcr;aerbspikc.l

configurations..
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" APPENDIX B

' TEST DATA REDUCTION AT AEDC

The, test conflguratlon at AEDC has ‘been de51gned to. prov1de sufflclent data
for evaluatlon of. both full scale englne performance and vehlcle drag To'h
accompllsh thls, Ppressure profiles along the vehicle forebod) and boattall
and engine expan51on surfaces w111 be measured in addition to flo“ englne

parameters and overall thrust Model 1nstrumentatlon is shown 1n Fig. B- l

A llst of equatlons useful in monltorlng the on- 11ne test- to test 1ntegr1ty
>‘of each data point is presented 1n Table B~ I The constants used 1n the ‘
equatlons of Tab]e B-I-are. presented 1n Table B- II Items 1-7 1ndlcate_ =
‘average flow parameters. for each run. Freestream flow condltlons and’ thrust-.
contrlbutlons.from;var}oasaportrons,quthe vehicle and englnegare prov1ded.“
by itens 8—22; Characterisfie velocitykof the primary and secondary streans»
canfbe eompufed as indicated in Items 23-26. Fliegner's constant data_rgr'
air has been furnished to AEDC in separate cover. The engine throat Reynold's
* ‘number determined in Item 27 is used to obtain the primary throatvarea (Item 28)
from RocketdYne calibrafion data presented in Fig. B-2. Thls will prov1de

a consistent comparison with AEDC flow measurements by means of Item 29
FAPressure ratios calculated in Items‘30—32 form the basis for obtaining the
thrust coefficients in Items 33 and 34. The relatidnship between pressure
“ratio. and thrust coefflclent is shown in equation below The quantities in
Items -35-37 will aid in computlng engine and vehicle: scale parameters The
remalnlng guantities should help to evaluate overall englne ‘and vehicle

performance characteristics.
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Sﬁpplemental datavreductioh requested;from AEDC_iS*éutlined ianabieJB-Iri.'

_ Thruéﬁ readingsfcbrrected for varjations in freestream conditibnskare

.o indicated by ifems 1-10. The starred items should also be determined on-line
» if'poésiblelto enable. inmediate data evaiuaﬁion. Model scale}coefficieﬁts‘
are'provided by Items 11~15. ‘Ail raw data taken during'each,teét should be ' -
printed out on-line aldng with numerical items in Tables B-I, énd.B-IfI.“'
Nomenclature lists are provided‘ih Tables B~IV and B-V. A schematic of>jhe'

model with-pertinentjarea'parametersuis=shown in Fig.. B-3.
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~ 'TABLE B-1

0 ON LINE DATA REDUCTION

TEM | SYMBOL ©ouNrTs | . EQUATION . 1o

'ﬁ!i  | % ' “.ﬁSia__'.v | _?C | = Ksi‘(Pg+p2) |
2 | 'Eéév' Ft  f3psia  ."‘ ”:Eca;q':"x51 (P130+P131) : i
R .i'gﬁ;-A N Ps'él'%f Kgy (PLO+P20). ;5; ,; ‘ jx f_; e  ;
A .’Tc e T  Tc' = KSl‘(f136+Tl§7)»t; |

5 1 Ts" b R ,; Too= Ky (T134+T135)

6 | W - ' 1bs/$§c o ;Primary~FIQWrate'(Fécility

?7 : 4 & '  ‘ﬁ | 1bs/sec Sgcbﬁﬁary;Flow?éte.(Facility) -

8 VP S : bsia,h | 1. Ffeestreamvétatic Pressﬁre;(Facility)

9  >-.q B ‘.; psia ‘  Afreesﬁfeam'Dynaﬁi; Pr§ssure.(Facility),'
0. . }. M. L e Fréestream'Macthgmber (Fééiiit&) |
11 '_F . i 1bf : Fprée Balance Reading (F133)

(P56+P71)

+ K, (P574P72)
(P58+P73) + K
+
+

(P59+P74).
(P61+P76) "

12 P | '_pgla PF =

(P60+P75) + K
K
P65+
K, o (P65 P80)

(PET+
K, ,(P67+P82)

o O » N

(P62+P77)
(P64+P79)
6
1y (PB6+PBL)
1 3(P68+PB3) + K14(p§9+ps4)
15 (P70+P85)

<
K
K
K (P63+P78)
K

O ~N o W
+

+ O+ O+ o+ o+ o+ ¥
+

K
K
X
13 P ’  psia P = K (P1024P106) + K (P103+P107)
' A : -V 4 K (PLO4+P108) + K, o (PLO5+P109)

14 PBv . psia’ P . = KZO(P3+P4) + KZI(P5+P§)k+ K22(P7fP8)
o : _ o ) ',+ Kzs(ngplo) + x24(p11+?12)
o+ K25(P13+P14) + KZS(P15+P16)

+ K27(P17+P18) f KGl PBe)
- lo
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| TABLF B~1
ON LINE DATA REDUCTION (Continued)

A-125

CITEM | - SYMBOL UNITS | EQUATIQNL'
15 . psia - | B, = K, (P139+P148) + K, (PL40+P149)
: o S+ Kéo(Pl4lﬁP150).+'K (P142+P151)f
+ K32(P1434P152) + K, (P144+p133) ~
+ K_  (PL45+P154) + x_.(p146+x153)'v-
54 e 55 :
16 pBVDU psia’ . PBVDU‘= vK33(P156+?164? + K34(P157+P16§)
o + K, (P158+P166) + K36(9159+P167)
o +_K37(P}6§+p168) + KSG(PL6~+P169)
+ K57(P162+Pl70) +‘K58(P163+P;7l)
17 B psia B, = P 4K _P -k P
B _ | ,.VBD o ‘Bv ' .59 BVDB ,ao BVDU
18 Eﬁ-) psia - §£ > = K, (P21+P22) + K, (P23+P32+P36+P44+P48
’ el ) en x (P24+P37+P49)
: + K (P25+P33+P38+P45+P50)
+ K (P26+P39+P51)
+ 43(P27+P34+P40+P46+P52)
+ K44(P28+P41+P53) | '
o+ qu(P29+P35+P42+P47+P54)
"4 K, (P30+P43+P55) +'K47(P31)
19 Dy 1bs Dy = F_ + K Py Ko Pp
o (o] : D v
- ] o
20 F, 1bs F, = F-K, Py
21 EB lbs Fo = K, Py
: -V v v
zg F, 1bs F, = K5 Bo
' o o 3 .3
23 .fK J R-gec /ft fK = f(PC,Tc)v
p p
* * = (32.174 ,T £
24 cp :t/sec | cp » ( ) c/ K

)




£ 'TABLE B-I | i
. ON LINE DATA REDUCTION (Continued)

’ L"I,TEM',' SYMBOL - | UNITS & : ' . EQUAT_IéN "‘

! 25 £ R \/OR",SGC /ftz f._ . = f(PS’T\"s)' v

26 e ck o . ft/sec . : c - (32.174) fTs/st

37 v R T RS R, = Ky BT,

o
(1]

.28 in | : ,AR - f(Re)

>
¥

.29

>

in 1A = W C%/(32,174) P
2 P P ﬁ-, )-_C
30- | PR R { PR. = P /P
. | R c’
) PR |, = PP
‘32 | PR,
33 c. - | cotoey = f(RR)
o84 | oo _ e, = £(PRL)
35 | F, . lbs F = P A% (1 + W _Cx/W C¥)
c s s pp
36 F, ibs 0 | F - Cc.  F,

37 F, . 1bs F, = C., F

38 c - lc -

»40 (pB /pc)1 ‘ ‘2- >; P /Pp) = P /pc
4 P /P . - o | Py /Pe Py /P,

W CK/W Cx = W Cx/W C* . I
88 p

43 W Cx/% C* S
S p s s PP v ‘

s"'pp -
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S TABLE B-II ,
~__ CONSTANTS USED IN EQUATIONS OF TABLE B-1I

K = 01740 K, = 01336 K, = .02823
K. = 02737 . - k. = .o10 T S T e

5 02737 - Ky, = 0101 o Ky = 01783 ey

Ky = 03323 . | "_Kzs.,=f.-°°9525 , ';K47 7%f[7Q}?¥0f R

K, = .03909 . Ky, = 01212 S K, = 48.270

K, = .04495 Ky, = .00906 K, = 524,283

Kg = -04108 1 Eyg = 050 K = 2
Kpoo= 08038 Koo = 2050 e Ky o= 005 |

K, = .02802 Ky o= 050 Ky = 075

(N

1.0

=~
it

. - ; ] _ ' ! .._ 07
Ky = .03060 Kgo = 5050 | | Kgg = 075

' = .03l S ' =, : ‘XK= 0
K, 03188 Ky, 050 | 6 = 075

Kjg = .03312 | Kgg o= 050 , K5y = 100

K, = 02732 Ky = 050 Keg = 075

Kjg = 209945 Ky = .050 Ky = 2.5909
lK16  5 .08545 Kpg ;} ;05530 -  k = 2,2519

K, = .074 Kyg .03082 - kel = 79591

,’?18, = 1417 5 K, = .03577 B ,x62 '= Zggzggg Ezztﬁozziis)
Kig = 1655 Ky = -02212 K., = 417.285

Ky = -02415 K, = 03890 | ;x _ se.e0n

i

K. . =. .00957 K

21 . 43 = 02446 |
; = ‘ K = . 3
L - KZZ ' .01371 . v K44 = »0395
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" TABLE B~ II1 -

= SUPPLEMENTAL DATA v‘REDUCTION |

BV BV

A‘128

SYMBOL _UNIT . EQUATION'
F 1bs F = F +(q /q ) D
= - Dp
e;L , e ey ®l %% Yo
2% F 1bs - F . = F + (q /q . )D
®2 . % wm o Ty
3% ' : : = "F - P Py
3* Fev 1bs ’Fev».. T _‘Fel .(349-1)13 ) (Px~l~P-?.o).
B 1 1 i Vo
gk e '='“ _' 3y p e ) -
4 F . lbs Fe. F_ - (Ko Py ) (®_/P.)
v v 2 v 2. o
5 F 1bs F = F - (K, P )
e : €L e 49. B
BYl BVl 1 - . vl
6 F lbs | F = F - (K _P_ )
. € e e 49. B.
: _sz BV2 2 . v2‘
. . . . - — _ P
7% Fem 1bs F_. Fel‘ (o ”1)
1 1 -
8% F o= - (K. P
8 Fem 1bs . : ;‘ez (g sz)
2 2 ‘o ,
‘9 F " 1bs F = F +F (q_ /9 )
N N 1o ™ %%
10 F " 1bs F - _
N2 N2 = F2 + Fo (q”- /qm)
o2 (o]
11% PR - PR = PR (P /P )
v vo' 'vo ~mo 1
% 1 R ,
12% PR - PR. = PR (P /P )
v vo V—o wo m2
) 2 : .
% = PR
13 cF . cF f(PRv ) 1 & 2
‘ v v o}
) * — = ’
14 @v g, F_ /C, F, 1 &2
: v v




Sy

. I
16% ®
RIS D,
18 C .
19 C
Vv
. 20 Coy
21 c
22 Cy
23 DPR
. v
o]
E
25 DPR
26 Ch
. € .
27 Pp /Py
e 12

TABLE

"UNIT ) - ‘EQlL)"rU;;.‘ ,
b CE":" = Fe Fy 1&;
R L
i)N. o= RCp By T
v
¢ ={DF "K64(pc'av,'-P°°)]/qm:Kez"PB~348’1“«« Koo = 183
..o . S0 Db i
c, =¢C- (F, K, B/q, B, K la2
e Ty . o. - : :
Cgv = C "(PBV K49)/% Koz 1& 2
““ = {FO'-fK64(%m;E”il/qa>o'K62
"DPR = ‘PR
PR Koo PR 1
[o] O .
DPR = K., PRy, 1 &
DPR. = K, PR, 1 &
c - -
N Y
-1'3 .
*B P
: Xk
/ . v1 cl A =
p. p.\'B P o2 1
B> B v, 5 A% S
_ Boy o Be) 2 2 %2 ,
)= 3% ;7 P K__ 2
c/y c/. c 63 ’
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' NOMENCLATURE FOR ON-LINE DATA REDUCTION

© TABLE B-1V

" DESURIPYLON

SYMBOL B
Pc Nozzle primary chamber supply pressure
2 péav Averagé‘pressure.inside,the cavity containing the force °
, _ balance,which is"formed by the vehicle and nozzle shell .~
3 :Ps. Nozzle secondary supply pressure
4 T, ’ Nozzlebprimary chamber supply ﬁemperatufe'A.
5 Ts Nozzle secondary supply temperature
6 &p‘ ' Nozzle primary weight flowrate
7 &; Nozzle secondary weight flowrate
8 P Freestream static pressure
9 q. Freestream dynamic pressure
10 M Freestream Mach number -
>11 F Force balance reading (absolute)
12 .FF Average forebody preséure from. the stiﬁggslot to the
’ A maximum vehicle diameter
13 FB Average pressure acting along the face 6f the nozzle
' . outer cowl (Fig. ). This is the engine-on vehicle
base pressure when the doors are .removed
14 Fﬁ Average engine—off pressure acting over the portion of
;Vo the vehicle base occupied by the engine. This parameter
only has meaning when the engine is not running, and -
need be computed only during the first of each set of
three runs .
15 §B Average pressure acting over the rearward or boattail
VDB portion of the vehicle doors (Fig. ) :
16 ‘FB , 'Average pressure acting over the internal surface of
VDU the vehicle door «(Fig. ) ‘
C AT FB" - Effective boattail pressure. When multiplied by the
D vehicle base area exclusive of the doors (i.e., base

surface area of the nozzle outer cowl) this provides
a value for vehicle base thrust with doors removed,
and vehicle base plus door thrust with doors installed .
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B TABLE B~IV

NOMENCLATURE FOR ON—LINE DATA REDUCTIOW (Continued)

SYMBOL I I ,.*:DQSCRIPTION

18 .- | §B-¥ v Average: engine base pressure when the englne 1s runnlng :
. ’ B ey without: secondary flow . : : ‘ 4o
19 ’ DF » S Vehlcle forebody: drag w1th the engine off i
20 : Fe ’ Net thrust exc1u51ve of boattail ‘drag w1th the englne ! -
’ R » © o running.- Used for computatlonal purposes only S
21 F o Engine-off-thrust over the portlon of the vehlcle
B
: Vv occupied by the engine ' v o
22 o Fo Thrust produced by the freestream statlc pressure actlngj“

over the.portion-of the vehlcle occupled by the englne
“in a’direction opposite: to the -engine ‘thrust’

23 2 , fKP : , Primaryvfloereal gas ‘Fliegners constant:
24 i Ci Primary flow characteristic velocity
25 fK Secondary flow real gas Fliegners constant
S . . : .
26 Ck Secondary flow characteristic velocity
27 Re |~ Primary flow throat Reynolds'number. This parameter

will be used to correlate aerodynamic throat area test
‘data obtained at Rocketdyne .

28 : Aﬁ Aerodynamic throat area determined arARocketdyne
.p29 AX . Aerodynamic throat area_determined at AEDC =
30" PRv _ Ratio of chamber pressure to the aVerage’engineéoff
o ' pressure acting on the engine ared
31 PRBv . . Ratio of chamber pressure to the average pressure
L acting over the face of the nozzle outer cowl
32 PR, Ratio of chamber‘pressure to freestream static
- pressure SR
v 33 ' CF‘ o Optlmum thrust coefficlent based upon air propertles
- "BV and the pregsure ratio, PR BY
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37
38
. 39

40

41

42

: NOMENCLATURE FOR OV—LINE DATA REDLCTION (Contlnued)

She Beimc Rl SU,

4 “TABLE B~ 1V

§YMBOL

1uxsdu1vrrox;u

CF' Optlmum thrust coefflcient based upon air. propertxes

ST and the pressure ratio, PR,

Ft Thrust‘parameter uSed for computational purposes

Fi Ideal” thrust of the prlmary and secondar\ streams based

STBV on the optimum thrust coeff1c1ent CF :

Fi Ideal thrust of the prlmary and secondar; streams based

on the, optlmum thrust coefflclent CF"

CP_ Pressure. coeff1c1ent for the avelage pressure -acting ;:
v over the -face of the nozzle outer cowl (Item 13)

Cp. . Pressure . coefficient for the effectiverboattail
D ’ pressﬁre (Item 17) - :

Fé /Pc Engine base—to—chamber pressure ratio without secondary
e . flow ‘ '

55 /B, Average outer cowl face pressure-to-freestream static
V. pressure ratio R

FBD/R” Effective boattail_pressure—toéfreeStfeam'sfatic présSufév

ratio




TABLE B-V.

* NOMENCLATURE FOR ADDITIONAL DATA REDUCTION

3 O\ I S\';\IISOL _ 1 e : DJ';JCRIP'l‘I’ON i

e 1 F. ' Intrinsic thrust of the engine without secondarx flow 7
Sl i B (i.e., exclusive of a pressure force acting in opp051t10n-
: g : .-to the engine thrust) “with acorrection for varlatlonsu;n_
. freestream conditions from the fifst data slice (engine-

.. 0ff) to the second data slice (englne—on without secondar(
. flow) :

. o v S , ‘ R : S
2. F »nIntrlnsicfthrustfof the engine with secondary -flow (third
2 " data slice) and with a correction for variation in free-
stream conditions from the first to the third data ullce.
- These corrections are performed such that all daua is.-
“corrected to condltions occurrlng during the curreiit ..
data-’glice. :

3 &4 Foo 'Engine thrust relative to tﬁe;enginesoff,vehicle base
A pressure- force over the area occupied: by the:'engine

5 & 6 F- ' "Engine thrust relative to. the engine-on vehicle bese
BV pressurevforce over the area occupied by the engine

7& 8 F - Engine thrust relative to the freestreanm pressure force
@ ) . over the area occupled by the engine

9& 10 | - F g Engine thrust_relatiVe'to the engine—dff vehicle base
i pressure force over the drea occupied by the engine
 including the influence of 'the engine-on boattail thrust

11 & 12 - PR " Ratio of chamber pressure to the average engine~off
o ‘pressure acting on the engine area with appropriate - !
corrections for variations in freestream conditions - }

‘13 C ' : Optimum thrust coeff1c1ent based upon-air propertles_
’ \/ and the pressure ratlo, PRV
. o .

14 | ¢) : Nozzle scale coefficient based upon the engine-off
vehicle base pressure, This parameter will be used
indirectly to establish fullscale hot flow specific
impulse for engine operation in a slipstream relative

“to the engine-off vehicle base pressure

15 d) Nozzle scale coefficient based upon the engine-on

‘ vehicle base pressure. This parameter will be used
primarily to correlate test data with the engine-on
vehicle base pressure ratio '

A-133

o T e R e T R ek S




TABLE B-vV-

NOMENCLATURE FOR ADDITIONAL DATA REDUCTION (Continued)

SYMBOL

C DESCHLIPTION

17

18

19-22

23

24

26

27

)

P> -}

&

v? CBV’

DPR
DPR.

DPR

BV -

Nozzle scale coefficient based uvon the freestream static -
pressure, This parameter will be used for scaling and
data analysis purposes

Nozzle scale coefficient based upon the engine-off
vehicle base pressure including the influence of the
engine on boattail thrust., Scaling by means of this
parameter is .less correct than Dy means of the parameters
in Items 14-16, but it may provide the only acceptable
information at an angle-of-attack since an elaborate
pressure—area integration is not required. '

Corrected vehicle forebody-minus-engine-on-boattail drag
coefficient : .

These are vehicle scale coefficients which when combined
with appropriate-nozzle scale coefficients,. engine

thrust uncorrected for model sting effects

(Items 11 and 12) to the nozzle de51gn 5
ratlo '

Ratio of PR
pressure o

Ratio of PR
nozzle design

(Item 31 in the previous tab]e) to the
pressure ratio

(Item 32 in the prev1ous table) to the
pressure ratio

Ratio of PR
nozzle design

Intrinsic nozzle thrust coefficiént (see Items 1 and 2)

Effective nozzle base pressure with secondary flow
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Fig.B-2. SERV Cold Flow Model Aerodynamic Throat Ares O
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Figure B-3. Test Model Schematic -
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