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Table l•L 

•reference area,~ 

Nome11clature 

·= ,..~2 

7; 

aerodynamic axial force c_oefficient~ 

(ft2) 

CA = 

forebody aerodynamic axial force coefficient 

fi"l, 

Axial Force 
qoo ···AREF 

,., 

c¾' 

CD .. ·· · aerodynamic drag coefficient, CD = DRAG .. FOP.CE 
q ·. AREF 

v.ii~}} 

C = CLM -
M 

~fa 

~ 

CN 
a 

CP/D 

Cp 

.. 

-· 

D = l\.wc • 

.. 00.. . 

aerodynamic pitching .. moment,. coefficient, 

C:. _ -~_M_.- MOMENT 
qoo AREF bREF ., 

referenced to vehicle station X/D = O, unless otherwise.noted 

gradient of aerodynamic 

angle of attack (a), 

pitching moment 
d C 

M 
'oa 

aerodynamic normal force coefficient, 

coefficient with 

CN = Force Normal to Longitudinal Axis 
qoo AREF 

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

d CN 
aa 

location along longitudinalaxis where normal force must be 

located to produce aerodynamic pitching moment,:CP/D = Cg/CN' 

(measured from vehicle station X/D = 0) 

pressure coefficient, Cp = p - p~ 
4oc 

maximum diameter across heat shield (feet) 
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Table 1-1. Nomenciature (Continued) 

r~.ference diameter (in most cases ~EF = D = 1¾.Ax• reference 

diameter is defined where used) 

aerodynamic lift-to-drag ratio, L/D = CL 
-en-

f'/ ': ·~,:.:- ;-·,, 

.lift•to-dra-g ratio at static aerodynamic trim·condition 

primary aerospike engine mass ;flow rate 

secondary aerospike engine mass flow rate 

Mach number 

ambient freestream Mach number 

base pressure 

mean base heat shield region pressure 

mean base pressure (over area outside of engine nozzle 

perimeter) 

aerospike engine chamber pressure 

local pressure (psia or psfa) 

ambient pressure (psia or psfa) 

·heat shield surface radius 

heat shield corner radius 

., ' 
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· Table 1-L Nomenclature (Continued) 

ratio of heat shield corner radius to maximum diameter 

across heat shield 

ratio of heat shield sur.f-a.ce radius to maximum .diameter 

across heat shield 

Reference area, S = Aref 

· longitudinal and lateral .axis coordinates 

longitudinal axis location, measured from the center of the 

heat shield surface, nondimensionali.ze(],._by tfie reference. 

diameter, D 

lateral distance from the vehicle centerline nondimensional­

ized by ti.~e reference diameter, D 

· wind angle of attack (angle between· freestream velocity 

vector and the reference axis) 

static aerodynamic trim angle of attack 

vehicle thrust performance factor 

constant 3-14159 
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B1 

B2 

B3 

B4 
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Model. Confi_~uration; -~ode. 

45° /25° frustum baselirl.e ascent configuration centerbody 
with balance cavity on centerline 

45°/25° frustum baseline descent configuration .centerbody 
with balance cavfty on centerline 

·45°/25° frustum baseline descent configuration centerbody 
with balance cavity rotated 16° 

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

Ascent·conf:i.ghrationbase-ting with aerospike eng:lne doors 
open 25° 

Ascent conf:i:.gurationc'hase ring with aero spike e):lgi~e doors 
open 45° · 

Descent c.onfiguration .baseline reentry heat shield with 
11% r~dius aerospikeengine doors closed 

Descent configuration reentry heat shield with a.erospike 
engine doors removed 

Descent configuration reentry heat shieldwith one 
quadrant of 11% radius aerospike-:engine doors at various 
angular openings 

Large generalized payload forebody - 2.2 inch max. dia,, 
model scale 

Large personnel tnodule payload .. L 5 inch max, dia., 
model scale 

Winged payload - 1. 24 inch max. total span, model scale 

SmaH personnel module payload - 1. 5 inch max. dia., 
model scale 

Reentry configuration with no afterbody payload attached 
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. . . 
removal of aerospike engine protection doors. A lead cell was used to tneaa'ure 
the net vehicle axial force and extensive pressure measurements,with selected 
temperature measur.ements were made. 

A pilot test was conducted in the AEDC l-foot PWT to ,.investigate the best model 
support mounting technique to be used in the 16TPWT 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 conducted. 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 · 
minimum influence on base pressure magnitudes and symmetry. 

I 

Scale model fo.r,ce, .. tests were conducJ:.ed -.in the ,NASA .Ames 6~f,oot Sup~rso.nic Wind. 
Tunnel (SWT) and the Langley Unitary Plan-Wind Tunnel (UPWT) to defirie the aero­
dynamic flight performance characteristics of both the ascent and descent vehic• 
les, These were to determine the aerodynamic stability characteristics, normal 
force, axial force, and pitching moment through the complete flight Mach number. 
range of 0,4 to 4.64. No testing··o,f the descent-vehicle above Mach 4.64 was 
conducted as it was. consider.ed adequate .for Task 4 ·vehicle_ definition require­
ments to extrapolate the higher supersonic Mach number data to the reentry 
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-shield-first reentry and decelera.tion 
attitude. The influence of descent configuration geometric parameters such ~s 
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 regime • 

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. 
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Section 2 

A$·.CENl BASE FLOWlEST 

2. 1 PILOT MODEL TEST 

. The objective '.Of thia test .was to determine experimentally the...effect on base. 
pressures of various model mounting ... supports .and nose shapes .of a 0.156 percent 
scale model of the SERV ~scent configuration, in the transonic region. The re­
sults of this test were used_ in _determining the mounting of the 2.5 percen,t 
cold-flow-model of SERV in theAEDC·l6T PWT~ . The 0.156 ·percen,t SQale model test 
was .conducted in the AEDC. 1.-foot PWT (reference 12). Sketches: of the configura­
tions teated.a.re shown in figures.2.1-Lthrough·2.l-4. 

The model was designed by Chrysler and ;.,under subcontract, was fabric;:lt:ed from 
aluminum and stainless. steel by.Microcraft, Inc. of Tullahoma, Terines-s·ee-•. Ten 
orifices were located on the model, 6 static orifices in the vertical centerline 
of the model base and 4 flow orifices on the shoulder of the :forebody, ;each 90 
degrees apart (figures 2.1~3 and 2.1-5). 

2.1.1 TEST PROCEDURE 

The model was mounted in the test se_ction 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 length that 
· locat«.;d 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 perfornied at angles of attack of O, -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. 

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 pictures of flow· 
characteristics could not be obtained. 
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2 .1. 2 RESULTS .AND DISCUSSION 
*~ 

Only pressure data were obtained from this test, and figure 2. f .... a present. the 
base pressure ratio (PbVPoo) 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 long nose sting on the st:rut-lllOunted modei 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 rto effect ·on>the pa$e 
pressures. 'The short ·nose sting was tested with the model both strut and ,sting 
mounted and the data showed slightly less effect on the base pressures with the 
mode 1 st:i,ng mounted. Figure 2 .1-9 presents press.ure coefficient data (Cp) ob­
tained on the forebody with the model stl:'ut mounted. These were the only fore-

. body pressure data obtained. during the test. .The pressures on the fore body were 
more positive with the short nose sting than with the long. nqse. sting.·. Complete.• 
results.and analysis of the wind tunnel test are presented in refer.ence·2. 

The m~thod selected to mount the .2 .5 percent cold-flow scale ~.del in the 
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 sting 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 h,ad less effect on the base 
pressures than the short nose sting, it was decided that the front stru't mount 
with the long nose sting would have the least et'fect on the base flow character­
istics. 

2.2 COLD-FLOW MODEL TEST 

In order to adequately define the aerospike engine performance and resulting 
net vehicle axial forces during ascent flight, it was necessary to determine 
the flow characteristics of the engine with its large-area-ratio at open wake 
operating pressure ratio under the influence of a simulated flight slipstream 
over ·the bhmt fore body 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 
appendi:,c A. Cold-flow engine wind tunnel tests, under well controlied simu­
lati.on conditions, had been used to establish the flow characteristics and 
performance trends of typical aerospike nozzles opera~ing in a slipstream. 
The experience gained by the reference testing, noted in appendix A, provided 
valuable guidelines for defining the necessary model scaling and testing tech­
niques. 

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 Oto 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 analy-tic­
ally to the higher pressure ratio flight conditions. Reference 3 presents a. 
complete pretest plan for this program and references 4 through 7 and appendix A 
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docun1cnt the test data, analysis and results. 

2. 2. l TEST FACILITY 

The AEDC 16T PWT is a closed-circt1it, continuous-flow t,.mnel capable o.f .being 
operated at Mach numbers from O. 20 to L.60 •. The test section is 16 by 16 feet 
in cross section and 40 feet long. The ·tunnel can be operated at stagnation 
pressures down to .120 psfa at specific Mach numbers. Perforated :walls in the 
test section allow continuous operat.ion •through the Mach number range with a 
minimum of wall interfii•r~nce. A more detailed descriptfon.;.of this test facility 
:j.s presented in reference 12. 

2.2.2 MODEL DESIGN AND FABRICATION.· 
\ 

The test model was a 2. 5 .percent scale replica of the SERV baseline ascent ve­
hicle. It had a physical diameter of approximately 27 inches at the base a:nd 
was approx:i.mateJ.y 20 inches in length, A 417 area ratio aerospike e1Jgine, de.­
signed tc use air as .a test gas, was. incor,porated.~ The model was mount:ed on 
a fore body sting 126. 5 in. long which was strut wounted .to· the. tunne 1 floor. 
Aerospike engine the.rm.al protection doors we-re a,t:.tached to the outer perimeter 
of the aerospike engine nozzle flange. The model was instrumented with an ax­
ial force load cell, 163 static pre~sure taps, and .4 thE!rmocouple gages. -Ref­
erences 3 and 4, and append.ix A present a more d.etailed de·scription .of t~e test 

. model and instrumentation. Figures 2 ,2,;.l and .2 ~•2·-2, illustta.te the inodel' geom• 
etry, instrumentation, and installation in the AEDC-test facility. 

The model was designed jointly by Chrysler and Rocketdyne and fabrica:ted under 
subcontract to Rocketdyne. Final assembly was completed on November.4, 1970 
and operational checkout was conducted in the Rocketdyne Rocket Nozzle Test 
Facility in Los Angeles, California, through November 10, 1970. 

2.2.3 TEST PROCEDURE 

The complet~ 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, an:d 1.25. With en,gine 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 
simulate.cl 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 conditions is 
presented in figure 2.2-3. 

There were three major problems incurred with this test_progra:m. 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 high 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 engine 
thrust at the low tunnel density test conditions. 
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It became apparent after seveia,l ~ttempts that it would be VE,!ry difficult to 
hold the test section Mach nt.iinber condition of 1.05 as required by the test 
plan. Thet'efore, a test Mach number of 1,1 was run in the place of 1.05. 

In the last phases of testing a p;ressure seal in the facility started leaking;· 
this made it impossible to achieve the minimum test section·total pressure of 
120 psfa. · This resulted in the reductio.n of the doors-o,ff al.t·itude simulation 
for the final phases of. testing. 

With the exception of these difficulties, the test pro.gram was compl:eted with 
excellent results. The ,tes·t model functi'oned Mi'fhout ;failure ,throughout the 
complete program. Data acquHdtion was accomplished with a minimum of repeat 
conditions required. Schlieren photographs of the .model base• flow are prese,:nted 
in figure. 2 .2~4 at specific fie~stream Mach number and ,engine pressure ratio 
test conditions.. The engine exhaust plume. can be easily distinguished; however, 
the s·lipstrean1 ambient flow is not visible due to its very low density for these 
test conditions (noted·above). 

...... ~, 

2. 2. 4 RESULTS AND DISCUSSION 

Complete listings of the-test data in digitized.form and graphic presentations 
have been published in references 5 through 7 •. Appendix A :by: Ro.cketc:iyne. docu­
ments their analysis of the engine;performance test dat;:a: with' thE! metho.d···of 
extrapolation to full sea.le. · 

It became apparent after preliminary analysis of test data that the engine jet 
exhaust impinged ori the engine protection doors for engine pressure ratios, 
Pc/Poo, 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- · . ..,. 
ing, the engine data with do.ors removed were used to evaluate engine performance 
and an incremental drag term was included for attachment of the engine doors for 
flight performance evaluation as discussed in volume 4. 

The axial load cell measurements with engine on were used with 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 condit.iort. 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 in.creasing 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 th~ 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 noz.zle momentum thrust term and 
exhaust flow compression on the aerospike ramp are constant. 0nly_expansion of 
the flow from the end of the ramp into the base region changes with altitude and 
slipstream effects. The low expansion pressures of the ambient flow expanding 
over the peripheral base geometry of the vehicle are reflected. through the ex­
haust plume into the base region caus.ing a reduction in the effective pressure 
acting on the base heat shield. As this region is considered a component of the 
total engine thrust, there is, there·fore, a reduction in the engine thrust per-
formance as compared to the condition of no slipstream (M. = 0) • · 
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(a}M = O· a= O· P /~ = 406 co I _I C co 
ENGINE DOORS ON 

(c)M~= O; a= O; Pc/P00 = 484 
ENGINE DOORS OFF 

(b) M00 = 0.8; a= O; Pc/P
00 

= 491 
ENGINE DOORS ON 

(d)M 00 = 0.6; a= O; Pc/Pco = 580 
ENGINE DOORS OFF 

Figure 2.2-4. Schlieren Photograph of Model Base Flow 
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(e)Mco= 0.9; QI= 0; Pc/P
00 

= 399 
ENGINE DOORS OFF 

(g) M00 = 1.25; QI= 0; P c/P 
00 

= 402 
ENGINE DOORS OFF 

(f) Moo= l. l; QI= 0; P~/Poo = 394 
ENGINE DOORS OFF 

(h) M = l 25· QI= 0· P /P = 763 oo., 'c co 
ENGINE DOORS OFF 

Figure 2.2-4. Schlieren Photograph of Model Base Flow (continued) 
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Engine thrust perfor~nce 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 

"q\i, not always the result in this test; however, the turbine exhaust location and 
f flow rate were fixed and no attempt was made at optimization. 

4if'!\, (:f;ff;i•;, 
~'../' 

Figure 2 .2-6(a) shows mean base pressure ratio (PB-c./P00 ) over the area outside 
of the engine nozzle perimeter. · These pressure ratios are a direct 1:unction of 
the pumping action of the engine exhaust flow and the ambient slipstream expand­
ing over the vehicle externa 1 geometry. They are seen to decrease w:Vth increas• 
ing slipstream Mach number, but have little- variation (except M:::::0.6) with engine 
pressure ratio (Pc/P 00 ) for the range tested. At M =O.O the drop in this 

· local pressure below ambient must be·.d.ue solely to the pumping action of the 
engine; , · · 

The mean pressure ratios (PBE/Poo) in the base heat shield region are shown 
in figure 2 .2-6(b) as functions of· flight Ma.ch number and engine pressure· 
ratio (Pc/Pco ). The_se too decrease with increasing freestream Hach number 
and reflect almost directly the reduction in engine thrust performance due 
to slipstream effects. Wtthin th&,pressure ratio range tested, these pres~ 
sures are. also very nearly constant wtt-h increasing en·gine pressure ratio 
(Pc/P 00 ). Secondary flow- injection into· the, base definitely appears to iq­
crease the pressures in this region. 

2.2.5 CONCLUSIONS 

The most significant result of the SERV base flow test was that the engine 
.exhaust jet and base flow field were typically 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 sensitive 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 appendix A for detailed analysis and 
discussion). · 
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Figure 2.2-6(a). Variation of Area-Weighted Shroud Pressure with 
Engine Pressure Ratio 
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Section 3 

ASCENT CONFIGURATION FORCE TESTS . 

3.1 TEST PLAN 

. To verify SERV vehicle payload, .c·apa·bility and flight control requirements in 
the ascent mode, a -definition of flight aerodynamic stability and drag charac .. 
terist:t~s was obtained from wind tunnel tests according to plans outli.ned 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 NASA 
Ames Research Center and Langley Research Center, res.pectively; covered a 
combined Mach number range. of 0.4· to· 4.6!~ .(subsonic _to high supersonic}. 
Lower Mach numbers of 0.4 to 2.0 were obtained in the Ames facil;i.ty, while 
remaining supersonic s.peeds .were acquired in .the :Langley facility. Angl.e,- .. 
of-attack range for ascent mode testing varied from ..;._4 to +16 degrees in 
both facilities. 

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 involved a 
change in degree of aerospike protection door openitig. 

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-l(e) shows the Extended Personnel 
Module configuration'again but with engine doors open 45 degrees. The models 
were fabricated of stainless steel to0.55 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 interchangeable reentry configuration parts) are illustrated 
in figure 3.2-2. 

Pertinent model reference dimensions and areas for ascent con~igurations were: 
reference diameter of 6 inches; reference area of 28.26 ~quare inches; and a 
base area of 21.23 square inches. 

Model strengths were adequate to withstand anticipated maximum loads with a 
safety fact©r of four (4.0) based on material yield strength. 

3 .3 TEST. PROCEDURE° 

The tunnel installation, typical in both facilities, is illustrated in figure 
3.3-1. The models were sting mounted from a rear tunnel support system which 
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l'!:~::"'­
\i~ii,-~~ 

33,79° 

PAYLOAD 

'f; 

[. 

~ 

I 

'> • f~- :. ;• ·,·:· • 
'· ,,, ~ .. ' ,. 

DOOR o2 (25° OPEN) 

APPROXIMATE BALANCE CENTER 

MODEL STATION 0,0 

I ~ r/D = 0, 11 

MODEL STATION l. 115 
I 

MODEL STATION 3,067 
MODEL STATION 4.475 

. MODEL STATION 4,855 
MODEL STATION 5,686 

figure 3 .2-1 (a). Retracted PM Payload Configuration - Model F 4B1_D2 ,. 

PAYLOAD.F3"' 

MODEL 
STATION 
7,900 

MODEL 
STATION 
5,003 

MODEL 
STATION 
3,067 

(25° OPEN) 

·APPROXIMATE BALANCE CENTER 

MODEL STATION 0,0 

I \....rc/D = 0, 11 

MODEL 
STATION 
1, 115 

Figure 3.2 .. l(b). Winged Orbiter Payload Configuration - Model F3B1D2 
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19,31° 

33,74° 

PAYLOAD F1 
APPROXIMATE BALANCE CENTER 

MODEL.STATION 0,Q 

I 
MODEL 
STATION 
8,859 

MODEL 
STATION 
8.029 

MODEL 
STATION 

· 6.649 
MODEL 
STATION 

·4.125 

MODEL 
.STATION 
3.067 

\) 'I'- rc/D"" 0, 11 

MODEL 
STATION 
1.115 

Figure 3.2-l(c). Large Payload (LPL) Configuration - Model F1BiD2 

BODY B
1 

DOOR D
2 

(25° OPEN) 

' 
J 

APPROXIMATE BALANCE CENTER 
PAYLOAD F

2 

MODEL STATION 7,965 

MODEL STATION 7. 134 
I 

MODEL STATION 6,754 
I 

MODEL STATION 4,475 

MODEL STATION 0,0 

r /D "' O. 11 
C 

MODEL STATIO 

MODEL STATION 1, 115 

Figure 3.2-l(d). Ext~nded Personnel Module Payload Configuration -
Model F2B1D2 
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--·.-ti~ 

. MODEL 
. STATION 

· 3,067 MODEL 
STATION 

1>115 

r--

·(45° OPEN) 

APPROXIMATE BALANCE CENTER 

MODEL STATION 0,0 

r /D = 0 11 
C • 

Figure: 3 .2-1 (e). Extended Personnel Module_ Payload Configuration 
(Engine Doors Open 45°) - Model FzB1D3 
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incorporated a Langley UT-22 .stra,in .gage balance and tubing for base cavity 
pressure measurement. The UT~22 balance measured three components: normal 
for.ce, 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 maxi111um loads encountered however were always less 
than these limits • 

Data obtained.from the UT-22 balance and pressure transducers were reduced to 
force, moment and base pressure coefficients defined as: 

Nor.ma 1 Force 
1) CN. = q.-00 s 

Pitching. Moment, 
2) CM = qoo SD 

Total Axial Force 
3) CA = qooS 

C = 4) AB 

(P00 _(Pbl +Pbz) /2)Ab 

qoos 

where q 00 = test section dynamic pressure, S = reference area, n= reference 
diameter, and Ab= ascent configuration base area. 

Moments measured by the balance were initially referenced to its electrical 
center, and then transferred to model stationO.O. (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 conditions 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 farm 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 high 
supersonic value of 4.64. 
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Figure 3.l♦ -1.(a). 
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REF'L 6,0000 IN. 
REFB D,000~ IN, 
XHRP e.eua IN. 
YHRF 0.0000 IN 
ZHRP 0,0000 IN. 
SCALE 0,5500 PE-CNf 
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3-10 

PARAMETRIC VAtVES REFERENCE INFORM•TION 
0, POO EOOOR. 25. 000 REFS 26.27H SO.IN, 
0,110 RlFL 6,0000 IN, 

REFB 0,UOOO IN, 
X~~F 8.8530 IN. 
YMRF O.DGOO IN 
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SCALE 0,5S00 PERCNT 

... 



~
i·~:t 
),,;;';\(.*, 

.. )i}V' 

.• 

.. 

< 
(.J 

1-z 
Li.I ..... 
u 

--~-•-~---~,~-~.,._,_._..,.,..~.,...c•-=:.-r.u, . .,..r..:,::.•.t· • ..,, •. L-W.,..U,l..-~•.'tl.1~J.1.".t'ir'4J _ _!_,'.j..1.'.:.-J~J.ll.'.V..-O>'.>'.,.'.,:.:.l"-\..W~ll,,lho~l1,ls,\B,~ 

Axial ·Force Coefficient M•l.205 

EFFECT OF PAYLOAD VARIATiflN ON BASIC AERODYNAMICS OF SERVI ASCENT VEHICLE 
I ,I (""r-r·,-r·T,--'7--,-r,·:-r--r-To..-,-,-,•r-r·-r-r-r,--,--,-r,-1· r-r·:rrr-.,r-r·-r-r1·••r·1 ··r~··1 _, ... -r .. r·,:-·r · r r· -r·r 

1,0 

o.• 

i-----·····-+---··+··---+----+--

0 I> fo i 
--f----l--:--··+-·-·•·•--·. -·-+-- -------· 

~ ~- "'' ·Ii 
p 0 

II 
0 ~ 

t----+-----+--•-t---t----+--- ·t, -· • ··•·t-···-- -

o,e i----1----1----1----t--·--t----+--·-t----+----t----~·- , ........ ·· ... 
··~ 

!I 

r· 1· r:1 

1 
j 
J 

• 1 

°'· j 
o,, 

-l 
t--- ·-+-·-··+--•·-+------1----1------1----1--+-.... -+-- ...... -l·-·······-1-· ... - ·•··• ·· f· • · •·•·+· .. • .. ., 

lJ.. 0,6 1-~----~·-------·+-----4---~i----+----~----'----1----4--;.....-1-.... --.-'· .. /.-···--··+-----
L~- . 
w 
0 
(.J 

tJ o.~ 
er 
El 
LL 

·-----+----+----+-----1----+---+---1-----11-- --·-t-··· ........... _ ......... , .. _ ....... . 

. ...I 
< 
X 
< 

0,4 1------ -·--··t--·---+·- ---.. ·~---· . -1-------1 
J 

o.s t------f-'----+---+--~~. . -f---

o.e 1-----·--+---·+----+--~--

Cl,l 1------.. --1-------+. -+··-·-t-· ---+----,---+---+--- ---·1---.. +·-·•--•"->•-·-·-· 

o· 0 ...,., __ t.,.; .. L..J __ .._ ... ..-LJ,...,_ .. ., __ , r , , I • , e I ..1--&..-LJ , , • I , 1 1 I 1 ...1 ... , I , , 1 I ...__.,_A-L1-1-.J.._L....1...J._J-1-..L.~.1-..L-1...J.-L.--'. 
•-u -12 •10 · - 6 - I - 4 - 2 0 Z 4 6 9 10 12 14 11 
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f8AD004 I () ANES 66•522 CCSO SERVI ASCENT 
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ANGLE DF ATTACK, ALPHA, ~EGREES 
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BETA 
RC/0 

Figure 3,4-l(d). 
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PARAMETRIC VALUES 
0,000 EDOOR 
0.110 

REFERENCE INFORHATION 
25,000 REFS 28.27'4 IQ.I~. 

REf'L 6,0000 IN, 
REFS 0,0000 ltl, 
XHRF 8,8590 IN. 
YHRP 0.0000 IN 
ZHRF D.0000 IN, 
SCALE o,,so·o PERCNT 
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Figure 3,4•2(a). 
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FAR~HETRIC VALUES 
0,000 E DOOR 
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Figure 3,4-2(c). 
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RtrERENCE INFORMATIOOI 
1!5,UOO RErs ta.nu SQ IN 

RErL O,UUUU IN 
REFB D,UOUO IN 
XHRP ... e,eo IN 
YHRP 0.00110 IN 
ZMNP D ,DUOO IN 
SCALE D ,UOU FCT 
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Table 3.3-1~ Test Log· 

TEST RUN NUMBERS (REFERENCES 3 and 4.) 
AT MACH NO. (NOMINAL) 
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3 .4 .1 PAYLOAD VARIATION 

Effects of payload variation at Mach numbers of 1.2 and 4 .64 are pre1ented. in 
figures 3 .4-1 and 3·.4-2. At Mach 1.2, normal force (CN) and axial force (CA & 
CA ) , coefficients exhibit trends· for the various configurations that do not 
diifer appreciably. The maximum ob.served deviations occur in the axial force 
in the ±2° angle-of-attack range~ The effect of payload on pitching moment, 
however, at thif3 transonic Mach number (figure 3.4-l(b)) is quite significant 
(beyond a =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 her~, the Retracted PM 
and MURP forebodies show similar levels .of magnitude, indicating a small effect 
due to the more· sle.nder· forebody of· the MURP configuration. 

Dragcoeffi~ients (ata = o0) 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 t.C;!Sting 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-l(a)) exhibiting the highest level, and the LPL 
configuration (figure 3.2-l(c)) showing the lowest level. While the Extended 
PM configuration (figure 3.2-l(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 vehicle is presented in figure 3.4-6 in another 
comparison.) 

Schlieren photographs (figures 3.4-4 and 3.4-5) from the Ames and Langley 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 figure 
3.4-6 where dof)r opening cases are compared. 
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3.4,3 STATIC STABILITY C.· 
\ ·1, ' .,, t' ,,:. ~-- .-· 

The slope of normal force and pitching moment coefficient curves in the linear 
range of angle of attack (±4° about zero), provide criteria which, when related 
properly, indicate the center of pressure location from the vehicle base and 
provide overall knowledge of vehicle stability. These characteristics are pre­
sented in figure 3.4-7. 

Center of pressure locations shown in figure 3.4-7 agree generally with the 
predicted levels, With most payloads exhibiting marginal ·static stability 
characteristics in the range of 0.2 ·to 0.4 calibers forward of the vehicle 
base. Up to approximately Mach 1.5, normal force gradiemt (CNa:). trends £or 
all payload. versions were somewhat similar; beyond this Mach.number, ·however, 
trends were different from predicted .with wide·· divergencies noted,. 

3. 5 CONCLUSIONS 

Conclusions were summarized in the·following paragraphs. 

Experimentally acquired data were generally in agreement with predicted trends. 

At Mach numbers below 1.2, payload.variation did not appreciably af.foct normal 
and axial force characteristics •. At angles of attack greater than 2 degrees, 
the effect on pitching moment was quite significant. 

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 pitchin@: 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 locations in the order of 0.2 to 0.4 calibers forward of 
the base. 
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Section 4 

DESCENT CONFIGURATION FORCE TESTS I 

Descent performance of the SERV concept is contingent upon reentry aerodynamic 
drag, lift--to-drag ratio,, and ·trim stability. In the lower supersonic through-.. 
subsonic -phase. of flight, vehicle o ta tic aerodynamic· stability0 '~h'a.racteristics ·· 
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~. 
ric scale models of the SERVdescent configuration. 

These tests were conducted in the NASA Ames Research Center 6-foot SWT and 
Langley Research Genter UPWT over. a combined Mach number range ·of.,· from O .4 .. to :', 
4.64.' The higher Mach riumber 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 PLAN 

Aerodynamic wind tunnel force. tests were conducted using 0.55 percent scale 
models of the SERV descent .baseline concept with specific geo~etric 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 t~sts 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-comp<>nent force balance was used to meas­
ure the aerodynamic parameters, normal force (CN), axial force (CA) and pitching 
moment (CM). 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 detail~d definition of the 
tunnel capabilities and operating systems. 

4.2 MODEL DESIGN AND FABRICATION 

The descent force models were 0.55 percent replicas of the SERV descent base­
line configuration with parametric variations as illustrated i.n figure 4.2-L 
The models were designed by Chrysler and fabricated under purchase order by 
Standard Tool and Die, Company of Los Angeles, California. 
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APPROXIM4. TE BALANCE CENTER 

MODEL STATION 3,068 

MODEL STATION2.000 

. Figure 4.2-l(a). SERV Baseline Descent Configuration - Model OB3D4 

DOOR D-1 

APPROXIMATE BALANCE CENTER 
MODEL STATION 0.0 

r 
~ = o. 11 

, I 
MODEL STATION 2,000 

MODEL STATION 3.068 

Figure 4.2-l(b). SERV Baseline Descent Configuration - Model OB2D4 
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· MODEL STATION 2,000 
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Figure 4.2-l(c). SERV Baseline .Descent Configuration - Model OB3D6 
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r 
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MODEL STATION 2.000 

MODEL STATION 3,068 

_BODY a4 

PPROXIMATE BALANCE CENTER 

Figure 4.2-l(d). SERV Baseline Descent Configuration with Engine Door Open 
Model OB4D7 
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SERV Descent Configuration with rc/D = 0.05 -
Model OB3Ds 
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Figure 4.2-l(f). SERV Descent Configuration with Differential Corner ·Radii -
Model OB3Dg 
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Figure 4.2-l(g). SERV Descent Configuration with Extended After-Body 
. Model OB5D4 . 
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The models were approximately 6 inches in maximum diameter. Three heat shield 
corner radii combinations were tested with two different afterbody configurations. 
The baseline reentry vehicle was tested with and without engine doors. Stress 
analysis was performed to verify that the models, force balance, and support sys­
tem would withstand the maximum anttcipated loads with a safety factor· of ·four 
(4.0) based on the material yield strength. 

4.3 TEST PROCEDURE 

Wind tunnel installation typical of both tes~ facilities is illustrated in 
figure 4.3-1. The models were aft mounted utilizing 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· 0·to>rneasure. the·· forces- · 
and moments, Base flow interference of the offset stings and low input loads 
to the balance (capability of 300 lb norma.l and axial load, and 300 in./lb of 
moment), resulted in bias errors at·small angle of attack near zero load, How­
ev_er, verification in the accuracy of the higher angle-of-attack data allowed 
the data t.o be shifted and corrected for these biases within a reasonable toler­
ance. 

Data obtained from the UT-22 balance and pressure transducers were reduced tb 
force, moment and base pressure coefficients as defined in subsection 3,3. Mo­
ments measured by the balance were initially referenced to its electrical c;:en­
ter, and then transferred to model station O.O. (See figur·e 4.2-L) 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 sh6ck wave systems were Be­
quired at a 11 conditions of interest. 

No significant problems developed during 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 transonic Mach ranges where base pres­
sures were significantly affected. Above Mach 1.5, these biases tended to dis­
sipate. 

4.4 DISCUSSION OF RESULTS 

The results of these wind.tunher tests have been presented in detail in ref­
erences 10 and 11. Aerodynamic 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 a= -22°, 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 coefficients, 
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 original 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 conditions and lift-
to-drag ratio caused by: · 

1) removal of the engine doors 
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0.110 REFL 6,0000 IN, 

,£Fe 0,0000 IN, 
XHRP ~ 0, 000J IN, 
YHRF 0,0000 IN 
7HRP 0,0000 IN, 
$CHE 0,B00 PtaCHT 
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0,000 REFS 28,Z144 SQ.IN. 
REFL 6,0000 IN. 
REFS 0,0000 IN, 
XHRF 0,0000 IN, 
YNRP. o.aoua IN 
ZHRF 0,0000 IN, 
SCALC Q,5500 PC~CNT 
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PARAMETRIC VALUES 
D,DDD E0OOR 
o.uo 

REFERENCE INFORMATION 
D,000 REFS 26.2'4 ◄ SQ,IN. 

REFL 6,0000 IN. 
REFS 0,0000 IN. 
XHRF o.ooao IN. 
rHRP 0,0000 IN 
ZHRP 0.0000 IN. 
SCALE 0,5500 P[RCNT 
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ANGLE OF ATTACK, ALPHA, DEGREES 
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Figure 4,4-2(g). 
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ANGLE OF ATTACK, ALPHA, DEGREES 
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RC/D 

Figur~ 4.4-3(a). 
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0.000 P.EFS 28,2744 SQ,IN, 
REFL S,0000 IN. 
REFS D,0000 IH, 
XHRP o.oooa IN. 
YHRP 0,0000 IN 
ZMRP 0,0000 IH, 
SCALE D,5500 rUCNT 
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ANGLE OF ATTACK, ALPHA, DEGREES 
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Figure 4.4-3(b) 
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0,000 REn Z8.Z7 ◄ 4 SO.IN. 
REFL 6,0000 I~. 
REFB u.oo~o IN. 
XHRF o::.rJCi'JU IN. 
YHRP 0,0•J~~ IN 
ZHRF o,ooao IN, 
SCALE 0,5500 FERCNT 

·~"----,, ..•. 

I 



-,-,..~- ... ,., ••.•.•. ~., ,.__':""L'••.-..'-<"..,.,~,-,.~.-....,,u.•,: .. ,.U.'I.V"•'V,i-..t:.~.:!.LU#l~.:l.'.iofi.tU~~·ru:.;,;Q\._~'ill,>ill'ti~illl~~~&..~"2i:~~~~~ 

.-.:,. 

< u . 
1-· 
z 
w ...... 
u ..... 
lJ... 
LL 
w 
0 u 
w 
u 
er. 
0 
l1. 

..J 
< ... 

Axial Force Coefficient M• l.204 
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Figure 4.4-3(c). 
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PARAMETRIC VALUES 
0,000 EOOOR 
0.110 

REFERENCE INFORMATION 
0.000 REFS Zd,2>44 SQ.IN, 

REl'L 6,0D00 IN, 
REFB ·D,0000 IN, 
XMRf ·0,0000 JN. 
YMRP 0~0000 IN 
ZHRF 0,000D IN, 
SCALE 0,5500 PERCNT 
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ANGLE OF ATTiCK, ALPHA, DEGREES 
llATA UT IYH90L COflFHUUTIOfl CUC~IPTIOfl rARAHETRIC VALUEa 

0,000 EDOOA 
0,110 

REF£R£NCE INFORH•tlON 
I U4tGOfl O ANEJ 15•52Z CCIO IUVI RC:•i'.NTRY ViHICLE 08204 
cuooa,, □ AH£1 H-'2~ CC50 SE~VI ~E•fNTRY VEHICLE 01)04 
CXAI00II O AHEG tf•Hl CC,0 KRVJ il£-ENTAY V£HIUE ·oa,o, 

MACH I, POZ 

ltrA 
RC/0 

Figure 4.4-3(d), 
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0,000 MEFt 28,2744 IQ,I'<, 
REFL e,0000 IN. 
RtFB 0.0000 IN, 
JMRP 0,0000 IN, 
YMRP 0,0000 IN 
ZHRP 0,0000 I~. 
ICALE 0,SS00 Pt~,Nt 
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Figure 4.4-3(e), 
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EFFECT CF om.1RS AND/OR.DOOR RADWS ON BASIC AERODY,NAHICS OF SERVI REENTRY YEH. I•• -- . . . . . . . . . . 
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ANGLE CF ATTACK, ALPHA, DEGREES 
COHFl~UIIATION l)J:SC~IFTIOH 

LARC UPWT et•> CCIC 15€RVI REENTRY VEHICLE Oi!l3D• 
LARC u•wr .,., cc,o S[AVI REC~TRY VEHICLE 063DS 
LARC UPWT ll•J CCIO 1£RVI R[EHTHY VEHICLE 06305 
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fARAHETRIC VALUES 
O,Otlll E COOR 
0.110 

Figure 4.4-3(f), 
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0 lO 

REFERENCE !NFORHATION 
0 .OtlO REFS . 2e ,27H SQ i:1 

REFL 6 .nouu IN 
REFB O.UUOU IN 
XHRF O.OUUO IN 
Y~RP D.OOUU IN 
ZHRP O. OOOtl IN 
SCALE 0,5500 fCT 
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Axial Force Coefficient M•4.64 

EFFECT OF DOORS ANO/OR ,DOOR RADIUS ON BASIC AEROOYNM1ICS OF SERVL,REENTRY YEH • 
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HLLOO• I O L•RC Uf'Wf flO CCSC SERVI REE~r'AY 

::t~~~~: i t::~ ~~; :::; mg :::: =~m=~ 
C7LL0ll I I,, LUC u,w! IUU CC$C Kl!VI ·REENTRY 

""'" • ,140 

VEHICLE 0"304 
VEHICLE OIUCS 
VEHICLE 08301 
VEHICLE OUOO 
VEHICL[ oe,o, 

SETA 
RC/D 

Figure 4.4-3(g). 
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l'ARAHETRIC VALUES 
0,000 E DOOR 
0.110 

0 5 10 

• 
~ErERENCE INrORHATION 

0,000 REFS 2e.z, .. ,. SQ IN 
"-EFL. 6.0000 IN 
AEr& o.ouoo I .. 
XHRP 0.0000 IN 
YHRF 0.0000 IN 
ZHRF 0.0000 IN 
SCALE 0,5500 FCI 

.. 
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Lift-to-;Drag Ratio M•0.404 
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ANGLE OF ATTACK, ALPHA, DEGREES 
CONFIGURATIOII DESCRIPTIOI< 

A><ES H-H~ cc~o 5<'.RYl RE-[!H~Y V!:H/C•.t D8204 
AHtS ., .. ,u CCJD SUVI R£-(HfNY \'EHICLE Dal04 
ANES 1,-szz CCIO IC~YI R(-EN i'f Y£"1CLE 111404 

o.,o~ 

IETA 
.c,o 

Figure 4.4-4(a). 
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PAftAHETRIC VALUE$ 
D ,000 E0OOR 
0.110 

REFERENCE INFORHATI~' 
0.000 REFS 2,.21~4 SQ.I~. 

REFL 1.0000 J•. 
REFB 0.ooo; IN. 
XHRP o,aooo JN. 
YHR~ 0,000u IH 

·ZHRP o,oaoa IH-
ICALE 0,5500 ,t.CNT 
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Lift~to-Drag Ratio M• 0.914 

BASIC AERODYNAMICS OF SERVI RE-ENTRY VEHICLE(ENGINE DOORS CLOSED) 
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ANGLE OF ATTACK, ALPHA, DEGREES 
DATA S£T SYHBOL 
(XAQ0061 0 
IUQ007 I 0 

CONFIGI/RATION DESCRIFTIOH 
ANES 66-,zz cc~c 5£RVI RE·ENfHY VEHICLE 08204 
AMES 6&-,zz ccso SERVI RE-ENTRY VEHICLE 08304 
AMES 66·5ZZ CCSO SERVJ RE-ENTRY VE!IICLE 08◄ 04 

BETA 
RC/0 

PARAMETRIC VALUES 
0,000 EOOOR 
0.110 

REFERENCE INFORMATION 
0,000 REF"$ 28,27 ◄ 4 SQ.IN, 

REFL 6,0000 IN. 
IXU0081 () REFB 0,0000 IN, 

XHRF O ,0000 IN. 
VHRF 0,0000 IN 
ZMRP 0,0000 IN, 

NACH. 0,914· 
SCALE 0,$500 PERCNT 

Figure 4.4-L•(b). 
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ANGLE OF ATTACK, ALPHA, DEGREES ' 
,_.,_ 

so 

DATA SET SYN80L COIIFl~U!IATIOH 0£SCIIIPTION ,A!IAHETRIC VALUES 
0,000 £DOOR 
0.110 

R~FE!IENCE INFO!IHATION 
IXUOOI I .0 ANES H-522 CCSD SE!IVI RE-ENTRY VEHICLE D8204 
IXAe007J O ANES 16·522 CCSO SE!IVl RE•EHTRY VEHICLE.08304 
I uooo• l O ANES H•'22 CCSD KIIVI RE-ENTRY VEHICLE 01404 

M<IC!f I ,20• 

BETA 
IIC/0 

.Figure 4,4-4(c). 
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0.000 ne:rs zs.2,u st.IN. 
REFL 1.0000 IN. 

·REFB 0,0000 IN. 
XHRF 0.0000 IN. 
YHRP O, 0000 JN 
ZHRF O.UU IN. 
SCALE O.HU PUCNT 
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ANGLE DF ATTACK, ALPHA, DEGREES 
DATA SET &YHBOL CONFIGURATIOOi DESCRIPTION PARAMETRIC VALUES 

0,000 EDOOR 
O,IJQ 

REFERENCE INFORMATION 
(XAQOOe I Q ANES 66-,12 CCSO SERVI RE-ENTRY 
I UICl07 I O AHES ae-,zz ccso SERVI ftf•EHTRY 
IXUDDII O AHES H-,zz CCS0 SERVI RE-ENTRY 

HACH S,70Z 

VEHICI.E oezo, 
VEHI CL!: 0B304 
VtHICLE D&,D4 

BUA 
IIC/0' 

Figure 4.4-4(d), 
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0.000 REFS 28,274' SG,IN, 
REFL 6. 0000 IN. 
REFB 0,0000· IN, 
XHRP 0,0000 IN, 
YMRP D,0000 IN 
ZMRP 0,0000 IN, 
~CALE o,,500 PEftCNT 
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Lift-to-Drag Ratio M• 2.60 

EFFECT.l,F DOORS AND/OR DOOR RADIUS ON BASIC AERODYNAMICS OF-SERVI REENTRY VEH~ 
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ANGLE DF ATTACK. ALPHA. DEGREES 
CATA scr SYMIIOt. COHF"IGURATIQ,I DESCRIPTION REFERENCE INFORMATION 

lO 

c ,..:Loo, 1 o LARC uPwr ,u:\ ccr.o SERVI IIEEHTftY VEHICLE: 003D4·· 
VEHICLE 08305 
VEHICLE 08301 
VIEHI CLE O!l3Df 
YEHi CLE 085D4 

BETA 

IIC/D 

PARAHETll(C VALUES 
0.000 E DOOR 
o,uo 

0,000.- REFS 28,274' SQ IN 
HL~00'9 I O LARC UPWT 910 ccao SERVI R[ENTRY REFL G, 0000 IN 

:~tt~~:i & t::~ ~:~~ :!~~ ~~fo :::: =~~:}:~ 
ff~LDll I · t,. I.ARC UPWI fl O CCII) ICIIVI ll[[NTIIY. 

REFB 0,0000 IN 
XHRP 0,0000 Ill 
YllRP 0,0000 1M 
ZHRP o.oo~~ IN 

"ACK l!,10D SCALE 0,5500 PCT 

Figure 4.4-4(e), 
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Lift ·to-Drag Ratio M.=3.85 

EFfECLOF DOORS AND/OR DOOR RADIUS ON BASIC AERODYNAMICS OF SERVI REENTRY VEH, 
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ANGLE OF ATTACK, ALPHA, DEGREES 
CH• str 5YH00f. cr,,,,r1,.,UftATIOH OE.CRIHICA-1 
i fLlOl>F I O i.AAC UF!,•T tlO CCID N:RVI REE~TRY 
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Figure 4,4-4(f). 
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,ARAMETRIC VALUEI 
0,POU. E DOOR 
11,110 

RErERENCE INFORMATION 
0,000 REF'S 28,27'( SQ IN 

ftEFL f,Ul100 IN 
flErB O,l100l1 IN 
XHAP. u.uotltl (H 
rt<~• O,Ul10!1 IN 
ZHRP ll ,0000 IN 
tC•;.E 0,55l10 PCT 

.. 
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.. ·Lift-to-Drag Ratio M= 4.64 

• EFFECT OF ODORS ANO/OR ODOR RADIUS ON BASIC AER~OYNAMICS OF SERVI REENTRY YEH. 
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ANGLE OF ATTACK, ALPHA, DEGREES 
CATA SC:T SYN.Bot.. COtlf'l,URATIOH CESCRIFTIC>·I PARAHETR.IC VALUES RErERENCE fNrO~HATJON 
( 7U .. fi07 J Q LARC UF\IT 91•3 CCSC SERVI REENTRY VEHICLE 08304 BETA D,OUO E COOR u.ooo RffS 28 ,2744 SQ IN 
f 7LL008 1 0 

! :~t~~~: X 
f ILL01t J b, 

LA.RC UFUJ 91-1) CCSO SERVI RC£NTRY VEHICLE 06~'J5 RC/D D,110 
LARC UF\IT 91"3 CCSC SERVI R£EIHRY VEHICLE 08306 
LAKC UFIIT 91•3 CCSC 5£RVI REENTRY VEHICLE 00308 
LARC UF\IT 11143 ccsc SERVI REENTRY VEHICLE ooso• 

REFL 6,0000 IN 
REFB 0,00110 IN 
XHRP 0,0000 IN 
YHRF O ,0000 l'N 
ZHRP O ,DODO IN 

M.ICH 4,640 
SCALE 0,5500 FCT 

Figuie 4.4-4(g), 

... 

€z;~i'i 
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.,· 

2) .decrease in heat shield corner radius 

3) increase in afterbody length 

4) different upper and lower heat shield face corner raoii· 

References 10 and 11 give complete graphic presentat'.ions .and digitJzed 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 re.moval of the aero spike engine protection doors. 

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 lift-to-dr:ag ratio ·with. lateral· 
CG offset are given for the various corner radius configurations. 

This representative. Mach. number condition indicates .that dec1reasing the heat. 
shield corner radius from r/D = 0.11 to r/D == 0.05 does not significantly 
change the variation in tr.im angle of a.t:tack. However, d1.1e to the· higher lift­
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 ari even greater decrease 
in the _trim L/D. Finally, leaving the upper heat. shield c0rner radius at 
(r/D)u = 0.11 and reducing the lower radius to· (r/D)L = 0.05, creates an assy­
metric vehicle which will induce a higher trim angle of attack and resultant 
lift-to-drag ratio. 

To further show the loss fa trim angle of attack and L/D by removal of 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 ~low theory (the validity 
of this procedure is illustrated in more detail in section 2.2 of volume 4J 
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 1.5-foot additional CG offset would be required 
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 con­
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 following 
conclusions 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 !+ feet. 

4-36 

• 



j• 

~

p;?, 
1'Y] 

. t~!j.l 

.. 

•. 

1~:i 

"' 

-0 
w 

G. 30 
1-

tj 

.. 
~ 

'U 

~ 
I­
<( 

I 
LL. 

0 
I 

w _. 
0 
z 
<( 

~ 
~ 
I-

20 

10. 

0 

.....t- 0.6 :; --.. 
0 
i=· 
~ 
0 
~-
0 

I 
o· 
I-

i-!. 
LL. _. 
~ 
~ 
I-

0.4 

0.2 

0 

--·-------·--··----·-•--•-~•·'~•~ .• =••i-r_,..,,..,,.,- ·•~·h·u4-".,-...l--'<·l.l>.'•a\.'!~-1,;~~.il..LU~:~L~~•~~;.I!~~lli~ 

NOTE: a) LONGlnJDINAL CG LOCATION, X/D = 0.2459 

·~;R~FERENC~D TO VEHICLE STA (0) 

b) · Z - REFERENCED TO VEHICLE AXIS (FT) 

c). . Moo = 4.64 

· er J1% HEAT.SHiELD CORNER RADIUS 
---- 5% HEAT SHIELD CORNER RADIUS 
- -n 1% UPPER, 5% LOWER 

1HEAT SHIELD CORNER RADIUS 
-•--i.'-10 DOORS 

. // 

.· //. 
/· 

/ 

b·1/ 
-~ 

,,.,,,-~­

·2 3 

,,,,.,-,--~ ---­
_.,,,,,.,,- .,,,....,--

~ _.,.,,.~ 

.----·--------· 
2 3 

LATERAL CG OFFSET, Z(FT) 

.4 

4 

Figure 4.4-5 SERV Task 2 - Decent Vehicle Aerodynamic Trim Characteristics 

4-37 

Y-t~~~.m...~~~~~~-.---.--,,.,...._., 



·-C) 
LU 

8, 
I-

tj 

.. 
~ 
u .J:'-
~ I 
I-t.,.) 

CX) !-
<( 

I 
LL. 

0 
I 

w 
..J 
C) 
z 
<( 

-~ 
0::: 
I-

NOTE: a) 
b) 
c) 
d) 
e) 

-- DENOTES DOORS OFF 
----DENOTES DOORS ON 
X REFERENCED TO VEHICLE STA. 
Z REFERENCED TO VEHICLE AXIS 
Moo > 10 

(0) (FT) 
(FT) 

:--,~~-4~ l. 
- -r--~~-~~.~-
-- ~-·-:-·-:---\~:·:-<y~.:. -:.~ __ : ___ _ 30/?~:k 

·j .. ··r·-
-'"""---'-

10 

0 

i. 

-'~ -- I 3 ·•·."£; 32-:-- -~--} T · 4 .\.. i•.< 
. . ;.· .i:· ~-:_I 

·-+--~~~ 
i :..;:...:_\L2 

_;.. ·3- ~-
.• . . ''\ _-!. .•. \: ... 

.f .I\; . ; : . ' \ 

- ""' / -; :. :_ .J - ~~~[':::=-!~-- ~ . \ ,__ :· -. ' ' ---0 
, .· ~-c+··•--~~-•-· _._._-,, - cic·-~ - --<.- --- - ~ --\ I ':j, 
!" - - t -'! ' - . - . •---- , ,>t0 -~:~ + ' , . 
; ! -

20 22 24 26 28 30 
LONGITUDINAL CG LOCATION, X (FT) 

Figure 4.4··6(a). SERV Task 2 - Descent Vehicle Aerodynamic: Trim Angle-Of-Attack 

.. 

.~ 

I 
[ 
f 

f 
./ 
' ,, 
f, 
l 
t 

r­
~ 
~ 

' ~ c g 

L 
r 

i 
I 
~ r 
i 
t •: r 



fp~ 

I--:5 0.6 

---.. 
0 

p i= 
I 

<..v < 0.4 
0::: 

\0 
(.'.) 
< 
0::: 
0 

j I 

i 0 0.2 I-

i2. 
LL 
_J 

~ 
0::: 0 I-

.: .. ~·' ., . 

NOTE: - ·a) --DENOTES DOORS OFF 
b) .. ---- -DENOTES DOORS ON 
c) X . REFERENCED TO VEHICLE STA. (O) (FT) 
d) Z . REFERENCED TO VEHICLE AXIS (FT) 
e) M

00 
> 10 

: 
I I . i . '. i . . ' ! ' C ! ' ; . . ' : ·:~ '.:__; .'. ' ' :, ~ "._ . . ; -. • • 1 • • I · .. · ........ ·•·' · 1 I · .... L __ , ~~:.c ·, 1- / ; · · . • ... -. 

· ~-· .. ,:.:.~--- . ·l · . ' .. -. • .• : · ·-2 ...... :::,~ ··t···•:· . i ! . . .. ! . -·1 . ,. ' .. , .. ' '--•--~-- .. i • ' .. ' . . ; 13 4·. ,. -. ~ ~-----, 
'1' I • • •• : .. : • r.-~, . ~ ' .;...:.1.:: .. :. ·¼-::- • :· : • _:;;-~ ... ~.::.,AO --: T ···- ; . . . ... . ' .• .. I .. . - . .. :- . ,. I,,. ' ' .;. _, .. -~--, . . '-<1 ' . • ' 

·•·- · I : : . I·. i.C. •:.,:• .. -cC . ;:•· · . 28 , . . 0- ...__. ·;---- ' . -, ,. --_ :y<( -,_ ·l · . ! . ,. ; I I .. ---t:::8~:,.' i .I::::; . --F--1.,..._ j. . ·! ' . "' 3 ·1·· C l• •. :·· • .. i 1 · : I.·• . ,.-- " ·: .---p-- - ,- iv;_, i .'.; .. i • --L _0, .<": ,-'- Q -l --•· --; •m ... - ... 124'"1 . ' , - ..... I. 5,j. ' ·- "132J4- ..... ' ' 0 l j .. : · · I • · • -• - .... . ! '• I . , - .. · , , • ', .· , .. , 
" ' • . -•~ -- . I • _ _._.,___ ' • ' ,· .•• ;(' ---·; • ----'"· ! ·_ . •. ·- · I.;:.." i • • -----. ---·c:.---- • . : :c: - .:,;;: 2 - '•.><'.·I ! 

'· 20 :·: · ' · · - · · tJ····"·--•- ,·· · f -28: ~ ·i .r · ,-- •. ··•· .L: '°""" --·- · · . · . -· - · ·----- · I · ·- ' . - .. · ' · :-i 3 ~.,..:..- ·.,. li, - -• -~ '1--= --- • -, ' -· - ---- . . ' ....... 'I L~ t . , -- .. .,. ·,. ---:~·::r- ~-k, _: :~·_:: :~ :.h·2·•4; .. ~9':· I: : l.~- ..;-~---. -. ··, .' --: __ i2.""" :11'.\:~\ :. 
· ... I.,." .. + . 7 -: · •. ' ·c.,, I . - _, ___ · - , . • , · · . : • · ..,.,. __ c --""'.:Cl 
' 20 . . . ' ' . . ' " . ' I • .. --~ a, ? •j 

' '•. '. '. . ... j. i;J<'i_,_\c7; : -t' .:..;...:_ ---~· .••' ·; i 
••. • I 

I • • ' I .. I "I .. '. :__;__j_ : . ..:..... 
20 

I . 0 .... 

22 24 26 · 28 30 

· LONGtlUDfNAL.CG. LOCATiON, ·--- X (FT) 

-Figure 4.4-6(b). SERV Task 2 - Descent Vehicle Aerodynamic Lift-To-Drag Ratio 

-~.:· 

.,', ~: 

' t 
' .[ 

·1 

~ 
[ 
l 
f 
r 
t 

i 
l' 
" ~ 
i 
~ 
[· 

I 
I 



,:_:;..~--

Iv 

- -- --- -----------------------~~--..,,. ... _.,,,.._,,......,,.,......,._.n.,~..,,._~._ ........ ...,,u,,c.c,,.,,,.,,__,=,~,.u.::~~.~~;.i<.l~idi~l~~il~ 

(a) MODELOB3D4 · 
M00 = 4.64; a== 21° 

(c) MODEL OB3D5 
Mro == 4 • 64; <Y = 2 l 0 

REDUCED HEAT SHIELD 
:CORNER RADIUS 

(b) MODEL OB306 
Mco=4.64; az2l 0 

ENGINE DOORS REMOVED 

(d) MODEL OB3D8 
M00 == 4. 64; <Y ~ 21 ° 
DIFFERENTIAL HEAT 
SHIELD CORNER 
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t. 

The SERV baseline descent configuration is 1 adequately stable ina trimilled 
attitude throughout the reentry and terminal deceleration flight range.· 

Removal of the aerospike engine .protection doors results in too large a de-
crease in trim lift-to-drag ratio to be feasible. · · 

Reduction in heat shield corner raqius tends to increase trim lift-to•dr.ag
1 

slightly. 1 

Using a larger corner radi.us on the top side of the heat shield .and a signif-. 
icantly smaller radius on .the. lower side i.nduces. ae"i:odynamic moments which 
assist in trimming.·the. vehicle• •a,t higher. L/D for a given CG offset. 
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SCOPE-

·A feasibility study of a single-stage to orbit reusable vehicle (SERV) 

is being conducted by the Chrysler Corporation. Integrated into the 

base of this vehicle is an aerospik~-nozzle engin·e having a diameter 

of approximately 89 feet. This large diameter allows for a very high 

no.zzle expa11$ion are.a ratio and t~herefore high vacuum specific impulse. 

In addition, the inherent altitude comperuiation capability of the 

aerospike-nozzle provides high s~cific impulse throughout the vehicle 

trajectory, from sea level to vacuum. 

Under a 9 month contract, engine design, performance and operational 

data were furnished byRocketdyne for_the feasibility evaluation of 

the SERV concept. Performance data-have been generated parametrically 

·. with vehicle and engine geometry. A baseline engine geometry was 

selected on which wind tunnel studies were conducted, The objectives 

of these tests were to provide data for predicting the ~ffect of the 

external flow on full size engine performance over the SERV vehicle 

range of operating conditions, This report presents the results of 

· -· the model tests, the approach followed for evaluation and scaling of 

test results to obtain full size SERV engine install_ed performance, 

and the full size installed engine performance generated over the 

range of flight Mach numbers and altitudes of interest for the 

SERV Vehicle. 
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INTRODUCTION 

Aerosp~ke engine specific impulse performance .is _obtainecl frotn the 

evaluation of: a) .combustion and ,expan·sion in th,_e combµstor; b) expansion 

in the nozzle and nozzle base, Fig. l; c)' combustion and expansion in the 

gas.:..generator turbine systemsn, anti. d) frictiq~ ii:t the prope1lat1t flow 

circuits. • These processes .. ,a1•e, eva.lua.tecl in. ter,ins· ,:o.~ :.e.ffJ.c,ienc,iei which, 
•!" • ., • . • 

characterize the dej5l'ee to which id_eali ty is approached -in each process. 

Weighed, summed, and multiplied by ?-deal specific :iinpuJse values, _these 

efficiencies yield the predicted aerospil{e engine -s.pegt.fic .impulse. 

' ' 

. Extensive cold-flow and hot--firing tests have been .. conduct:eci to verify 
'- ·. .·' 

the analytical and empirical methods and equations used, __ in, the. prediptip_n, 

of these efficiencies for conventional aerospike geometries. Because of 

_its high area ratio and short nozzle length the SERV is not considered a 

conventional geometry. However, -except for the expapsion process 

occurring at the bas-.e . .of the I?-ozz:l:e, all efficiencies in the SERV engine 

are acc~rately determined using the methods previously developed for 

conventional aerospikes. 

The efficiency of the expansion at the base of the aerospike is character­

ized by the base pressure, and is incorporated into the nozzle overall 

thrust coefficient efficiency, CT. This efficiency evaluates the expansion 

in 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 obtain CT estimates in still-air 

and in slipstream operation, 
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Figure 1. Processes in A,erospike Engine Cycle 
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The cold-flow test program was-run using a scaled model (Fig. 2) of the 

SERV vehicle 1 incorporating a high expansion area ratio, short length 

aerospike engine model. These· tests were conducted in still-.air and in 

slipstream1 at Rocketdyne's Rocket Nozzle Test Facility (RNTF, and at 

Arnold Engineering Development Center (AEDC). 

The slipstream wind tunnel program simulated low altitude external flow 

conditions simi'1ar tcr those encountered by the vehicle in flight. These 

tests were not-run at the pressure ratios of an actual trajectory. The 

data were extra-polated to inct;t·cate the ~ffect of the slipstream on high 

area rat;i.o· aerospike eng:j.ne opex•at;i.on·. Previous testing with aerospi-"ke · 

nozzles of low area ratio_has shown that the· integrated 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 baseline SERV engine geomery is a significant 

. 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 basline engine performance and for 

the parametric engine data. The body of SERV parametric data encompasses 

a wide range of geometric parameters .as indicated in Table 1. The slip­

stream testing constitutes the basis for correction of these data to 

slipstream conditions. These tests pr.ovide data on the effect of engine 

operation on vehicle base pressure and therefore vehicle base drag with 

engine on • 

·Engine performanoe estimates haye 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 1 but constitutes 

the most economic way of determining if the SERV configuration can develop 

the necessary open-wake base pressure to make concept feasible. 
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TABLE 1 

SERV AEROSPIKE PERFORMANCE 

AND. BAS_E PR~S,SlJRE. HEQUIR:EMENTS 

Nozzle Expansion Area Ratio 

Nozzle Length,% of Cone 

Pressure Ratio, % o·f Design 

Propellants 
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Parametric 

150 - 1000 

5 - 10 

0.24 - 100 

LOX/H
2 

Baseline 
Engine 

465 

5 

1 - 100 

LOX/H2 
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AEROSPIKE PERFORMANCE CORRELATIONS 

A large body of data has been generated for the aerospike nozzle under 

NASA, Air Force, and Rocketdyne sponsorship (Table 2). These data have 

been used to develop a method of calculation· of overall aerospike nozzle 

performance, This method predicts the primary nozzle contribution and 

the secondary (base pressure). contribution to overall nozzle performance, 

The primary contribution is. obtained·,:by using the method of character­

istics, a iongtime proven method, The bulk of the analytical effort has 

been placed in the development of base pressure calculation methods, 

Successful theoretical and empirical,methods of base pressure predtction 

were developed for operation at and near design pressure ratio. Past. 

correlations of predicted values and experimental data have shown good 

results in that pressure ratio range (Fig, 3), As may be noticed from 

Fig, 3 1 the base pressure is invariant 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 not a variable 

affecting base pressure, The problem of prediction of base.pressure 

here is therefore greatly simplified, In the range of pressure ratios 

which includes sea level, the base pressure 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 one for the open-wake. 

CLOSED WAKE OVERALL NOZZLE PERFORMANCE PREDICTION 

In the closed-wake the performance of the aerospike engine is obtained 

from the method of characteristics analysis of the primary and a calcu­

lation of the base pressure, From these two analyses the primary and 

secondary thrusts 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 

Nozzle Expansion Area Ratio 

Nozzle Length,% of Cone 

Pressure Ratio,% of Design 

Primary Heat Capacity Ratio, Y, 
-or Propellants 

Number of Tests 

Still-Air 

Slipstream 

A-10 

Cold,..Flow 

8 - ·150 · 

·7 - 30 

1.3 - 100 

1.23, 1.4, 
1.67 

5700 

123 

Hot-'-Firin_g: 

- 8 - 76 

6 - 20 

3 - 100 

LOX/RP, LOX/H
2 NT0/50-50, 

H202 

200 

71 
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Primary Nozzle Thrust·Coeffici~nt, CF 
p 

:_.,· 

.This parameter is obtained for any altitude of op_eration from computerized 

method of characteristics and boundary layer eq:.rntions. The methods are 

very accurate and yield (for a given geometry) nozzle thrust coeffi.cie nt 

and nozzle wall pressure values as.a function of nozzle length and .pressure 

ratio. This parameter reflects the nozzle expansion efficiency <1 ), the 
. g 

effect of reaction kinetics <7l_ k); the boundary layer drag ('1'/_d), and other 

procese.es such as expansion around baffles <1{_ b). The various efficiencies 

combined with the ideal thrust coefficient yield the primary thrust co­

efficient as shownin the following equation, 

CF 
p 

a[l+f(1{-l)i] CF 
ideal 
vac 

Typical graphs resulting from this type of analysis are shown in Figs. 4 

and 5. As can be seen in Fig. 4, the thrust coefficient decreases as 

pressure ratio (altitude) increases. At high pressure ratios the thrust 

coefficient becomes constant. This indicates that the nozzle wall pressures 

are no longer affected by the prevailing ambient pressure, The primary 

nozzle thrust coefficient presented in Fig. 4 follows the same trends with 

pressure ratio as the primary intrinsic thrust of the nozzle. The intrin­

sic thrust of the nozzle. The intrinsic thrust represents the force 

developed by the engine exclusive of ambient pressure drag. 

Closed-Wake Nozzle Base Pressure 

The bas~ pressure of aerospike nozzles follows curves with pressure ratio 

which are similar in behavior to that of the i ntrinsiG nozzle thrust 

coefficient, Fig. 6, When altitude (pressure ratio) increases the base 

pressure decreases, as ambient pressure waves transmitted through the 
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primary flowfield affect the base region, An altitude is eventually 

reached where the ambient pres.~ure does not affect the base. The base 

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

closed, 

Two methods are used for prediction of base pressures in the closed-wake 

regime, a theoretical method, and an empirical method.. The empirical 

method generates only the bas-e pressure. · The theoretical method, 

Append:!.x A, is more encompassing and ·generates more information about 

the flowfield in the base, The results and accuracy of. the empirical 

and theoretical·methods are comparable, 

. For the SERV engine several of the parameters of Table 1 are beyond the 

range of aerospike test experience. However, the equations were assumed 

applicable following similar experiences in aerospike programs wherein 

equations based on the lower expansion area ratio were successfully 

extended to an area ratio of 150. 

Overall. Nozz'le Performance L C:_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 
FIN'r 

= CF 
p 

+ PB/PceB 

A typical intrinsic thrust coefficient curve is shown in Fig, 7. From 

this paramete_r, 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 = 
F· 

C FINT - p A/Pc€. 
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The parameters in Eqs. 1 .and 2 above; combined with the .ideal combustion 

chamber characteristic velocity (Ci) and efficiency ( 7l.6), and with the 

secondary flowrate ratios (w
8

/wp), yield the engine speci:fic impulse, 

C •-ti * C I = F '(. C i 
8 

g (l+ w /w )· 
s p 

The quotient of nozzle thrust coeffi.cient and the optimum thrust co­

efficient for that altitude defines the nozzle thrust coefficient 

efficiency (CT), 

C = 
.T 

c:F 

C 
FOPT 

1 
(l+ w /w ) s p 

Unlike CF , CT varies in the closed-wake region because the atii,bient 
INT 

drag and the optimum thrust coefficient vary with pressure ratio. A 

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

p and CF 
A OPT 

The parameter CT in Eq. 4 is used for nozzle comparison, nozzle evalu­

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

scaling results when CF from Eq, 4 is substituted into Eq, 3. 

OPEN-WAKE OVERALL PERFORMANCE PREDICTION 

As in the closed-wake, the open-wake overall nozzle performance coeffi­

cient (CT) is calculated from a primary thrust coefficient contribution 

and a base pressure contributione The primary thrust coefficient (CF) 
p 

is accurately established for the open-wake regime using the method of 

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

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

···-·.·-·------. 
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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 

cha·nges ·such as expansion area ratio and nozzle length. Because of this, 

a method has been deve+oped which makes direct use of CT data generated 

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

The Normalized CT· Method 

If the CT data of a given aerospike geometry tested under cold-flow and 

hot-fil'ing condit.ions (Fig. 8) is div:ided by the resp.ective· value of CT, 

at· design pressure ratio, and the. pre~1sure ratio is divided by the 

respective design.pressu.r.e ratio, it is found when the resulting values 

are plotted together, that the effects o;f geometry and specific heat 

ratio are normalized to a considerable degree (Fig. SL This ts 

especially useful 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. 

. B. 

c. 

D. 

Calculate the thrust coefficient efficiency at design pressure ratio 

(CT ) per the closed-wake method explained previously. 
d 

Calculate the normalized pressure ratio (PR/PRd) at which the hot-

firing performance is desired. 

At this value of (PR/PRd) read Fig. 8 and obtain (CT/C )Np 
Td • • 

Compute CT for the nozzle in question as 

CT = CT 
.d [::d l N.P. 

AA18 

I • 

(5) 
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Thls technique has been used and found to have less uncertainty than the 

method which relies on calculation of· the open-wake base ,PrJ:?ssure. It 

also gives the proper trends vii th the nozzle geometry variations such as 

expansion area ratio and nozzle lengfh, 

There.are two ways in which this method is used: 1. Where hot-firing 

performance is desired for a gometry which ha~ been ccild-flow teStE!d, the 

normalized CT plot is obtained from the cold-flow data for the :exact 

geometry and usedfor hot-firing calculations. This approach has the 

least uncertainty and has been verified in previous tests. 2. Where 

parametric performance is desired and.only a few geometries have been 

tested, a_ universal type of normalized CT is used, This type of plot 

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.latter method for 

the «:>pen-wake, The baseline engine performance will be updated when the 

cold-::tlow model is tested and its "normalized CT" is obtained. 

Open~Wake Base Pressure From Normali~ed~T 

Once the overall nozzle performance is known for the open~wake condition 

the base pressure can be calculated i,ndirectly since the primary nozzle 

thrust coefficient can be calculated using the method of characteristics. 

Equatio~s 2 and 4 can be combined for this purpose. 
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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, 
1 

Here the thrust coefficient efficiency ?{ C has been used, 'l'his efficiency 
. F 

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

coefficient, The gain in performance with small amounts of secondary flow 

is again greater in·the SERV engine than in the conventional aerospike. 

At sea level the base pressure. contribution becomes more significant in. 

the SERV engine. Its magnitude is comparable to that of the primary 

contribution. 

IMP.ACT OF SLIPSTREAM 

' __ , 
When operating in the slipstream, and during a relatively short interval 

of time, the vehicle provides an atmosphere unfavorable for efficient 

expans.ion of the aerospike engine gases, at the altitude of operation. 

As a result,_ the nozzle thrust coefficient (and therefore thrust and 

specific impulse) is less than would ~e expected for that altitude, To 

get the proper appraisal of the situation one must look at the effect as 

it relates to time. 

On a vehicle in flight there are two types of forces in action: a retarding 

force (drag) caused by the slipstream and vehicle body form (or design), 

and an accelerating force provided by the engine, The retarding fo;rce 

changes with the vehicle velocity and is practically independent of the 

type of_engine installed in ·the vehicle base. The acceleratiµg force is 

· the engine intrinsic thrust, characterized by the intrinsic thrust coef­

ficient (Fig, 7). In the absence of adverse slipstream effects, this 

coefficient would decrease with time along the trajectory as shown in Fig. 10, 

a replot of Fig,7 with time as abcissa, The time scale was obtained from a 

SERV Vehicle trajectory, 
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Slipstream Effect on Aerospike ·Thrust Coefficient~T 
INT 

In th(;) presence of slipstream, the engine, installed in the wake of the 

vehicle, sees an effective ambient pr.essurE;l. This causes the flow to 

effectively a.djust ~o a higher altitude so that the intrinsic thrust 

produced is t_hat Which would be experienced at a higher dtitude. This 

means 'that the intrinsic thrust coefficient would be displaced in time 

as shown in. F:i.g. 10, an estim.ate of. the effect of slipgtream on the 

SERV engine. 

In previous slipstream test-programs (Table 2) it was observed.that the 

effect of the pseudo-altitude is the only effect on nozzle performance. 

·That is, expansion of the gases. proceQ.."is .as if only the altitude had been 

change, and. no extraneous recompress.ions occur ;Ln the nozzle. or nozzl.e 

base. This was confirmed in two previously conducted slipstream programs. 
' ·The original data of both programs is shown in Figs. lla and 12a in terms 

of nozzle CT coefficient and base pressure ratios plotted against the 

.altitude pressure ratio P /P.o,,o. When the data is recomputed in terms of-c / 
the vehicle base pressure ratio and plotted versus Pc/PBVEH' the results 

indicated in Figs. llb and 12b were obtained, This shows altitude effects 

alone have acted upon CT and_the base pressure, so that the vehicle base 

pressure PBVEH is a correlating parameter for both nozzle efficien_cy CT 

and base pressure ratio (Figs., llb and 12b). The vehicle base pressure, 

PBVEH could not, however, be used as a correlating parameter for the SERV 

engine, The base pressure of the SERV in slipstream corresponded to a 

still air value at an ambient pressure somewhere between PBVEH and P00 • 

These .results are discussed in the Slipstream Model Test Results section. 
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SERV CQ~.FLOW TEST MOD~L 

The SERV cold-flow ,test model (Fig. l) has a diameter of 27 inches at the 

base and a. length of 20 inches. It has a double cone forebody and a semi- I, 

spherical reentry type heat shield base. The model is attached to a cylin­

drical forebody of approximately 126 inches in length. A strut attached 

to the cylindrical forebody supported the model during tests at AEDC. 

Tli.e SERV vehicle model incorpora.tes a scaled model of the SERV aerospike 

engine. The engine model has been designed for air operation at a chamber 

pressure of 400 psia. With a mass· flow approaching 11 pounds p·er second, 

the model develops approximately 730 lb of thrust with a thrust coeffi­

cient of approximately 1.6. Placed at a diameter of approximately. 26 inches 

the throat annulus has a width of approximately 0.014 inches, This latter 

dimens.ion was an important factor in the selection of the model size. The 

more critical model geornetrid parameters are summarized in Table 3. 

·MODEL SCALING 

Complete simulation of aerospike engine CT performance and base pressures 

is achieved when geometry I specific heat ratio ( r ) I and boundar:,r layer 

conditions are matched between engine a:nd model. Matching of geometry and 

specific heat ratio ensures identical dimensionless primary inviscid flow­

field prop.erties (exit Mach num.ber, design pressure ratio, and exit flow 

angles). Equal boundary layer conditions ensure equal dimensionless primary 

nozzle friction loss and base pres13ure ratios. When all three conditions 

are satisfied nozzle thrust coefficient efficiencies (CT) of model and 

engine are identical (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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TABLE 3 

SERV ENGINE MODEL GEOMETRIC PARAMETERS· 

. 

AS DESIGNED AS BUILT. AS TESTED 

Exit Diameter, in. 25 ,8.392 .25.8.4 

Throat Diameter, in. 1.2016 1.230 

Throat Gap;7 in •. 0,0139 0,0147 

Throat Area, Geometric 1,136 1.237. 

Throat Area, Aerodynmaic 1.02 1.20 1,266 

Expansion Area Ratio 465 440 417 

Base Area Ratio 368,8 348 

Nozzle Length,% 5 5 

-------.... ---.... ~ -
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from the SERY. baseline engine. Nozzle expansion area ratio and nozzle. . . 

percent length were preserved-. The nozzle contours are different. This 

results in a different base area ratio between engine and model, 

MODEL NOZZLE CONTOUR DESIGN 

A truncated isentropicspike contour is the. basic geometry from 

which the final SERV nozzle contour.is obtained. In this basic geowetry 

the expansion of the gases centers about a point on the nozzle throat 

resulting in external. expansion of the gases. For the SERV configuration 

a two-dimensional.doubli wall section replaces a section of the basic 

isentropic spike c.ontour near the throat. The resulting geomet:V.y: expands 

the gases internally in the dbuble wall section and externally in the 

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 

SE~V.and the truncated isentropic spike geometries. 

The model nozzle contour design resulting from geometry scaling alone is 

presented in Fig. 13. Since the specific heat ratio of the model test 

medium is 1.4 and that of the SERV engine combustion gases have an effective 

value of 1.16, the nozzle contours differ slightly. 

SERV MODEL OVERALL DESIGN 

The SERV model was designed by Chrysler with close coordination with 

Rocketdyne. The following discussion on the overall SERV model design and 

drawings are taken from a Chrysler document (Ref. 2, revised where applic­

abl~. 
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..... PRECEDING P4GE BLANK NOT.FILMEQ. 

The test .model is a 2.5 percent scale, stainless steel repli·ca of the aft 

portion of the SERV Launch Vehicle. It has a di~met.er of 27 inches at 

the base and is approximately 20 inches in length.. The model has a ddubl:e 

cone forebody consisting of 45 deg and 25 deg half· angle conical frusti·unis. 

·and a s·emi-spherical reentry type heat shield 'base. The model will be 

. mounted on a strut supported cylincr'ical ft>rebody that i's 6. 68 _inches in 

diameter and 126 inches in length. A drawing of the model geometry is 

shown .in Fig. 13. 

The model has a scaled 5 percent length aerospike engine incorporat.ed in 

the base and is designed to determine axial force, engine performance and 

bo~y static pressure di~tribution duri~g cold~fl6w j~t simulation_testing. 

The· model engine combustion chamber, nozzle, and nozzle contour have be.en 

designed for air operation, at a chamber pressure of 400 psia and at mass 

flows of 11 pounds per second. Internal ducting is provided in the model 

to bleed off .a,pproximat.ely 2.1 percent of the engine mass flow from the 

air manifold to the turbine exhaust annulus located in the base just 

inboard of the aerospike ramp. 

The air manifold which feeds the aerospike engine is the main model support 

structure. This manifold consists of a center barrel, three rows ~f radial 

tubes, a ring flange, and a set of fl·exures at the forward end. The center 

barrel mates with the model sting at a socket joint and is secured with a 

Marman clamp. Two rows of 10 thin-walled radial tubes are brazed to the 

center barrel 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 cente·r barrel and to the aft 

section of the ring flange to duct air to the turbine exhaust annulus. An 

orifice place is provided in the center barrel to meter the turbine exhaust 

mass flow. 

~' I_. 

-·•• ·---.. ~·· 
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An axial ring flexure is secured to the :foreward end of the center barrel 

and provides radial support and roll restraint :for the model.. lt>d.el axial 

restraint is provided by a 1000-pound lqad cell mounted between universal 

flexures and secured between the center. barrel and the model thrust 

structure. 

The aerospike ramp, including the inboard combustion chamber, inboard nozzle· 

surface·, and turbine exhaust mani.fold is secured to the ring flange with 

socket heat cap screws. The outboard combustion chamber and exit nozzle 

surface mates with the ramp section in a slip joint. and is secured with 

· socket heat cap screws which will allow exact spacing of the nozzle throat 

gap. O--ring seals are provided at all joints. 

Tlle model base plate is attached to the aerospike ramp at a flange type 

Joint. ·The base plate provides access to the model for final assembly and 

connection of model instrumentation. The plate also has provisions for an 
. . 

alternate turbine exhaust dump location • 

.One set of engine reentry protection doors is provided with the model. 

These do.ors are fabricated as split rings for ease of handling and installa­

tion on the model. The doors are attached to the outboard nozzle rlng with 

socket head cap screws. 

The first forebody section consists 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 is 
) 

attached to the first forebody section at a flange joint. This section 

provides access for connection of model instrumentation. 

~--..___ ___ .. -
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The cylin,drical section supporting. the model has a thick wall center tube 

which supports the model and ducts. the high pressure air to the,engine 

.manifol.d. Spacer bars are welded to the outside of the center tube and 

· , support a removable sheet metal cylindrical f;:iiring which provides access 

channels for routing instrumentation from the model and simulates the 

outside diameter of one of the SERV pay~oad configurations. The forward .. , 

end of the cylinder is closed with a 15 deg half angle cone. 

/ 

A modified double wedge strut extends.from the support tube to the tunnel , 

floor (Fig. 14) for slipstream· testing, This strut has a chord of 30 inches, 

a thickness of 2.75 inch~s •. The center portion of the strut provides the 

structural support and houses four inlet ·air tubes. The leading and 

. trailing edges of the strut are removal>le for. routing instrumentati.(?11$. 

Spacers.will be provided for placement between the strut and the tunnel 

floor so that+ 10 deg angle of attack may be achieved. 

An inst·allation drawing of the model for s.till-air testing at the Rocketdyne 

RNTF is shown in Fig. 15 • 
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ENGINE PERFQRMANQE REVIEW 

BASELINE ENGINE PERFORMANCE 

· A complete description of the SERV baseline engine design, engine balance, 

and compc;ment. efficiency parameters is show11 in Table 4 • The data in the 

tab~e traces the development of the i11itial baseline engine to its present 

geometry •. In th~s table values are furnished for the various process 

efficiencies _whose combfned effect. determine the engine specific impulse. 

System geometry and flowrates as well as temperature and pressure schedules 

ar·e ·µresented in the tab.le. The performance shown is the nominal engine 

p_erformance. based on :the nominal efficiencies shown in the table. 

ENGINE REBALANCE 

Since the initial baseline engine performance estimate was prepared (Ref. 3 ) 1 

studies have been conducted to provide a 10:1 throttling capability in the 

SERV engine, to evaluate the turbomachinery efficiency values, to refine 

the nozzle contour and the respective nozzle divergency and drag effici­

encies, and the fuel heat ga:i.n in the jacket cooling process. As a result 

of these refinem·ents, an increase in baseline performance can be predicted. 

A redu_ction in turbine flow requirements for the engine was also indicated. 

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

These studies indicated that turbine flow requirements coµld be reduced to 

0.0264. To provide throttling of the engine to 10 percent of its nominal 

thrust., the oxidizer 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 ( b" ) to 0,0295. 
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TABLE 4 
SERV BASELINE ENGINE DESIGN DATA 

f CONFIGURATION 

> 
I 
~ 
t-.) 

ENGINE DIAMETER, IN. 

CCliiBUSTOR 

CYCLE 

TURBINE ARRANGEMENT 

ENGINE 

SEA LEVEL THRUST, LB 

SEA LEVEL SPECIFIC IMPULSE, SEC 

VACUUM THRUST, LB 

VACUUM SPECIFIC IMPULSE, SEC 

MIXTURE RATIO, 0/F 

OXIDIZER FLOWRATE 1 LB/SEC 

FUEL FLCM'RATE, LB/SEC 

EFFICIENCY AT VACUUM 

COMBUSTOR 

MIXTURE RATIO, 0/F 

CHAMBER PRESSURE, PSIA 

OXIDIZER FLOWRATE 1 LB/SEC 

FUEL FLOWRATE 1 LB/SEC 

FUEL INJECTION TEMPERATURE, R 

CHARACTERISTIC VELOCITY, FT/SEC 

CCA'.IBUSTION EFFICIENCY (REF. TO INJECTION 
CONDITIONS 

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

INITIAL BASELINE 
ENGINE 

1049 

SINGLE 

GAS GENERATOR 

PARALLEL 

6 
5.4 X 10 

344.6 
6 

7.29 x.10 

465.3 

6.0 

13,432 

2,239 

0.9421* (0.9555**) 

6.64 

2000 

13,141 

1,979 

474 

7509 

0.995 

INITIAL BASELINE · 
WITH 10:1 THROTTLING 

1049 

SINGLE 

GAS-GENERATOR 

PARALLEL 

6 
5.4 X 10 

347.1 
6 

7.286 X 10 

468.3 

6.0 

13,335 

2,222 

0.9456* (0.9618**) 

6.51 

2000 

13,099 

2,012 

474 

7549 

0.995 

CURRENT GEOMETRY 
WITH 10:1 THROTTLING 

1065 

SINGLE 

GAS GENERATOR . 

PA,RALLEL 

6 
5.4 X 10 

346.7 

7.31 X 10 

469.5 

6,0 

13,349 

2,225 

6 

0.9466* (0.9633**) 

6.51 

2000 

1i,113 

2,014 

4M 

7551 

0.995 
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TABLE 4 
SERV BASELINE ENGINE DESI_GN DATA (Continued) 

PRIMARY NOZZLE 

AREA RATIO 

NOZZLE THRUST COEFFICIENT 

DIVERGENCE EFFICIENCY 

DRAG EFFICIENCY 

KINETICS EFFICIENCY 

BAFFLE EFFICIENCY 

BASE 

SECONDARY FLOW RATIO, WS/WP 

SEC01'.1>ARY CHARACTERISTIC VELOCITY, FT/SEC 

BASE PRESSURE AT VACUUM, PSIA 

GAS GENERATOR 
I 
! 

MIXTURE RATIO, 0/F ' 
OXIDIZER FLOWRATE, LB/SEC 

FUEL FLOWRATE, LB/SEC 

TEMPERATURE, R 

SPECIFIC HEAT, BTU/LB~R 

GAMMA 

MOLECULAR WEIGHT 

CHARACTERISTIC VELOCITY, FT/SEC 

INITIAL BASELINE 
ENGINE 

465 

1.881 

0.9086 

0.9865 

·o.999 

0.999 

0.0364 

5500 

1.10 

1.12 

290.8 

· 259. 6 

1960 

1.8 

1.348 

4.2i2 

7045 
--:--,. 

INITIAL BASELINE 
WITH .10: 1 THROTTLING_ 

462.8 

1.878 

0.909 

0.9,866 

.0. 9996 

0.999 

0.0295 

5500 

1.048 

1.12 

235.5 

210.3 

1960 

1.8 

1.348. 

4.272 

7045 

. . 
• 

CURRENT GECMETRY 
WITH 10:1 THROTTLING 

482.9 

1.887 

0.9126 

0.9865 

0.9996 

0.999 

0.0295 

5500 

0.991 

1.12 

235.8 

. 210.5 

1960 

1.8 

1.348 

4.272 

7045 
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TABLE 4 
SERV BASELINE ENGINE DESIGN DATA (Continued) 

GEOMETRY 

ENGINE DIAMETER, IN. 

NOZZLE EXIT DIAMETER, IN. 

THROAT CENTERLINE DIAMETER, IN. 

BASE AREA RATIO 

BASE DIAMETER, IN. 

NOZZLE PERCENT LENGTH 

NOZZLE LENGTH, IN. 

COMBUSTOR THROAT AREA, IN. 

COMBUSTOR THROAT GAP, IN. 

PRESSURE SCHEDULE 

CHA.'l;IBER PRESSURE, PSIA 

INJECTOR END PRESSURE, PSIA 

~p INJECTOR, PSI 

L'\P COOLING JACKET, PSI 

~p LINES, VALVES, MANIFOLDS, PSI 

GG SOURCE PRESSURE, PSIA 

TURBINE INLET PRESSURE, PSIA 

TURBINE EXIT PRESSURE - STATIC, PSIA 

. * BASED ON 12 FEET NPSH FOR OXIDIZER, 0 FEET 
** REFERENCED TO PROPELLA.~T TANK CONDITIONS 

INITIAL BASELINE 
ENGINE 

1049.04 

1022.05 

1028.4 

337.64 

870.94 

5.0 

90.94 

1764.4 

0.5904** 

OXIDIZER FUEL 

2000 

2030 

500 200 

700 

290 . 120 

2820 3050 

900 900 

60 60 

FOR FUEL 

INITIAL BASELINE 
WITH_lO:l THROTTLING 

1049.04 

1022.05 

1028.4 

337.64 

873 

5.0 

90.93 

1772.8 . 
0.5932**. 

OXIDIZER FUEL 

2000 

2030 

2000 200 

--- 700 

290 120 

2820 3050 

825 900 

60 60 

CURRENT GEOMETRY 
WITH 10: 1 TIIROTTLING 

1064.5 

1044.7 

1051.04 

346.7 

885.3 

5.265 

97.97 

1775. 2 

0.5812** 

OXIDIZER FUEL 
I 
t 

. ·1 ,, 
2000 I 

I 
2030 I 

~ 
t 

2000 200 r . 
--- 700 i 

j 
290 120 ~ 

2820 3050 i 
' 

825 . 900 i 
~ 
~ 

60 .. 60 t; 
~ 

i 

• 
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> 
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~ 
V, 

~0 

PUMPS 

INLET PRESSURE, PSIA 

INLET TEMPERATURE, R 

HORSEPOWER, HP 

DISCHARGE PRESSURE, PSIA 

SPEED, RPM 

EFFICIENCY 

TURBINES 

INLET TEMPERATURE, R 

DISCHARGE TEMPERATURE, R 

PRESSURE RATIO 

EFFICIENCY 

FLOWRATE, LB/SEC 

TABLE 4 

SERV BASELINE ENGINE DESIGN DATA (Continued) 

.INI'nAL. BASELINE ENGINE 
INITIAL BASELINE 

WI.TH 10: 1 THROTTLING 

• 

~j 

. . 

. · CURRENT GEOMETRY 
WITH 10: 1 THROTTLING · . 

OXIDIZER FUEL OXIDIZER · FUEL OXIDIZER Fl.JE.L 
LOW PRE~SURE/ LOW PRESSURE/ LOW PRESSURE/ LOW PRESSURE/ LOW PRESSURE/· LOW PRESSURE/ 
HIGH PRESSURE HIGH PRESSURE HIGH__P_~s_suRE IUGH PRESSURE HIGH PRESSURE HIGH PRESSURE 

*20.7/321 *1'4. 7 /222 *20.7/321 *14.7/222 *20.7/321 *14.7/222 

*163/164 *36.5/39.5 *163/164 *36.5/39.5 *163/164 *36. 5/39. 5 

1650/12600 3050/43000 2800/18300 3050/43000 2800/i8300 30~0/43000 

321/2820 222/3050 544/4320 222/3050 544/4320 222/3()50 

4760/21700 13400/22700 7040/21700 13400/22700 •. 7040/21700 13400/;22700 

0.80/0.81 0.80/0.77 0.80/0.81 0.80/0.77 0.80/0.81 0, 80/0,. 77 .. • 

1110/1960 1050/1960 1110/1960 1050/1960 1110/1960 1050/1960 

980/1110 980/1050 980/1110 980/1050. 980/1110 980/1050 

l. 65/9. 0 1.3/1125 1. 88/8: 0 1.3/11. 25 1. 88/8. 0 1. 3/11.25 

0.395/0.45 0.62/0.53 o.50/0. 10·· 0.70/0.74 0.50/0.70 0. 70/0. 74 -

12.2/13.0 28.2/34.7 12.6 25 12.6 25 
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Since the sea level thrust and baseline engine diameter are kept constant, 

the above changes in turbomachinery efficiencies and turbine .fl,ow require­

ments have led to.improved baseline· engine performance. These improvements 

a.nd the associated geometry changes are reflected in Table 5. 

Case No, 
7: 
·-

6-A .0364 

6-B .0'264 

.6-1 .0295 

TABLE 5 

BASELINE ENGINE REBALANCE 

I I €, s SSL. y 
~~ ..... -----. -· 
465.3 344~6 465 

468.7 347.6 461,1 

468,3 347.1 462.8 

BASELINE ENGINE NOZZLE REDESIGN 

Engine 
Descriptio~ 

Initial .Baseline 

Improved Process 
Efficiencies 

10:1 Throttling 
Capability 

Structural studies have been conducted recently which 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. Two changes in engine geometry resulted from the above 

alterations: the nozzle expansion area ratio increased as well as the 

nozzle length. Both of these changes have led to improved engine perfor­

mance as shown in Table 6, 

Case No. 

6-A 

6-2 

T 

.0364 

.0295 

TABLE 6 

BASELINE ENGINE NOZZLE REDESIGN 

I I e s SSL V Length ----
465,3 344,6 465 90.94 

469.5 346.7 482,9 97,96 

A-l•6 

Engine 
Description 

Initial Baseline 

Larger Engine 
Diameter 

~-,.....,<.,1't-<rl_,i1/..,,,......r:~m,---... s.-
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. '' 

The above studies and a redesign of the secondary flow exhaust manifold 

have ref?olved the interfere.nee problem encountered in the origi·naJ. .base­

line eng.ine with the turbofan engines. 

BASELINE. ENGINE PERFORMANCE PARAMETEltS 

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 pTessure ratios 

of interest. 

TABLE 7 

SERV BASELINE ENGINE NOZZLE PERFORMANCE PARAMETERS 

Nozzle Expansion Area Ratio, e = 465 

Pressure Ratio 

Percent of Design Pressure Ratio 

Primary Nozzle Thrust Coefficient 
Efficiency 

• Nozzle Overall Thrust Coefficient 
Efficiency 

Nozzle- Normalized Thrust Coef­
ficient Efficiency 

Nozzle Base Pressure, psia 

Nozzle Exit Wall Pressure, psia 

Ambient Pressure, psia 

A-47 

Sea Level 

136.09 

1.321 

0.856 

0.9045 

14.48 

14.7 

----..... .__ .... ,. .... 

Design 
· Altitude 

10,303,4 

100 

0.9464 

1.0 

1.10 

0.1941 

Vacuum 

00. 

co 

.0.9468 

1.10 

0 
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1:,l 

SERV MODEL STILL. AIR PERFORMANCE CALCUIATIONS 

" ' " s The ~s designed geometry of the ERV cold-fl.ow mo<:i.e.l was. u.sed to deter-

mine the exp.ected still air nozzle primary performance (C.F ) , .. nozz.le CT 

performance, the nozzle wall pressure·, and the nozzle bas~P pressures. 

The model was designed with an area ratio of 465, Cold :(low blowdowns 

of the assembled nozzle at chamber pressure ,of 400 psia indicate that 

the model area ratio as tested was 417, __ 

NOZZLE PRIMARY TJIBUST COEFFICIENT 

·The nozzle primary thrust coefficient was obtained :f'.rom a method of 

characteristics analysis of the primary flowfield, It was calculated 

for pressure ratios from simulated sea level (450) to. v::icutim •. Results. 

are shown in Fig. 16. Re.compression of the nozz.le can be seen to end 

at a pressure ratio of 440 as indicated by the constancy of .the primary 

thrust coefficient. 

NOZZLE THRUST COEFFICIENT EFFICIENCY, CT 

Equations l through 4 were used for· the calculation of the closed-wake 

CT performance shown in Fig. 17. The drag thrust coefficient loss Ac 
' ' ' ~ was obtained from a boundary layer analysis of the model, The base 

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 C*/W C* = 0,021). ' ' s s p p 
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Figure 16 • SERV Cold-Flow Model Primary Thrust CoeUident vs Pressure Ratio. 
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SERV Cold Flow Model Thrust Coef;ficient Efficiency vs Pressure Ratio 
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NOOZLE WALL PRESSURE RATIOS 

The nozzle wall pressure r.a_tios, one of the o:ut;'p.Ut·s .. of the .method of 

characteristics analysts of the nozzle, are sho.wn in Fig. 18. Two 

pressure ratios are shown; vacuum .. , for which there is no recompression, 

and sea level {simulated) for which st,rong recompre$.$ion is felt on the 

nozzle walls. The wall p~essure ratios .(P w/P c) are plotted against the 

dimensionless datance (X/RT) frolll.,the nozzle •throat •.. PrE!ssure taps at 

select.ed locations on the model nozzle wall were used to verify the 

calculated values. 
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MEASURED MODEL PERFORMANCE 

. When the slipstream model test. prq.gram was qi:iginally formu~ated, it was 

recognized that the engine thrust would not be directly measured during 

the slipstream rull!=l, but could. b~ ,isolated from the force balanc.e measure­

ments of thrust-plus-vehicle-drag, using engine-off and engine-on runs at 

identical slipstream conditions. The test procedure was designed to 

provide pairs of runs consisting, o:f,an· engine.:.on case· followed by an .. 

engine-off case at as nearly tbe same slipstream Mach number and total 

pressure as was practically obtainable. · The difference in force balance 

readings between each pair of runs would then be the engine thrust, plus 

the force due to the change in vehicle drag due to the engine, plus error 

forces due to changes in run conditions between the engine-on :cas.e and 

corresponding engine-off case, as well as· any shift in the. force,. balance 

zero due to pressure and temperature induced loads caused by the engine 

gas supply flowing in the model. The model was designed to minimize the 

zero shift, and this effect was assumed to be negligible in planning the 

test program. In monitoring the on··line data during t.he testing, it was 

found _that internal stresses i apparently produced by a temperature 

difference between the model and.the nozzle supply air, caused force 

balance loads that would be an important factor in interpreting the 

test results. 

From the results of a pair of runs, an engine-on case followed by an 

engine~off case at the same slipstream conditions, the engine thrust 

can be obtained, 

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

FAC = F 
model 
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Definition of Force Terms 
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For engine;,.on operation, 

FAC 
( 

= F + F 
e d 

F 
V 

where F is the engine thrust, Fd is the.force on the cowl and doors e . 
(the part of the vehicle base not occupied by the engine) 1 ,and F, is 

. . V 

the drag force of the vehicle forebody. : 

For the engine-off.case (F = 0), e 

FAC = Fd - ·F - F . 
0. V b 

0 o,. 0 

where Fb is the engine-off force on the part of the vehicle base 
0 . 

occupied by the engine. 

Assuming that the engine does not affect F, i.e., F 
V V 

obtained, 

, Fe = (FAC - FAC ) 
0 

{Fd - Fd) 
0 

+ Fb 
0 

= F 
V 

0 

F 
e 

can be.,.· 

In this development the engine thrust, F, is referenced to vacuum, rather . e . 
than the local ambient pressure as is usually the case. F is termed the 

e 
intrinsic thrust of the engine, 

The .forces Fd, Fd and -Fb are relatively small compared to the force 
0 0 balance readings, therefore, the ,accuracy of the engine thrust values 

is strongly dependent on the accuracy of. th.e force balance readings I 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 1 .8, .9, 1.1 and 1.25 to obtain drag/dynamic 

pressure, Dq, which should be consta~t with varying q. Having q for the 

engine-on/engine-off pair of runs, the engine-off drag could be computed 

using D/q from the high q runs. ·The high q data provided a source of 

---.---~~ .. --. 
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engine-off force re,sults that avoided the uncertaint'y associated with 

the internal loading of the force cell, since the model wlls :j.n thermal 

equilibrium during the high q runs. Drag .forces from the D/q d.ata were 

in general felt to be more accurate than the engine-off forc.e read:L~g 
. . 

taken immediately after the engine;..on run. The D/q forces were used in 

the data. reduction .procedure finally selected. 

Having determined that the originally selected method of.obtaining 

performance from the test data could 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 
C . 

· slipstream. Ma.ch number and P c/P00 • Figure 20 compares_ experimental .and 

theoretical wall pressures. The experimental pressures are: higher than 

the predicted values due to the. lower area ratio of the model, _t;. = 417, 

compared to t. = 465 used for the predictions. The theoretical results 

indicated that the wall pressure should be constant for P /PBV > 450. 
C 

For P /PBV greater than 400, the intrinsic thrust of the no.zzle, excluding 
C . 

the nozzle ·base, F , is therefore constant, 
pint 

If the value of F' were 
. Pint 

knovt, the nozzle thrust at various slipstream condit.ions could be obtained 

without using the force balance outputs, either for engine-on or engine-off, 

since 

F = JS: + PBE x Ab - poO A 
e"'° Pint e 

where 

PBE is the integrated average base pressure 

Pell is the freestream ambient static pressure 

Ab is the base ar·ea 

A is. the area of the vehicle base occupied by the engine 
e 

In this case the accuracy of the results is independent of the force 

readings for a given case, but is dependent on a pressure integration. 
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F was obtained from the force balance outputs for many cases and an 
Pint 

average value of 865 lbs was selecfed. Using experimental .data, 

F . = 
Pint 

(FAC - FAC ) - (PBD· - PBD0) x Ad - PBE x Ab·+ PBVO ·x A 
o . . .e 

where 

FAC is the force balance reading, engine-off 
0 

PBD is the integrated average pressurt;i on the vehicle base 

outside of the area occupied by the engine 

PBD0 is the PBD for .englne-o_ff 

PBV0 is the integrated average pressure on the vehicle base 

area occupied by·the engine 

Ab is the area of the engine base 

A is the area of the. engine e 
Ad is the vehicle base area minus area of the engine 

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

= 865 lbs. referenced to freest ream ambient pressure, P°"", bas.e on F 
Pint 

The efficiency, CT , is defined as 
. 00 

where 

and 

Foo 

= ~ CT 
QI> 

Fideal 

= F 
Pint 

+ PBE x Ab - poO X A 
e 

F.
1 1 

is the thrust that would be obtained -by a one-dimensional 
dea 

frictionless, equilibrium expansion from the nozzle stagnation 

conditions to the freestream ambient static pressure. 

Figure 22 shows CT
00 

for the model based on force balance readings. The 

engine-off forces were based on the high dynamic pressure D/q data in 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 was 417 as tested. A one,...dimensional 

isentropic expansion of air to an expansion ratio of 417 gives an e,cit 
-4 

pressure/total pressure of ,336 x 10 ; The design pressure ratio, P~, 

is the chamber pressure to ambient pressure ratio where the ex.it pressure 
' ' -4 

equals ambient press:ure, which in this case is 1/.336 x 10 = 29800. 

For the full scale 0i/Hi engine with an expansion ratio of 483, PRn=ll000. 

Model performance can best be s.caled to hot firing performance by using 

the normalized performance met"hod,. described in an earlier s~ction, This 
· PR PR 

method states that if AA . = Pit , 
D Model . . . D Full 

then CT = CT ., 
CT C 

D Model TD Full 

where CT is· the,, nozzle ef:Uciency--at the design pressure-- ratio. For>,_a 
. D 

typical SERV. trajectory,M
00 

= 0, ,06, .8, .9, 1,1 and 1,25 occurred at_ 

P /Po,,t> = 135, 260, 390, 480, 740 and 1000 respectively. The equiv.alent 
C . ~ 

model pressure ratios are Pc/Pa- Full x D Model, which are 365, 700, 

· p~ Full 
.1050, 1300, 2000 and 2700. 

The test conditions run for the model fall short of the required pressure 

ratios for all flight Mach numbers except M- ~ o. The model data must 

therefore be ·extrapolated to determine performance at ·the equivalent 

trajectory pressur.e ratios. The extrapolation could be reduced to an 

interpola.tion by anchoring a high pressure ratio point on each M00 curve. 

The high pressure ~atio points used were the computed points at which 

the performance departed from the theoretical uncompensated performance 

curve for each slipstream Mach number. 

The exnaust plume outer bourxl ary of an aerospike nozzle adjusts to the 

pressure 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 Pc/PBV = PRD this 
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SLIPSTREAM INTERACTION WITH NOZZLE EXHAUST JET 

Moo .. 
Slipstream Boundary (SSB) 

.- -- - - - - --
Outer Jet Boundary -...; --:zs-. - -

. t CJi .. 
·:---:::f,YJ :i- °I,," 

_,,_!le 

(OJB) 

:ti-o . 
--~lf ---- - ._ ·-~·~. 

Inner Jet Boundary (IJB) 

I 

-Slipstream, P /PBV = Design .Press.ure. Ratio 
C 

OJB J.·-.... ~ -~Br: C 
-~,, ......_. -~e-

-----IJB 

,. -

b, Still Air, PBV = J:,, Pc/PBV <1 Design Pressure Ratio 

p 
__,,~. ~ 

Q..r13..,_ ~ _· :::--..~---.. 
1;~- - -

• < C 

~~ 

Moo 

IJB - - -

c. --- . -Slipstream, P c/PllV = - Design Pressure Ratio, Sho.ck Intersects IJB Close Enough 
to Engine Base to Inf!uence Base Pressure 
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line passes well downstream of t)1µt part of the inner jet boundary (IJB) 

that determines the engine base pressure and .base pressure is independent 

of PBV in this range. In still air, the :f'irst chara,cteristic line from 

the OJB intersects the IJB close enough t·o the nozzle to.· influence (ralse) 

the engine ,ba_se pressure when P c/PBV ~ ½ PRD. For slipstream wHh a 
blunt v.ehic1e base, the vehicl'e sl1p·stream intersects the OJB causing a 

Shock which influences base pressure at P /PBV considerably greater than . . C . 
: 1 ' 

the 3 PRD which holds. for. still air.: 

Considering.the performance of an aerosp:i,ke nozzle as ambient pr~ssure is 

i~creased at coµstant Pc'- CT follows the uncompensa:ted curve until the 

shock-from the· intersection between the slipstrezim and the .engi.ne jet_ 

causes ·the base pressure to begin to rise. The.point at which the 

performance ·curve for -a given ·slipstrea-m·-Mach number ~ntersects the 

uncompensated performance curve is the point at which the_ base pressure 

starts to i'ncrease above the vacuum value. Figure 24 shows .the measured 

nozzle base pressure·extrapolated to intersect the theoretical closed wake 

base pressure for zero bleed. Based on these results, the M"'° = .6, .8,­

.9, 1.1 and 1,25 performance intersects the uncompensated curve at 

P /P- = 2600, 2200, 1800, 1700 and 1700 respectively. The points anchor 
C 

the high pressure ratio end of the slipstream performance curves. A curve 

of CT faired through the test data and intersecting the uncompensated 
I 

curve at the ·appropriate point was used to estimate performance at high 

pressure ratios as shown in Fig. 21, 
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INSTALLED PERFORMANCE 

Figure 25 shows nozzle effi6ien_cies with the vehicle with doors on and 

o-ff. The eff~ct of the doors on the nozzle is complex. For some pressure 

ratio/Mach number cases, the doors ·cause a reduced PBV which reduces nozzle 

base pressur.Et, ·and therefore reduc;:es nozzle efficiency.·· For .ot'her conditions, 
' ' 

·the no~zle jet impinges on the doors, constraining the nozzle expansion 

th~reby increasing base pressure. Referring to Fig. 24, at Mw = 9 and 

PR= 800~ PB~= ,36 with doors and ,30 without. In this case the doors 

'increase PBE, and from Fig. 25 it cari be- seen that for these conditions 

the doors-on CTOO.is 2 percent more than the doors,--off· performance, 

Similarly, at M~ = l,25·a·nd PR = 800 1 PBE is .;LS with doors on and .22 

·with doors off, in which case the doors-off CTa.o is 2 percent. higher .than 

for doors-off. 

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

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

CT Foo + (PBD - PBDO) Ad 
·= I F 

ideal 

or 

CT = CT ·+ACT 
I . oo D 

where 

ACT = 
(PBD - PBDO) Ad. 

D 
F 
ideal 

Figure 26 shows ACT for the slipstream tests with both doors-on and 
. D 

doors-off. The large effect of the:doors on vehicle.performance.is best 

seen in these results. For slipstream operation ACT with doors-on is 
D 
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10 to 13 · percent while A CT without doors is 0 to 2 percent for the 

pressure ratios of :ii.nterest.
O 

The large effect of the doors on vehicle 

dr'ag at high pressure ratios is apparently due to .. impingement of the 

Elxpanding engine jet on the inside of the doors. The high pressure 

impingement region inside the doors has a relatively large projected 

area normal to the engine centerline, and is opposed by a relatively 

low pressure out-sid.e the doors over the same projected area. Figure 27 

shows the measured static pressures inside and outside the doors for the 

condit:fons tested, Figure 28 compares installed.performance .for doors-on 

and doors-off, At high pressure ratios installed performance, increases 

of 5 to 10 percent were obtained by removing the doors. These performance 

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-off 

v'alues should be obtained if the doors are swung out to avoid impingement 

and a vent is provided to. increase PBV relative to P
00

• The doors-off 

performance is representative of the performance expected from a configu­

ration resulting from a doors optimization program. 

The doors-qff model ACT • values shown in Fig. 26 are strongly dependent 
D 

(approximately 1 to 1) on the.vehicle cowl area, Ad, which is proportionally 

much greater than the corresponding 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 

ACT would approach zero, therefore in this way doors-off CT values are 
D I 

conservative, 
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.9 400, 161 .16 

162 1.02 

163 1.64 

1.25 400 161 .16 

162 1.08 

163 1.54 

.9 700 161 .26 

162 1.88 

163 3,04 

1.25 800 161 .26 

162 1.92 

163 3.12 
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J!'igure 27. Static Pressure Distribution on Inside of Doors j 
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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 of conditions 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 pressure ratio was. obtained .by extrapolating· the cold flow CT . curve 
. . 00 

·'.(e.g., Fig. 21) at that M'ao :valu.e to the pressure ratio where 
~ .... _, 

p~ = PRFull 
PR 

DM 

P8i,FuJ.l 

The model CT value was then adjusted to account :for.the effect ~f the 
00 

engine on vehicle drag at the proper pressure ratio and. M
00 

(using Fig. 26) · 

CT 
I = CT + _ACT 

D 

This gives the installed model nozzle performance, To obtain CT .for the 
. I 

firing engine c·onditions, first C for the full scale nozzle was. computed 
Teo 

from 

C 
TDO Full 

- CT 
- oo Model 

C 
TD Full 

CT . 
D Model 

Then assuming that A CT ~ A CT CT was obtained at any 
D Full D Model, I Full 

M ._ and PR/PRD using 

C 
TI Full 

C 
= TGO Full 

Ac . 
+ TD Model 

where .t:\C . 
T D Model 

= A CT at the same MOclS and PR/PRD • 
Full 

Figure 29 shows 
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CT fo;i: full scale conditions was based on the model results usin~ 
I 

F = 865 lbs. The o
2
JH

2 
uncompensated curve is not near the scaled 

Pint · 
uncompensated air curve, th~refore under hot :firing conditions performance 

is expect.ad to continue, in a smooth curve to the o
2
;H

2 
· uncompensated curve. 

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

performance of the £ = 483 o
2

(H
2 

SERV engine over the ·ra-nge of altitudes 

of interest for eas:h•o:f;;the £1:i:ght;,sMach numbers .tested,;••...,Figure,31 ,smws 

the installed per.fo1·11uu1ce·, (I·). over a typical SERV trajectory using the 
s . 

perfo1·mance curves from Fig.· 30. · 

The results presented i-in F:tgs·.·· -30 and 31 are applicable to a. s.pecific full · 

scale nozzle area. ratio, in this .case. 483. Tre·· model per.forma'nc.e,:can :be 

used to predict. performance for other full scale area· ratios having the. 

hot firing design pressure ratio and design CT.c for the case in mind. 

Figure 32 shows the model CT data normalized by CT and plotted against 
oo D 

the normalized pressure ratio, PR/P8n• 

ratio near the model € (465), 

Having CT and P8n for any area 
D 

C 
Teo Full at PR/P8n 

and as before 

CT 
00 

= c 
TD 

C 
x TD-Full 

Model at PR/P8n 

CT -
I Full at PR/P~ -

C AC 
T~ Full at PR/P8n + TD Model at PR/PRD 

Final results are riot sensitive to the assumption that ACT 
D Model 

= 

'AC at the same normalized pressure ratio since the magnitude of 
TD Full 

AcT· is relatively small. In some cases it may be more accurate to scale 
D 

model CT directly rather than scale CT then add A CT • Neither method 
I oo D 

is exact however. 
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ADDENDLM TO ROCKETDYNE REPORT ASR-71-67 

l'::ge 50. 

'I'h~ lo:,1er are.:i ratio o: the model resultecl in the test geometcy 

!:>cing slig~1tly dif'fe:-cnt from the design configuration. This 

was due· :·:::::ir:,ly to .:1a.:r.uiact:uri:1g tolerances. 

~s::.:.e )2. 

:::n carlie:- $lipstres.m.model tests it was found that nozzle 

efficiencies, CT, at .different slipstream Mach ·numbers mapped 

:i.:ito a si:i6 le cc;:·.,-e wher1 plotted against Pc/PBV. ·.These tests were 

::;.:.r. u.sir~s -;;icd.:)is with-~1.1ch lc-wer expansion area ratios, tested at 

".::acn =i.ighe~ fractions of design pressure ratios than was used for 

the SERV ::iodel. Fig A shows the ratio. of -~_ng_ine base pressures 

.:e: ·,:chicl.:: cowl prcss.:i-::es for SERV. At. the low fractions of design 

;rcs~ur~ =~t~cs tested) che slipstream affecited. the engine base 

?::-es£ui"e d-::it-,:-?.st::-e·axr. 0~ the region of influence of PBV. The corre• 

;.:.;::i.c:-, ~0 P3V cannot be m.zde in the SERV case. 

t'is. B s1.n:r.:1arizes the :no<lel base pressures measured during the 

s~i;n;.t.:-1::3:-.~ te.st progran normalized by the pressure on the engine .. 
~,.,se in .s:H;,strcar;, wit:1 the engine off. For flight Mach numbers of 

.8 er abo-:e> the fr,teraction of the engine exhaust with the vehicle 

s~::;>str2a.:: pro<l'.lccd a low PBV value which ;in turn produced a low 

va!.ue of .P.BE co-:1pared to the pressure on the same region with engine 

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

• , f 
::>~-:?CG > •' ·/ .: a c• 'h ... ,JJ , .-..OJ ....... ,o.·m. 
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APPENDIX A 

BASE·PRESSUilE THEORY 

Uocketdyne became interested in the base flow problem becau.se of the 

neccssi ty of calculatb1g the base pressure to complete the thrust cal cul a-• 

tions, for the aerospike nozzJe.. In this nozzle~ high-pressure gos is ex­

hausted from an annular-type. combus.tion chamber with low-'pressure turbin·e 

exhaust gas introduced through a base. region (Fig. A-1 ) • Part of the 

thrust .contribution normally attdbuted to a full-length nozzle is obtained 

by the pressure of the se.condary gases acting over the base region and, 

therefore, calculation of base pressure is an important part of overall 

performance. evaluation. Becaµse the. centerbody is truncate.&; .. the ,p:rimary 
. . . ' 

flow separates from the end of the nozzle and e·ncloses a near:--wake region 

aft of the base. The turbine. e•xhaust .gas bled into the· base region tends 

to keep the recirculating hot gases off of the base surface. In addition, 

the introduction of base bleed gives rise to higher.base pressures. 

For the purpose of analysis, the base pressure problem was convenilintly 

divided into two regimes: zero_. and small-bleed, and large-bleed. In 

the former regime, the near wake is characterized by a recirculating flow 

pattern, whereas, i.n the latter regime, the bleed rate is sufficient to 

suppress the reverse-flow component. It has been found that the inner 

free jet boundary has the general shape shown in Fig •. A-1. This shape 

differs from the usual free jet boundary shape for flow over cylinders 

because the expansion waves from the flow expanding at the outer 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" 

re~ime, the flow through the central core was much like the flow through 

a converging-diverging nozzle with choking occurring at minimum ar~a. In 

the case of flow over a cylind~r, this type of flow configuration will 

not exist because the constant pressure free jet boundary tends to curve 

into the axis of symmetry, so that a minimum area cannot occur. Therefore, 

· only the small-blee9- theory will be applicable for flow over cylinders. 

-,·--~--~ .. 
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It shriuld be mentioned that the terms small-bleed and large~bleed were 

· introduced to def inc the flow configurations for the case· in ,,hich re­

circulation is present and the case in which recirculation clocs not 

occur. Therefore, the small-bleed theory might actually be used on flow 

fields in which substantial amounts of base bleed are introduced. The 

details of this theory are presented below. 

KOHST TWO-DIMENSIONAL· MODEL . 

For the zero- and small-bleed case, the Korst two,,-dimensional model 

(Hef. A-1} has been taken as a starting point. in its original form, 

· this model considers a supersonic primary .flow field expanding ise.ntrop­

ically into a lower pressure base-region (Fig. A-2). The. thickness of 

the boundary layer before separation is assumed to be negligible. Most 

of this flow field is inviscid, but there exists a turbulent slie·ar layer 

in ~hich mixing occurs between the primary flow and the recirculating fluid 

near the base. The width of this mixi~g zone is proportional to its length. 

Two •important stream! ines in the shear layer are defined by continuity. , 

The jet bo~ndary streamline originates at the point of flow separation, //· · .•. 

and divides primary flo.w from base flow, The discriminating streamline / ' : 

separates the fluid which passes through the wake from that whicli redrcn- ,1 

!ates back to the base. Any bleed introduced into the base region is · · / 
-i 

With no bleed, the two are identicaJ. / bounded by these two streamlines. 

. 
The 1;1tatic pressure is assumed to be constant from the initial expansion 

until the recompression region is reached. At that point, the inviscid 

flow, ~hich has been converging toward the axis of symriletry,, is turned 

paralle~ tothe axis with an accompanying pressure rise. This pressure 

g~adient is· imposed on the turbulent shear layer, causingdecelera~ion 

and, for the slower elements, 

The discriminating streamline 

a reversal of flow back into the base region. 

stagnates in the adverse pressure g,i{•adient. , 
' All higher velocity elements penetrate the recompression region hnd escape 

into the far wake; all those po,ssessing -lower velocity are turned back. 

" 
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On the basis of simplified shca1~ lnyer flow c1pmt.ions, Ko.rsr. nt·1·1\·vd i.l\ 

·an error-function similnrity vc_locity profile, in terms of n ,' imensiori­

lcss length coordinate, r,, and a·dime_nsionless velocity, Ci), ·normalized.· 
·, 

with re.spect to the velocity along the corrcspond·ing inviscid Jet boundar,>. , .. 

'P = ½ (1 + erf Tl) (A-1) 

where 

u 
<f) = -

u2a 
(A-2) 

and 

CJ 'T1,.. ~-. 
X 

(A.-3) 

The turbulent spreading parameter, a, is a measure of the linear rate of 

growth of the shear layer with length. The values fora suggested by ''. 

Channapragada (Ref .. A-2) have been used in the present' analysis. 

This velocity profile is superimposed on the corresponding inviscid jet 

boundary (that boundary which would exist in the absence of a viscous 

shear layer, Fig. A-3). An intrinsic coordinate system (x, y) is set up . . 
within the shear layer. The x-axis originates at the point of inception 

/ 

of the shear layer and ~oincides vith the midpoint of the velocity profile 

(<f'J = 0.5). To fix the.location of the velocity profile in space, a ref­

~rence coordinate ·system (X, Y) is defined in which the X-axis is coinci­

dent with the corresponding inviscid jet boundary. The displacement, y, . . m 

between the X-nxes of the intrinsic and reference coordinate systems is 

determined by a momentum balance between the point or 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 relation~hip be­

tween the two coordinate systems is given by: 

x .. ~.x 

Y=y-y 
m 

**llcfer to Fig. A-2 for subscript notations 
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APPLICATION TO AXISYMMETHIC GEOHETUY 

J/orapplication of the Korst flow model to axisymmetric geometry, con­

sideration must, be given to the distortion in.shape of the annular stream 

tubes as they approach the axis. In the absence of longitudinal density 

. and velocity ·gradients, the cross-sectional area of .an annular str~rim tube 

·would be constant. Therefore·, as the mean radius of the shear layer de­

creased, thewidth of the individual stream tubes would.increase, and 

there would be an accompanying distortion of: the overall velocity profile. 

'In Fig. .\.-4,, a hypothetical step-function profile is use_d to illustrate 

the effect. At location A-A, each stream tube of the profile has the 

same annular flow··axeac .• · At section ·B-B, the areas are unchanged, but it 
' . . . 

can be seen that the total radial width of the profile, as well as the 

relative widths or" the two stream tubes, ar~ quite different. 

In the present method, it is assumed that the normal shear layer spreading 

rate observed in two-dimensional flow and the radial distortion effect 

are additive. That is, if axisymmetric effects were reduc~d 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 considered, having the same origin as the actual shear layer, 

and characterized by the same spreading parameter {Fig. A-5). The jet 

boll!ldary streamline, which originates at the separation.point, rernains at 

a distance R from the axis. It is assumed that the thickness of the shea:i;-
. . 0 . 

layer is sufficiently small compared to R so that the two-dimensional· 
. 0 . 

error-function profile is applicable. Under the foregoing assu:mptions 1 

· the mnss flow between any two streamlines in the hypothetical 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 

function of :i.c, 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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TJw hypothetical shear layer concept 1 combined with the two-dimensional 

Korst model leads to the following relationships in the viscous region, 

assuming a negligible boundary layer on the solid surfa.ce at the separa­

tion corner •. A momentum balance bctw~en the point of fl~w scpur~tio·n 

and some point downstream in the hypothetical shea.r layer (Fig. A-b) is 

given by: 

*· 
YR 

211 f 
0 

-* 

2 -* 
· P2a u2a r dY* 

-* 
YR 

f .. 2...:* -* 
_ 2n pu r dY j~* 

x* = 0 -00 X 
-*­

= X 

(A-6) 

·where _Yn represents an asymptotic streamline that is essentially in the 

inviscid flow field having· velocity u = u
2
-. and density p = P,

2
· • The 

• a 
bar over the .quantities indicates no ini tia1 boundary i'ayeii-1 and ... the . . 

starred quantities refer to the hypothetic-al shear layer. 

By use of Eq. A-5 1 

-* -* -* at x = x, r = R 
0 

y* 

. . -* -* and the following information: at x = O, r 
-lf -* - y. + y , F,q. A-6 can be transformed to: 

J . 

* =H +Y nnd 
0 

fr P2a ½a 2 (n
0 

+ y*) dY* = 

.. y* -* JR+ Ym 2 (. -* -*) -* p u R - y. + y dy 
0 .,J 

(A-7) 
0 

Multiplication of both sides by -*2 
X 

. * 
a YR 
~-x. 

f (~+ 
0 X 

y*) ( y*) O'i* d ~* -

Y.* -* CJ Cl·y_ 

-oo 

(72 
2 

P2a 
2 

u2a 
yields: 

R m 

~ + "7 ( )2 (cr R a 'y* -*) ( ,)(-) f ...B.... ...!L -::;.,fl- -~ + ~ d ~,/Y Aia ~a X . X . X X 
-00 . 

···-------------, .. -
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for constant prcssw·c ancl stagnation tempernture: 

IL 
P2a 

2 
1 - c2a 

1 - C 2(_y_)2 
2a . '½a 

where C
28 

is the Crocco number of the f:ree stream • .Application of 

Bq. A-2, A-3, and A-9 to Eq. A-8 yields: 

_-i: -* 

(A-9) 

.. ?lyR 

I c7'
0 

0 

+ ~) d (t~) = (1 - C 2) 2a . 

11y 

·/· R . C/[ (-* -* -;· -* . . . 2cJ ·7'1it . - T'/ . ... T'/ .d 11 
1 - C o J -oo 2a. 

where 

and 

* -*) <\ + ~ 

;LR (¾o 
11yR 

* -* aY 1ly =~ 

CJ y* 
~ = _*R 

R X 

-* a R 
'11n, = -/ 

0 X . 

-* -*, - 7]. + 77 . J 

~ -* > -* cp "' 1. 00 for 11 _, 71a 

-* d7] (A-10) 
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Integration of Eq. A-10 lends to: 't·~' 

-* . .. ,111 
0 

·_*2 

-* 11y· 
11y + _Ji n 2 - ri:(%0 

() 

-* -.*) . 11:-+ 11y - t7j - T 
n. 

-* , 
71yR 

= (1 - C 2 ) 2a (%0 - ij;)[~ J dr,* 
1 - C 2cp'2 . 

2n 

,:..;' 

-* 

'lyil # f,* dfj_* J . () () 
+ . . 1 - c2a ~~ 

-oo -

Similarly, the continuity equation is written for the.·fluid above the 

jet boundary streamline: 

y* y* 
R * *· R p u r* ilY~ 21T f "2a u2a r dY = 2'1T 1* 

0 -* Y. I _;* -* 
.X. = 0 J X = X 

Operations analogous to these used on the momentum equation give the 

following result: 

-* 
71ii 

0 

*2 . 11y . 
.;.* n. -* (-*. 71yR + 2 - 77m 71ito + -* -*) 11y - 71. 

R J 

-*2 
77m 

2 

(.-\-1.l) 

(A.;.lJ) 

-* ~ 
. 71yR R -* -* 

( ·.· 2) I~-* -*) f 9? d;;* + f cp TJ d1] I (A-13) 
= 1 - C TL - 71 . 2q} '' 2 _ _2 

.2a ~ · 1 c 1 - C ~ 0 
J -* - 2a -* 2n 

71, ~ J . 

A-93 

~Jffl,M@&fa\ilHle&d~iii,~£fflfflMi,,M¼JM'h<i1@#fa@fri\!&,J;;™™KWWW¥fo,,,Q.i@&M,.,,,~~;-lQIR~5',~!f\f~'. 



', 

--------------.----~-·-~-~-·--~"-::,r-···,.~-•-Jc'''-~-;-'"~-"-~""--'-•Ali.'-'"''-'-:U."i'" ...... ~1.:.:u~~-~~"-"·~7J._1,~; ... .:.....o&"i.iL~~-..t)r,'.J..J~t;~k,;Ql.~'f2~(.~i?)il.~~ 

For convenience, the following shorthand·notation is now introduced; 

11 21 ~ • r} ~ (1- c2 
2f 'I\; dlJ = (1 - C28 ) l _ C 2,j- d1/ 8 

· l -C, · 
2a · . . 2a 

12 f a (1 - C~ 
21 '(! !l ·. d1J 

· '2 #n · · 
1% " (1-c2• l - C2a2,j- d'l . , .. a . l - c2a 2c/- . 

- - .. -·-. --
Equations A-11 an.cl A-13 arc combined· to yield: 

-* -* + A: f]. = 11a J 
0 

(A-14) 

where 

-* -* 11y ,11r 
I I R - I R 
2 -* 4 

1]. 
. -00 A ,) = -* -* (A~15) 

?JyR . 111yR 
Iii - 13 

-* Tl. -00 
J 

and 

( = B + cn2 - c)1/2 (A-16) 

where 

B -* -* -* 
= 1]. - 11.a - 11y 

J o R 
(A .... 17) 

-* -* r Illy c -* -* -* R R = - 611n. - 9 + 2 (11_a - 1].) I 1 + 212 
0 0 J -* -* T/. ' '(J. 

J J 

(A-18) 

-* Equation Al4 is solved 

sti tutcfl into Eq. A-6 

by iteration and th~ resulting value of 1]. is sub-
-* J -* to determine~• For computational purposes, 11yR 

is chosen to be 3.0 because little changes in the error function arise 

when 1] < - 3.0 or 1] > j.O. 
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llecause the mass flow between any two str1'.aml ines in ~he i.lt:l\tnl s1:e.a1· 

layer is .equal to the corresponding quantity in the hypo thctical shcil!· 

laye.r, calculations can be mad.c by considering only the lnttc,· g()omrt.ry. 

In general, 

. . 
.·W 

-* Yu 
=f 

-* 
Y1 

-* -* 21Tr pu dy 

-:IE" 
Yu 

= 211 J .. 
-* 
Yt 

Pt (n 
0 

'-* -* . . where y1 and y 11 represent arbitrary streamlines. 

.;.-I!- -*) -* - y. + y dy 
J. 

Application of opez:ations discus.sed previously yields: 

-* 
. 2 17n 

I 

(A-19) 

w = 

-* 21T P2au21? 

a2 (1 - C 
2
)/·· 

2a -* 
ce c* .:..·* * -

1 - C 2 .2 11ii ""'. 17j + ij. )dij• (A-20) 

T/1 2a cp 0 

-* -* rII -* -* . 1 . 
or 

2!rp2a ":!a" Ro ~ _ ~ ) I
1 

+ iii: 12 w = 
0- 17n. -* 0 

0 171 

11n 

-* 
T'/1 

EFFECT OF THI.! INITIAL BOUNDARY LAYER 

The effect of the initial boundary layer is accounted for by the method 

of Kirk (Ref. A-'3 ) • · An equivalent shear layer is posttialed· so that Hs _ 

momentum thickness at the point of separation is equal to that of the 

initial boundary layer (Fig. A-7 ). 

·The momentmn thickness of the two-dimensional shear layer is given by: 

(} = ~ (1 C 2) 
2a 

fa, I 

-oo 
- C 2 m2 dTJ 

2a Y 
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Therefore, the length of the equivalent shear layer up to the point of 

separation. is: 

I 
X = 

ea 
2. -00 ' . 

(1-C2a 2) f ~ (1-~) .· df] 

j_oo l~C2a . cl._. 

ea 
1 

11. loo - 13 

-oo [ (A-23) 

where 02 is the momentum .. thicknes.s. of the initial boundary layer at the 

point of separation after expansion to the base pressure,PB = P
2

• The change 

in boundary layer motiientlDn thicknc.ss caused by expansion from P
1 

t.o P 
2 

is 

given by (Hef. A..J..i) 

_...fil.. . 1· 2(Y-l) l 1 . . ' 

Min [ I + z;;! )':!a 2] J/d<p f [Kela 2 rp2 -(IHJ)l/2 rp"\" .• I 
_...fil.. 1-C 2cp2 [Kc 2 -(K-1)] 1!2 (1-C - (,r) ! 

2 2 { Y-1) 0 1 a . 0 la 1n I 
1-L [1 + l'=l M ] · . · " 
"2a 2 la l 

o
2 

c o
1 

. _j 

1 

where 

1'=l 

K = [ (P /P ]')' 

1 0 

I 
0 

(1-cp) <p"d<p 
(1-'C 2c;f) 

la 

(A-24) 

p = 
0 

the stagnation pressure of the flow and n is the exponent in 
the power-law boundary layer velocity profile (chosen c1s 
n = 7 for turbulent flow), i.e., 

Y1 
°i = ~ 

A-97 

~it~k#!¥~~?¢i~&@Mt~!~#-:~W@{~~(i4.iTii\ik&faMfJ-t~!§UQ%&~'7iW..ffl.R!¥.Sh\#dtW.1MHhi!lf¥M#iffi&W&tM£MMW.fii¥iliiiii~~&:ti~~~: 



-----~---~---•-•---u,~•-·-·~ ... , .. ,~ • .,.._,->t....,..Y..IL>..;o.=,,,,.:u•..:cllU-,1!;.".;,1;...;.:.:_;..c:;,;.:_,u.a.,iD.:V,;t!.IJ.!<il.:.%.'.:l:'~j.~ .. ,~ ... ~ 11Eil,!f~~J;ir~~-

Tliercforc,. the total length of the c11uivalcnt shear lnycr is: 

x* = x' + x (A-~5) 

where x is the length of the free jct boW1dary for no initial bowidary 

layer. 

From the two-dimensional shear layer relationships (Ref. A-1): · 

f/. 00 100 

11 I J = 11 - l 
3 (A~26) 

-oo -oo 1-oo 

Substitution of Eq. A-26 into Eq. A--23 yields: 

TJ. 810' 
I I J =-

l I 
X 

(A...:27) 
-oo 

In a two-dimensional shear layer, the mass flow per unit width between 

streamlines is given by: 

w 
P2a u2a x 

= (J 11 

'1111 

(A-28) 

f/r 

Therefore, the mass flow per unit width below the jct boundary streamline 

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

is given by: 

w 
p2n 1½a x' 

(] 11 

f/. 
J 

= P2a u2a 82 (A-29) 
-oo 

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

will remain between the jct boundary streamline of the equivalent shear 
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layer. ( ?Jj) and the streamline originating at the point of "rtunl flow 

separation (71j) for all -valves of x. That is, 

11. 
I I J 
1. 

17B 

a a 
= -~ x· 

. (A--30) 

-where 7'j in the equivalent shear layer corresponds to ti. in the shear 
B J 

_ layer which originates at separation. 

In the present approach, the foregoing concepts are applied to the hypo­

thetical shear layer. At the point of flow separatio_n (r = R
0
), the 

.momentum thickness, 8
2

, is small. compared to R
0

:, and the two-d.imensional 

Eq. A-22 through A-25. can be a·ppli.ed. 

COMBINED SHEAll LAYER MODfil. 

The effect of combining the hypothetical shear layer (y~ at constant n) 
. J 0 

with the equivalent shear layer concept is to displace the jet boundary 

streamline (y~) in the hypothetical equivalent shear layer above the 
J 

streamline originating at the corner (Fig. A-8,) by: 

x* ( yj-Yn=cr 711-~) (A'--31) 

Therefore, ' 

r* = R
0 

-·Yi3-+ y* (A-J2) 

The area: relationships discussed previously, between the hypothetical 

equivalent shear layer and the shear layer following the corresponding 

inviscid jet boW1dary are preserved. The analog to Eq. A-21 for 

the mass flow between any two streamlines is given by: 

211 P2a ":la x* Ro I~ -l?n*) 
77Ii* 77rr* 

,i l l(A-3J) = a l 11it· Il + 7h* 12 
0 

TJ * 0 
1171 ~-l 
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1h particular; the axisymmetri.c form of Eq. A-10 is: 

T/. * r * I. ( ~·) J J 8 0 

. I - r~t 11 
l .. 2 

+ TJit l2 
:,=-~ 

x:~ 

'11ii* 
0 . 111 * . B 

(A- 'i/1) 

In practice, r,. * and n * for the hypothetical shear iaycr are calculated J ~ .. 
using Eq. A-14. antl A-16, and these values are assigned to the corresponding. 

quantities (17j* and 7k*) of the hypotheticnl equivnlent shenr layer. As 

long as the upward translation of the shear !Ayer, as given by Eq. A-31,_ 

is small ~ompared to R, this approximation is valid. 
. 0 

RECOMPRESSION HODEL. 

To close the. base pressure solution, the 'id·en:t.Lty of the discriminating 

streamline must bedetermined by enetgy relationships in the recompression 

region. In the two-dimensional model, Korst postulated that the energy 

on the discriminating streamline, in te-rms of the ratio o'f stagnation 

pressure to static pressure, is equal to the pressure rise associated 

with the turning of the inviscid flow behind the near wake (Fig. A-2 ). 

The axisymmetric case presents unique problems, however, becnuse .the 

flow angle along the ·corresponding inviscid jet boundary is constantly 

changing as a func-tion of X. Therefore, considern~le emphasis hns been 

placed on defining the flow geometry in the nft portion of the near wake 

to determine the value of X at which recompression effectively occurs • 

As the inviscid flow, with the superimposed shear layer, approaches the 

axis, a point will be reached at which the forward-moving velocity profile 

intersects the reverse flow (Fig. A-9 ). Because of spatf~l considerations, 

the inviscid flow must supsequently turn, causing an associated pressure 

rise (rccompression). This adverse pressure gradient is imposed on the 

viscous· flow, causing the less energetic elements to reverse direction 

progressively nntl join the recirculating stream. Because there is only 

a ~mal~ pressure rise associated with the flow reversal of the low­

velocity "tail" of the error-function profile, recompression is not 
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considered to beg in until the_ lower portion of the profile has. LeL'll turned 

back and the slope of·the static pressure curve becomes more discernible 

(Fig,· A-9 ). ,\t that point, part of the rewnining prorql' also 1,ill have 

been distorted by, viscous forces. ,\s an approximation, it is· as;;,umed · 

that the upper portion retains its error-function form, but thn t the lower 

portion asstnnes the shape of the tangent to the original profile at .its 

midpoint or point of inflection (Fig. A'"'.10 ). The resulting point of zero 

velocity is now located at a c.orrespondingly higqer value of the di1:1ension:-­

lcss coordinate, 77 (i.e., 'Y} = - Jrr/2)~ The reverse-flow portion of the 

profile contains a, mass flowratc equai t.o that below the cliscriminntfog 

streamline in th.e forward-moving portion. During, the flow reversal process, 

·some mixing will occur in the recirculating stream. The simplifying,assump,-, 

tion is made that the mixing is complete, resu:1ting .. in uniform velocity 

and density •. 

CALCULATIONS IN TI-IB UECOHPRESSION ZONE 

Based on the foregoing assumptions, the point on the free jet boundary 

at wh-ich recompression 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_H), radius 

of the forward-moving.profile (r_U) 1 as shown in Fig.A-11. 

For the recirculating stream, the assumption of constant-pressure flow 

uniformization along the axis yields the following equations ~J:t'ig. A-12): 

Conservation of Hass 

1} * '11 * . d 

21' P, u x*R I~ %*) , d 

I= ~b u3b 1T r; (A-35) 1 . 1 .2a 2a o 1 _ - I 
+ 77n.* 12 a 11n* 1 

-E 0 - Irr 0 

2 2 

---~--
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where I' has the same form as the corresponding· int.egraJ d 1.·t' inett afteI' 

· Eq. A-13) 1 but the velocity profilE! is that shows in Fig. A-10: 

cp ;,¥ + o. 5 ( 11 so) 

1 
.-- <P = 2 (1 + erf 11) (11 >0) 

Conservation of Momentum 

u· 2 x:K-H ( · *) ijd* l ijd* I 2 o 
.'] , +-_- I' . "P3b ''Jb ff r~ 

P2a 2a 0 

1 - * _ 13 71u* '1 _ s 
27T . (J 

%- 'Ii O ·-.i 0 --~ . -

. 2·· .2 

· where r,d * rep1"esents the discritninating streainl inc in the hypothetical 

equivalent shear layer. For the case in which a sting is present in the 

base region, these equations become: 

1J * 1J * d d 

I= P,b '½b 71' (r; - r;t) 
2ff p x"R I~ ij *) 1 ' 2a ½a o 1 __ JL I' 

+ %* 12 (J 11a * 1 

- .fo 0 -If 0 

2 2 ... I 

and 

11 * d T1 * d 

(A-Jo) 

(A-")~ 

(A-38) 

2ff P, U 

2
x~ r ( ij *) 1 ' _ p u 

2 
1f (r

2 
- r ~) I (A-39) 2a 2a o l _ --1L I' 

+ 11n,* 1'1 - 3b Jb s s (] 11n* 3 
. . 0 - Ii. 0 -ii 

2 2 ,... 

where r is the sting radius. · st 

A-107 

,,~,~~JIM<tlt!!!t.Ri'1;¾~W;i¾!ikd'!faf,\ili/.#.\i!i.'iiW&."'11\liJS\h™~,M&~t~~~~~~'.'; 



~

,i;• .. >:>. 
,7,,·t 

"'>..:-1 
;)>' 

----------··----~ .. ~~, ... ~.•-·-~"'-'='~''~"'""-.....,_"'-',,__...,.~.,__....,_.:,..,z..l,l.,.:..=,_._·~,"'-.J • ._,.i'.i,,J.'.::.,r.,.1.ilJL.-dt·~l.:i,i.l.L;,,~~~~ 
. - , . . .. ' i 

The conservation of energy can now be us0-d tu ubtain the fdlo,,ing ,, • 

lat ions (illcal gas I constant T ) : 
0 

Helntionships Between Velocity and Crocco ~umber 

c2 
2 T u 

= 2c T = 1 - i' 
p 0 0 

2 
= 2c (To - TJb) u3b p 

u,> 
2 = 2c (T - T'>) _a p 0 -8: 

T-b 

2 ~l-1 2 · u3b _ _ To _ _j~ 
2 . - T - 2 

u2a 1 - T2.!l C2a 

(A-1!0)-

() 

Relationship Between Density and Crocco Number 

~b T /T 2a o 
p~- = TJb/T 

... a o 

1 

1 - c· 2 --1 
C 2 

2a 2a 
= . 2 2 

1 - C3b _l_· - C}b 

(A-1,1) 

C 2 
2a 

C 2 
-2u 

Equations A-38 and A-39 can be combined to give: 

_l_ - 1 
C 2 

PJb = 2a 
2 P'>-a 

..L_ ~E. 

(A-h2) 

2 2 
c2n u2a 
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u . .· 
The vnlue of u

3
h required for Eq. A-110 is obtained through division 

2n 
of Bq. A-37 by Eq. /1.-35: 

1.1:3b =-= 

u2a 

·[ TJ ~- ~11d* . · . n , . . 1 , 

· __ l - V r, f + 1n: I4 

[

. ~TJ * r "f . d . 

{- ~:}i •_ lf + 

1 -.- 1' 
11it* 2 

0 

ij~*.i·_.]-
_g_ . 

:d1] 
(A-'t:5) 

Or, for the cnse in which a stirtg .. is present, Eq. A-38 and A-39 can be 

used to obtain th.c same result. 

The outer radius, of the,, re·ci:rculnting stream,. r 8, is then found from· 

Eq. A-35 or A-38 using the values of ~b/p2a and ~b/u2a from Eq. A- 112 
and A..;43 , i. e. , . 

,T .... < ••-•~ ~ _, • 

2 2 P. u .·,JE,,... 

rs = rs t + 2 . 2a 2a x l\ 
P3b u3b a 

(, %*)· ' \1 - 11n: I1 
?Jd* 

1 + - I' 71n* 2 

-Ii 0 

2 

TJ * d 

- 1T 

2 

The value of r_R, the radial position of the streamline at 7J_H in the 

forward-moving shear layer, is determined by the. equality annular flow 

nreas between given streamlines in the hypothetical equivalent shear 

layer and in the shear layer which is superimposed on the inviscid jct 

boundary. The geometric r~lationships are depicted in Fig. A-11 . The 

radius of the inviscid jct bom1dary, rJB' is known as a fW1ction of its 

length, x. The flow area bet-ween rJB and r _R is given by: 

(- 2 - 2) / -
AJB-R = 1T rJD - r -R Cos 8jB (A-115) 

:-. 

(A-'1'1) 
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· The corresponding flow area in the hypothetical cquivnlcnt shear layer· 

is given by: 

. 2 
A * - 'iT ·(r * JD-Il - JB r *2) 

-R 

From Eq. A-3~, the value of rJD* is given by: 

r * = n - y * + y * JB o · b m 

or_, alternatively, 

r *=R +!.*(n*-n*) JD o CJ 'm 'b 

Similarly, r -R* can be ex:presirnd as: 

r ~ = R + !.*(ry * - r;, *) 
-It o o -R u 

(A-ll6) 

(A-117) 

(A-118) 

(A-119) 

By use of the fact tba:t AJD-R and AJB-R* are equal, the above equations 

can be combined to yield: 

- '> - 2 -8 I f x* ( r_R~=· rJB - Cos JB R0 + 0 7k* 
'2 

?~*)] 

* 21 .,.[Ro_+ ~- (71ii* - ?Ji,*)j (A.:.50) 

The above equation can be re-~rranged to give: 

· - 2 _ - 2 c -8 I !.*(ri_ * - n *) f 2n · ":5.*(n * r -R _ - r JB - o s JB CJ m 'b o + O 'ln ~*) 1 

_ !.*('rJ * - n*) [2n + !.*(11 * - n*)J_j O -R b o CJ -R b 
(A-51) 

Equations A-~4 and A-51 are now solved simultaneously with an iteration 

performed on r JB (with corresponding 8JD and x) so that: 

-r R = r 
- s 

(A-52) 
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At that point, recompression i.s said to begin. '111c a1ljaccnt ir1vi:-;cid 

field is then assumed to undergo an iscntropic recompr,)ssion as it turn~ - ' 

from 8JD bnclc to the axial direction. This results in a pressure rise 

from PD to P4. Thi? recomprcss~on waves then coalesce into a trailing 

shock farther out in the flow field (Fig. A-9 ) • 

A recompression factor, N, as defined· by Nash (Ilef •. A-5); is used to re-· 

late the pressure on.the· .. discr.iminating skeamline. (in,.ter.ms of the. ratio, 

of stagnation pressure to static pressure) to the total pressure rise 

associated with. the turning .of tlie Jluid along the inviscid jet boundary: 

N 
(;o)d _ 1 

(:A-53) = P4 
-· ... 1 
Pl 

Then, in terms of this N factor, the pressure ratio on the discriminating 

streamline is given by: . 
\ 

(:• )d " N [:: -1] 
= 

' + l. (A-511) 

The value of 77d * is then formd from the foqowing relationships 

M* 

r r B1r2 
d 

"M~~ . ? : ~ l -(;.)/ cpd = M * 
2a 

(A-55) 

1 . 
<Pd = 2 ( 1 + e rf 77d *) (A-56) 

DETEHMINATION OF BASE BLEED 

From the definitions of ?Jd and ?JB, the mass flowrate between the two 

streamlines represents fluid added to the near ~ake (base ble~d in Fig. 

A-1 ). 
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From Eq. A-11 , the blce<l flo,~rntc cun bc calculated 'as: 

r;ll* 

ff ,*II I ( ~u') _l__ I ;,s = 2 P2a;2a o . 1 - '¾: 11 
+ * () ?Jii ... 

0 
77 * <l 

Th.c primary flowratc is given by: 

1) * n 

77 * d 

(A-57) 

' = n u A '(A ) p ~a 2a 2a •· ~58 

where A2a is anef.fecti.ve .Area for the. primary flow. If an effective 

throat radius, rt, is defined by: 

A * 2a 
2 

1T rt 

then the ratio of secondary to primary flowrate is foood to be: 

.,., * 11 * 

"· -y~\'•L I~ ~,,·) D D 
1 I ~ = a (A A* )2a 1 - '%: Il + ~* 12 

11 * 0 
. j77d* cl 

(k-59) 

(A-60) 

It should be ·pointed out that· the valve of w /w for which this model is . s p 
applicable is limited to the total mass flow in the shear layer below the 

T/n* streamline. Once the N-factor has been chosen, the above equations 

can be used to obtain 77d*, cpd' and, finally, the secondary flowrate 

necessary to yield a given base pressure. 

N-FACTOR CORllELATION 

Application of the theory to experimental data for aerospike base flows 

has yielded the empirical correlation of Fig. A-lj. Similar curves have 

been obtained for flow over two-dimensional backsteps and for flow over 

cylinders (Fig, A-13). The N-factor has been foood to be a fooction of 

. " 
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Crocco number on the inviscid jet bounda1~y. Dlii:; funct1011.iJ re!..,t.i,,:,:.::hit= 

nppears to be most affected by the gent~rnl shape of ·the inds.cid jrt 

boundary. ·For two-dimensional flo,, the· jct bow1dary i.s r,'idtivcly ;-;t!'Hi:t•• 

(Fig.A~llrn).; for parallel ru1iform fl~:w over cylinders, it has the 2>hapc 

shown in Fig.A-JZ1b; and,· for aerospil,e flow fields, it has the s!rnpc sh0wr1 

in Fig.A-llic. The more the constant~pressure free jet bonndnry tends to 

"ciive" into the axis, the higher the N-factor· for a given Crocc,1 number .. 

T4e experimental data used to o~tain ~he N~factor correlations covered a 

wide variety of flow conditions, i.e., gas compositions 1 free stream Mach 

numbert in>i tia-1 boundary. layer ,.moment thickri.ess, .. degree of nommiformi ty 

of the free stream flow amount:, of base bl.eed, and base geometries inc hiding, 

stings. The straight line correlation ,_curves shown in Fig. A-13 were .then 

cha.sen for the N-factor determina·tion-:(or the .. vario.us geometries and free 

-stream .Crocco numbers. Use o.f these N-factors for base pressure calcula­

tions for cases not used for the N-factor correlation has given results 

which agree quite weil with experimental data. In addition, where cxper..:. 

imental data have been available; the location of the point at which re­

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

rise have been compared for theory and experiment. Comparisons of this 

type are shown in Fig. A-15 through A-17. The experimental. data, taken 

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

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

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

step height. Nevertheless, the theory was able to predict the base pres­

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

accurately. 

It should be emphasized that the N-factors were ,determined as the proper 

values to force the theory ~ogive the correct base pressures for given 

base bleed flowrates, 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 pressure level 

at. reattachment lends support to the validity of. the theory. 
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Figure A-14. Base Flow Free Jet Boundaries 
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A comparison of theory and ex_pcrimcnt for Lase pressui e ;,!•1·11 bleed is 

present is shown in Fig. A-18• The experimental data ,,l.'r,• 1.>btn.incd from· 

cold-flow wincl tunnel tests for acrospike nozzle ,dth vari(111s amounts of 

base bleed. Similar comparisons have been obtaii1c<l for uthei· nerospikc 

configurations. 

' . 
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APPENDIX B 

TEST DATA R~DUCTION AT AEDC 

The test configu:ration at AEDC has been designed to. provide sufficient data 

for ev1:1,luation of. both full scale engine performance and vehicle drag. To 

accomplish this, pressure profiles along t~e vehicle forebody and boattail, 

and engine e,:cpansion surfaces will be measured in addition to flow engine 

parameters and overall thrust. Model instrumentation is shown in Fig. B-1. 

A lis.t of equations useful in monitoring the on-line test-to-test integrity 

. of each data point is presented in Taqle B-I. The con.stants used in the 

equations of Table B-I are. presented .. in Table B-II. Items 1-7 indicate 

average flow parameters for each run. Freestream flow conditions and.thrust 

contributions from various: portions;. of' the vehicl.e and engine, are provided 

by It~ms 8-22. Characteristic velocity of the primary and secondary streims 

can .·be computed as indicated in I.terns· 23-26. Fliegner' s constant data for 

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 throat area (Item 28) 

from Rocketdyne calibration data presented in Fig. B-2. This will pr·ovide 

a consistent comparison with AEDC. flow measurements by means of Item 29. 

Pressure ratios calculated in Ite~s 30-32 form tni basis for obtaining the 

thrust coefficients in Items 33 and 34. The relationship between pressure 

ratio and thrust coefficient is shown in eqmi.tion below. The quantities in 

Items 35-37 will aid in computing engine and vehicle icale parameters. The 

remaining quantities should help to evaluate ov~rall ~ngine and vehicle 

performance characteristics. 

CF = 
2 y2 

y-1 [r: ,r~ ~ [, -[:: l~] 
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Supplemental data reduction requested from AEDC is outlined in Table B-III. 

Thrust readings corrected for variations in freestream conditions are 

indicated by Items 1-10. The starred items should also be determined on-*ne 

if possible _to enable immediate data evaluation. Model scale coefficients· 

are provided by Items 11-15. All raw data taken during each test should be 

printed out on-line along with numerical i terns in Tables B-I, and B-II I. 

Nomenclature lists are provided in Tables B-IV and B-V. A schematic of Jhe 

model with pertinent area parameters is shown in Fig. B-3. 
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1 I 

2 I 

3 I 

4 I 

5 ·I 

6 I 

7 I 

8 I 

9 I 

10 

11 

12 

13 

14 

SYMfiOL 

p 
C 

-p 
cav 

p 
s 

'T 
C 

T s . w 
p . w 
s 

p 

q 

M 

F 

-
PF 

PB 
V 

PB 
V 

0 
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TABLE B-I 

ON I,,INE .DATAFnEDUCTION 

UNITS 

psia 

psia 

psia 

OR 

. OR 

lbs/sec 

lbs/sec 

ps~a 

psia 

lbf 

psia 

psia 

psia· 

EQUATION 
~ 

p = K
51 

(Pl+P2) 
C 

: --p K
51 

(Pl30+Pl31) 
cav 

p = K
51 

(Pl9+P20) 
s 

T = K
51 

(Tl36+Tl37) 
C 

T· = .K
51 

(Tl34+Tl35) 
s 

Primary Flowrate · (Fae Hit y 

S.ecoridary<. Flowrate. (Facility) 

Freest ream Static Pressure (Facility) 

Freest:re.am Dynamic _Pressure (Facility) 

Frees tr earn Mach Number (Facility) 

Force Balance Reading (Fl33) 

PF 

PB 
V 

PB 
V 

0 

A-124 

= K
1 

(P56+P71) + K
2 

(P57+P72) 

+ K
3 

(P58+P73) + K
4 

(P59+P74) 

+ K
5 

(P60+P75) + K
6 

(P6l+P76)· 

+ K
7 

(P62+P77) + K
8 

(P63+P78) 

+ K
9 

(P64+P79) + K
10

(P65+P80) 

+ K
11

(P66+P81) + K
12

(P67+P82) 

+ K
13

(P68+P83) + K
14

(P69+P84) 

+ K
15

(P70+P85) 

= K
16

(Pl02+Pl06) + K17 (Pl03+Pl07) 

+ K
18

(Pl04+Pl08) + K19 (Pl05+Pl09) 

= K
20 

(P3+P4) + K
21 

(P5+P_6) + K
22 

(P7+P8) 

+ K
23

(P9+Pl0) + K24(Pll+Pl2) 

+ K
25

(Pl3+Pl4) + K25 (Pl5+Pl6) 

+ K27 (Pl7+Pl8) + K61 PBe)o 

··r ... 

• 



ITEM 
• 

15 

• 

16 

17 

18 

19 

20 

21 

22 

23 

24 

SYMBOL 

p . 
BVDB 

p 
BVDU 

PB 
D 

PB)l 

D . 
F 

0 

F 
e 

FB 
V 

Feo 

f 
K 

p 

C* p 

.,...,_..,,.._....,_,_,--..:_·-·-.. -_.J:H-.hl,W:-.;,.,.,_!·~'--1....dl!.,!,.li,.;;;._,.;.~J...,.X.,,.&,~;:tt.;~~~J".1-..i:.;;~4'!.iiajli)!.~f~ 

TABLE 13-I 

ON LINE DATA REDUCTION (Continued) 

UNITS 

psia 

psia 

ps~a 

psia 

lbs 

lbs 

lbs 

lbs 

JO . 2 2 R-sec /ft 

ft/sec 

EQUATION 

PB . = K28 (Pl39+P.148) + K29 (Pl40+Pl49) 

VDB + K
30

(Pl4l+P150) .+ K
31

(Pl42+P151) 

+ K
32

(Pl43+Pl52) + K
53

(P144+Pl53) 

+ K
54

(Pl45+1'154) + K~. (Pl46+K155) 
. · o5 

PB = K
33

(Pl56+Pl64) 

VDU. + K
35

(P158+P166) 

+ K
3
/P157+Pl6~) 

+ K
36

(Pl59+Pl67) 

+ K
56

(Pl6l+Pl69) 

+ K
58

(Pl63+Pl71) 

. PB 
D 

PB), 

DF 
0 

F 
e 

FB 
V 

Foo 

fK 
p 

C* 
p 

+ K
37

(P~60+Pl68) 

+ x
57

(Pl62+Pl70) 

= P + K P - K P . 
BV 59 BVDB 60· BVDU 

= K
38

(P2l+P22) + K
39

(P23+P32+P36+P44+P48 

+ K
40

(P24+P37+P49) 

+ K
41 

(P25+P33+P38+P45+P50) . 

+ K
42

(P26+P39+P51) 

+ K
43

(P27+P34+P40+P46+P52) 

+ x
44

(P28+P4l+P53) 

+ K
45

(P29+P35+P42+P47+P54) 

+ K
46 

(P30+P43+P55) + K47 (P31) 

= Fo + K48 PBD 
0 

p 
= F - K48 BD 

= K49 PB 
V 

= K49 p,o 

= f(P ,T) 
C C 

+ K49 PB 

= (32.174) frc!fK 
p 

V 
0 

I 
i 

I 
• 
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TABLE B'"'.I 

ON LINE DATA REDUCTION (Continued) 

~:'.'\I' I'fEM I SYMBOL 
j1f~?} . 
. ~~" 25 I fK 

s 

UNITS EQUATION 

p;;;;,2 2 
fK f(P ,'I\ ) ec /ft = s s I . s 

26 I C* s . ft/sec -l C* = (32.174) fi:!fK s II • s 

27 I R e 
R = Kso P~/Tc e 

28 I A* R 
. 2 A* f(R .) in = R e 

29 I AX 
. 2 

A.t w C*/(32.174) P I !• in = p p . . C 

30 I PR 
V 

0 

PR = p /P 
V C B 

0 V 
0 

31 I PR 
BV 

·pR = p ,/PB V 
V 

32 I PR.., PR..., = p /Pco 
C 

33 I C 
FBV 

C ::::: f(PR) 
Fgv V 

34· C Fa., CF = f(PROO) 
ct> 

35 F 
t 

lbs I Ft = P A* (1 + w C*/w C*) 
C S S p p 

36 F. 
1 BV 

lbs I F = CF Ft 1BV BV 

37 I Fi 
00 

lbs I F. = CF . F 
l.oo . 00 t 

38 I C 
Pv 

C = (PB - PCJC') )/qoo 
p 

V V 

39 I C 
PD 

C = (PB - P.,., )/q.., i".·• 

PD I ' D 

40 I (PB /P c)l 
e 

PB /Pc)l = PB /Pc 
e e 

41 I PB /Pco 
V 

PB /Poo = PB /P_ 
V V 

-
42 I PB /P.., 

D 
PB /P.,.. = PB /P., 

D D 

~'i 43 lw C*/w C* 
J,•·r 

s s p p 
:~\ti~'. 

w C*/vt C* = w C*/w C* s s p p s s p p 
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TABLE }3-;II 

CONSTANTS USED IN EQUATIONS OF TABLE B-
1

II 
• 

.. 
K = _.01740 K23 = - .0133,6 K. ·. - ,02823 

1 45· -

K2 = .02737 K24 = .0101 K46 - ,01763 

K3 - .03323. K25 =··, .009525 K47 ::::. .01£:iLO 

K4 = .03909 . K26 = .01212 . K48 ==. 48.270 

K5 = .04495 K . -. 27· - .00906 K49 =·· 524 ;283 

Kff = .04108 K28 = .050 K pO :;: LO· 

K7 = .03035, K = 
2.9 .. 

.050 :,K51 = 0.5 

K8 = .02691 K30 = .050 K52 = 0.0000288 

Kg = .02802 K31 = .050 K53 = .075 

KlO = .02929 K32- = .050 K54 = .100 

Kll = .03060 -K33 = .050 K55 = ,075 

Kl2 = .03188 K34 = .050 K56 = ,075 

Kl3 = .03312 K35 = .050 K57 = .100 

Kl4 = .02732 K36 = .050 K5B = ,()75 

Kl5 = .05945 K37 = .050 K59 = 2.5909 

K16 = .08545 K38 = .05530 K60 = 2.2519 

K17 = .1074 K39 = .03082 K61 -· . 79591 

Kl8 -- .1417 K40 = .03577 K62 = 572.557 (no doors) 
589.303 (with doors) 

Kl9 = .1655 K41 = .02272 
K63 417.285 :;: 

K20 = .02415 K42 = .03890 
K64 = 36.692 

K21 -- .00957 K43 = ,0244'6 

" .01371 K44 .03953 K22 
:::,. = 

~,t, 
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TABLE .a-;.. I 11 

SUPPLEMENTAL DATA RJIDUCTION 

r---~ 
I . 
i. r·t"~Yr,moL 
fl~\~--tli~.1# .. -

F 
el 

UNIT ,. -· EQUATION 

lbs = -Fe + (qoo/qoo) DF 
el 1 0 0 

-
2* I F 

e2 

3* I F 
e 
vl 

lbs I F = F + (q /q )D 
e2 8 2 ~· =o Fo 

lbs I .F = Fe - (K49 PB ) (P 'P ) 
e ... , .,,, 
vl 1 V 1 0 

0 

.. 

4* I F 
e . 
. v2 

lbs I F' = Fe2- (K49 PBv 
) (P -;p ) 

e oo OD 

v2 2 0 
0 

5 I F 
eBV 

1 

lbs I F = Fe - (K49PB ) 
-eBV 1 v

1 l 

- -
6 I F 

eBV 
2 

lbs I F = Fe - (K49 PB ) 
eBV 2 v2 2 

7* I F 
e"' 

1 

lbs I F. = Fe - (K49 Pc:o ) e 
1 

1 1 

8* I F 
e ,..., 

2 

lbs I F = F - (K49 pco ) e e2 2 
2 

9 I FN 
1 

lbs I FN = F 1 + F o ( q~ /q= ) 

1 1 0 

10 I FN 
2 

I -
11* PR 

V 
01 

lbs I FN F2 + Fo (qoo /q""' ) = 2 
2 0 

PR = PR (P IP ) 
V V °"' "°1 01 0 0 

12* I PR 
V 

02 

PR = PR (P /P ) 
V V co on 

02 ·O 0 2 

13* I CF 
V 

CF = f(PR ) 1 & 2 
V 

V 0 

14* I <Pv <rv = F /CF F 1 & 2 
e t 

V V 

15 

·I 1'av 
,(<;.J 
01~/f 

4?BV = F /F. 1 & 2 
eBV 1.BV 
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• 

.. 

• 

..r/t;~A1~ 

.~ 
V' 

. I'J'.l:!,l I SY!,:r:t.:~. 

16* 

17 

18 

19 

. 20 

21 

22 

23 

24. 

25 

26 

27· 

~­
il>N 

C 

C 
V 

CBV 

C 

CN 

DPR 
V 

0 

. DRPBV 

DPR 

CF 
e 

PB IP\ 
e c./2 
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TABLE B-III 

SUPPLEMENTAL DATA REDUCTION (Continued) 

---·---··-------·----··- --·-· .. ·-- - ·----· -· ·-----•·-
UNIT EQli..\TT<.i:. 

·----- ___ ...,_ ___ -----··--·· -- - .... -·-·---- .. ·---·-- .. --·- -- -~---=-----( 
if .. 

<PN 

= F IF. 

= 

e J. 

FNICF 
V 

F 
t 

1 & 2 

. I 
1 &2 

c. = ~F -K64 (P cav-P00 )Yqoo ~62-P B K48' q= K62 
o o __ n· 

l&_ 

C -- C - (P K49) p"" /q.,, P.,, K62 
V B 

V 0 

1 8- 2-· 

.0 

CBV = C - (P K49)lq= KH2 B 
1 & 2 

V 

C = C - (P00 .K49)/q=K62 1 & 2 

CN = ( Fo - K64(tw°P.,. >1 lq "'" K62 
_o 

DPR = K52 PRv 
V 

0 0 

1 & 2 

DPRBV = K52 PRBV 
1 & 2 

DPR = K
52 

PR,., 1 & 2 

CF = F IF 
e e t 

1 & 2 

(PB P 
. vl cl Ai 

\~ ·.F - F 
- p } e2 el 

P,. p, BP* 
Be· . Be\ v2 c2 A2 

°T)=p;+ PK 
C 2 C / l cl 63 

2 
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TABLE B- IV 

NOMENCLATURE FOR ON-LINE DATA REDUCTION 

$1l-n1-:~1 T !->'i~mor. 
·f.1.J ' ----

l I p 
C 

Di·:3l'li[-P'-'.'l-;;,-.---· --- ~ 

----+--N-o.,...z_z __ l_e_p_r_i_m_a_r....,y--c-h_a_m_b_e_r ___ s_uppl y pr_ es s ur·~-- ---

2 I 

3 I 

4 I 

5 I 

6 I 

7 I 

8 I 

9 I 

10 

11 

12 

13 I 

14 I 

15 I 

16 I 

17 I 

p 
cav 

p 
s 

T 
C 

T 
s . w p 

• w 
s 

p 

q 

M 

F 

PF 

p 
BV 

PB 
V 

0 

p 
BVDB. 

·P 
BVDU 

-
PB 

D 

Average pressure inside the cavity c6ntaining the force 
bala-nce,which is formed by t.he vehicle and nozzle shell 

Nozzle secondary supply pr.e'ssure 

Nozzl.e primary chamber supply temperature 

Nozzle secondary supply temperature 

.Nozzle primary weight flowrate 

Nozzle s.ec<;>ndary w.eight f;I.owrate 

Freestream static pressure 

Freestream dynamic pressure 

Freest-ream Mach number 

Force balance reading (absolute) 

Average forebody pressure from the sting. slot to the 
maximum vehicle diameter 

Average pressure acting along the face of the nozzle 
outer cowl (Fig. ). This is the engine-on vehicle 
base pressure when the doors are removed 

Average engine-off pressure acting over the portion of 
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 

Average pressure acting over the rearward or boattail. 
portion of the vehicle doors (Fig. ) 

Average pressure acting over the internal surface of 
the vehicle door {Fig. ) 

Effective bo.attail pressure. When multiplied by the 
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, 
an~vehicle base plus door thrust with doors installed 
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,:j.,·, 

~r fiY~IBOL . 
18 ' '-p 

B 

" I I 
e 1 

19 DF 
0 

20 I F 
e 

21 I FB 
V 

22 I F= 

23 I f~ 

24 I - C* 
P. 

25 I fK 
s 

26 I C* 
s 

27 I R 
e 

28 I A* R 

29 I At_ 

30 I PRV 
0 

31 I PRBV 

32 PR00 

I • 33 C 
FBV 

I I .. 

---- ---------.-~~-,., ..... , ........ ~ .. -~-~.""""".L,;l""=~-4\t4,Ul,.\~;l:,,'\'d<il::.t.(..a:at-a;,,.~:)~~(.«U<:~'illlt~,<'~Mirf~ 

TABLE B~IV 

NOMENCLATURE FOR ON.:,LINE DATA REDUGTION (Continued) 

D~SCJUPTIO~ 3· 
~ l 

Average engine base pressure wh_en. th_e engin,e. _is ru1:ming 
without se·condary flow 

Vehicle forebody drag with the engine off 

Net thrust exclusive of boattail drag with the engine 
- running. Us_ed f.or computational purposes only 

Engine-off thrust over the portion of the vehicle 
occupied by the engine 

Thr\lst produced by the :fr.eestream static pressure acting 
over .the p.ortion of the vehicle_ occupied by the engine, 
in a direction oppostte to the engine thrust 

Primary -flow-real gas Fliegners const-ant: 

Primary flow characteristic velocity 

Secondary flow real gas Flie,gners constant 

Secondary flow characteristic velocity __ 

Primary flow throat Reynol_ds number. This parameter 
will be used to correlate aerodynamic throat area test 
data obtained at Rocketdyne 

Aerodynamic throat area determined at Rocketdyne 

Aerodynamic throat area determined at AEDC 

Ratio of chaml:>"er pressure to the average engine;..off 
pressure acting on the engine area 

Ratio of chamber pressure to the average pressure 
acting over the face of the nozzle outer cowl 

Ratio of chamber pressure to freestream static 
pressure 

Optimum thrust coefficient based upon air properties 
and the pressure ratio, PRBV 
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CF 

35 I Ft 

36 I F. 
l.BV 

37 I F. l. 

38 I cP 
V 

39 I cP 
D 

40 I PBe/Pc)l 

41 I PB /Pea 
V 

42 I PBD/Poo 

~
'~'i}1 

:ii -•-

\~-
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TABLE B- IV 

NOMENCJ.ATURE FOR ON-LINE DA'.J.'A REDUCTION (Continued) 

VESC.ltIPTIO:-,' 

Optimum thrust coefficient based upon 
and the pressure ratio, PR"° 

d~propertie: I 
Thrust parameter used for computational. purposes 

Ideal thrust of the primary and secondary 
on the optimum thrust coefficient, CF 

_ BV 

streams based 

Ideal thrust of the p1·imary and secondary streams _based 
.on the optimum thru_st coefficient, CF 

Pressure goefficient for, the average pressure acting 
over the face of the nozzle outer cowl (Item 13) · 

Pres~uie coefficient for the effective boattail 
pressure (Item 17). 

Engine base-to-chamber pressure ratio w·i thout secondary 
:flow 

Average outer cowl face pressure-to-freestream static 
pressure ratio 

Effective boattail pressure-to-freestream static pressure 
ratio 
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TABL;E B- V. 

NOMENCLATURE FOR ADDITIONAL DATA REDUCTION 

r··r'l'l•,'·I ,-s~;IJJOL n; '"ClllP'l'ION --- -..,.---..,.-....-,----d 
' . I 

1 F Intrinsic thrust of the engine without secondary flow ! 

2 

3. & 4 I 

5 & 6 I 
7 & 8 

9 & 10 

11 & 121 

13 I 

14 t 

15 

el (i.e., exclusive of a pressure force acting in opposition 
to the engine thruS't) ·with a -correction for variations in 
freestream condi tib:hS :from th'e fif'st data -slice (en.gine­
off) to the second data siice (engine-on without.secondary 
fiow) 

F 
e2 

F 
ev 

F 
eBV 

F 
e"" 

FN 

PRV 
0 

CF 
V 

~v 

<f)BV 

I 

Intrinsic thrust · of the engine with secondary flo.w ( third 
data slice) and with a correction for variation in free­
stream conditions from the first to the third data slice. 
Thes.e corrections are performed such that .all data is. 
corrected to conditions occurring during .the .current 
da.ta--slice. 

Engine thrust relative to tlieengine-offvehicle base 
pressure· force ·over the area nccupied by the ·eng,ine 

Eng:i.ne thrust relative t'o th·e engine-on vehicle base 
pressure force over .the area occupied by. the engine 

Engine thrust relative to the freestream pressure force 
over the area occupied by the engine 

Engine thrust relative to the engine-off vehicle base 
pressure force over t.he area occupied by. the engine 
including the influence of 'the engine-on boattail thrust 

Ratio of chamber pressure to the average engine-off 
pressure acting on the ~ngine area with appropriate 
corrections for variations in freestream.conditions 

Optimum thrust coefficieEt based upon air properties 
and the pressure ratio, PRV 

0 

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 slips~ream relative 
to the engine-off vehicle.base pressure 

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 

·- ----,.,. ·----
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16 

17 

18 

19-22 

23 

24 

25 

26 

27 

!:lnlBOL 

<b ... .,.. 

cf_)N 

C 

CV' CBV' 

Coo ' CN 

DPRV 
0 

DPRBV 

DPR"° 

CF 
e 

PB /P cl 
e 12 
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TABLE B-V 

NOMENCLATURE FOR ADDITIONAL. DATA REDUCTION (Continue.d) 

m:sn,1 PTIO:-. 
--· 

Nozzle scale coefficient based unon the freestream static 
pressure. This parameter will be used for scaling and 
data ~nalysis purposes 

Nozzle scale coefficient based upon the engine-off 
vehicle base pressure including the influence of the 
engine on boat tail thrus·t. Scaling by means o~ this 
parameter is less correct than by means of the paramete1·s 
i~ 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 . 
characteristics, and vehicle geometry provide net vehicle • 
thrust uncorrected for model sting effects 

Ratio of PRB (Items 11 and 12) to the nozzle design 
pressure 0 ratio 

Ratio of PRBV (Item 31 in the previous tRble) to the 
nozzle design pressure ratio 

Ratio of PR (Item 32 in the previous table) to the 
nozzle design pressure ratio 

Intrinsic nozzle thrust coefficient (see Items 1 and 2) 

Effective nozzle base pressure with secondary flow 
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Figure B-3. Test Model Schematic 
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