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FOREWORD 

This re~ort was prepared by The Marquar dt Corpor ation, Van Nuys, 
California, on Ai r Force Contract AF 33(657)- 5123, under Tasks Nos. 1 and 
5 of' Proj ect No. 655A, "Nuclear Ramj et fropulsion ~.;ystems Hesear c h and Tech 
nology . ' 'l'he work was admini s t ered under the dir ection of the l-r opulsion 
Laboratory (Di rectorate of ,,eroJr.ec hamcs) , Aeronautical Systems Di vision, 
R. F. Latham was Pr oject En;•inecr for the Laboratory. 

The studies r: res ented here were performed duri nr, the contract 
pe r iod 1 January to 31 December 1;;162 . The Marquardt Corpor at i on a c tivities 
•,; (~re under t he uircc iion of 1\. 0 . Mooneyham, Senior Project Engineer. Chief 
c ontri butors we re J . G. Bendot , Aer othermodynamics; R. D. Gr os sman, DesiGn 
~nd ec-.relopment ; a nd H. 1(. Nuno, Control s . 

'l'hi c repor t i s the fi na l t.c chni ('al summary repor t and c oncludcfi 
t he HOr K on Cont rac t AF 33{bj'{) -dl23 . The contractor' s repor t numbe r is 
t·1arqua r dt Report Go04 . The v olumes of this report are as fc.ll o...,s : 

VolW11C I: 

Volume II: 

Volume III . 

Volurr.e IV : 

Volume V: 

Vol ume VI : 

..; ~.:.trunary 

l' ropul s i on 3ystem Per formance and 
Aer oihermodynamics 

r·r opul s i on :.5y s tern Controls 

Pr opul sion Sys t em T:cr. i t:,n o.nd ~tructurul 
Aualys i.; 

Propulsion ~iystem Test !-·lanninG and 
Gx·ound Test Facility tudic1,; 

. 'tructural l•latcrials Investi,~ations 

Thin report is c lassified ~ 1\M I RIC'fL'B bA'fA i n conform
a n..: e wi t h requirements containcu i n AF -t: r ovided s ecurity e;ui da.nce (!"orm 
1 51 ) a nd OC DOC 75 . 

l' -·~ t ,I !"' 

!! 
i. - --~ l 0 

( '":/ -, - ,r, c . 
I 
. 

~ ;:. :.:> - 7 r 
I /1/C ~· (c j . ~ 

I 

II~ J 
' ··· ·t r 
I~~- ;0. -L --

3 

v r.·~ /\~ " M - 16t1 ~~-----------------------~U~NC~L~A~~~S~I F~I E~~D~-------------------~ 



Page determined to be Unclassified 
Reviewed Chief, RDD, WHS 
lAW EO 13526, Section 3.5 
Date:AUG 1 B Z015 

!=: .. .. 
"' 

AS D-TDR-63-277, Vo l. V 
UNCLAS SIll Fll 

(This a bstr act is uncl assif i ed ) 

ABSTRACT 

Tes t planni ng studies· i n this r epor t present the pres ent con
cept of t eat pr ograms , t heir scope , t es t object ives, probable testi ng 
s chedule , estimated number of t est weeks and t est r uns , existing facilities 
which can be utilized, a nd tes t conditi ons . The schedul e and t est plans pre
s ented are bas ed upon t he pr ogram outlined i n t he Ai r For ce Development/Pl an 
f or Pluto (AF Report o55A(G2A SRS 1614) dat ed 28 J une 1962 . ) 

Flight engi ne ground t est facili ty cr iteria are updated to re
flec t the lates t facility studies and t est planning. The site selection core 
drilling pr ogram and under ground air storage exper iment a r e described . 

~L_ ________________ ~UN~C~L~A~SS~I~F~I E~D------------------~ 
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1. tJ !Nl'HODVCTION 

•.JIY •: UPOIT ____ _ 

Experience accumulated by The Marquardt Corporation and other 
powerplan~ companies on many pro~ulsion sys t em develo~nent programs has firmly established the requirement for test fac ility and test progra'll planning and analysis prior to and during a development program. This advanced planning has become increasingly more important with tbe advent of larger, faster, more expensive, and more sophie~icated propulsion system~ . 

A concept of the Pluto propulsion system and flight vehicle configuration is shown in Figure 1. The propulsion system consists of a s upersonic inlet, subsonic diffuser, nuclear reactor, exhaust nozzle, and associated inlet, bypass, and reactor controls. The test program as outlined takes each of these components through the appropriate steps of model testing, component tests, subsystem tests, and integrated system tests. The test planning re• sults evolved and presented herein concern only the propulsion system and revresent a first iteration. Subsequent propulsion system test planning studies are required t o revise the development plan to i ncorporate advancemen1B in technology and program requirements. F'urtber test planning studies are required to provide a thoroughly coor dinated plan with the AEC reactor contractor and the vehicle contractor . 

It is noteworthy to point out the evolution of tes t planning philosophy associated with the Pluto program . During the early conception of the program it was envisioned t hat system testing would constitute the bulk of the development. This would i nvolve many units in a long series of t ests to develop simultaneously both components and systems. As more knowledge of the system and its components was gained, it became apparent that a more logical and more economical development would manifest itself as an extensive component development program followed by a few judiciously selected syst~m.s tests. 

The nuclear ramjet propulsion system requires a specially designed facility to accommodate both the large quantities of air required for s imulated flight testing and the nuclear r adiation from the reactor. The test facility, and i n particular the air supply, may lle considered a long lead item and its requirements and preliminary design must be established to allow definitive development pr ogram pl ann ing to proceed. 

Test facility studies Mave b~en conducted to a~iure incorporation of the most recent test requirements 1nto the facility criteria. Facility studies have also been directed toward establishing feasibility of economical design conc epts such as the storage of large quantities of air in undergro und chambers . 

S =5ECREf"RES+R I CTEEl OATA 
~L--------------------------A-TO_M_I_r __ e_•I_E_R_GV __ P_.G_T __ e_f __ ,_~~-~-'--------------------------__J 
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2. 0 SU.MMAHY 
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The test planning studi es assume a development pl an proc eeding 
from initial model and c omponent t est prog::-ams up through PrnT (Preliminary 
Flit;ht Ratiug Tests ). In addi tiou, preliminary system tests are present ed 
for formulation of military specifi cations governint; Ac ceptauce Test a nd 
Qualification Test procedures for ·~he nuc lear- ramj et powerplunt . 

The p roposed nuclear ramjet development p r ogram schedule i s 
shown in Figure 2 . The pr ogram schedule s hows the est i mated time span for 
pr opuls i on system developme nt and f a c ility c onstr uc tion. The s c hedule and 
tes t plans presented in this r eport are base d upon and are in a c c ordance 
with the program outliued in the Ai r Force Deve lopment Plan for Pl uto (AJ? 
Report 6 55A(62A ~RS 161!1) dated 28 June 1962) . 

The FEGTF (Flight Engine Ground Test Facility) s tudies were coll
ducted to i ncorporate c urrent testing philosophies into the faci lity des ign 
and to update t he f acil:!..ty c r iteria a ccor dingly. The criteria u pdating re
f l ects c hanges in t est time , air s torage system r ecovery time, engi ne design 
c hanges, and tes t planning . Des i gn stud i es ha ve i nclude d t he c oncept of an 
"open" tes t point au:.l eo::; t cUJOlJarison of rac: ilit~es desigueu t o a ...:conunodate 
var ious maxim wn engi ne c ize !l und t es t run o.~. •• -at i on , 

The c oncept o f economica l a ir stor age in underground ~hambers 
was im•estigated f urthe': t ln ·oa gh a site s ~lec tion core drilling program, de 
s i gn of' an underground air storage chamber, a nd the undergl' ound a i r storage 
experiment. The cor e drilling p::og:·am i nc.:i.uded th<" dl'lll i nr. , core r ecovery , 
and logging of n i ue hol es t.l.at r anged i n d~pth f ;:OO\ 262 to 1000 feet. Two 
si t e s whic h appear s ui t able fo::- undergrv,.md air !ltc~·age v~:.:·e loc ated wit hin 
the area proposed for th~ FECTF. 

Design o.: an undr:~c";nd <~ :.. .· !: torage c ~amb~r was completed 
based on the assumpti on tr.!lt t he s u~·rounding r ock ma ss would behave a s an 
clastic, s emi- i nf'tni t " th • k ~o:n :!.:-:d r ;,li nder a nC. a mi nimum i n situ modulus 
of elast icit y or l.' x 10° ps i. 1·h~ ·i·s ~f11 inc l udea n~ ,.: ~ssary structural 
and mec hanical calculat i ons dl'::ign d.a.wl.ngs Epec i f i c e.t i ons . and cost esti 
rrate . Po~· a c hamber capat..i ty ,·,f 7 ml.l ::..:.ou r- ounds us'!able ai ~· stored unde:':' 
3,6oo p ; i g . t be ::.ob '. "'" .; <> :; •.- ~ma• .. '.i 11t ~. <.J ].."/6 .0lt'l , 

An cxpct' l mc nt· o. L ] :o~;·nm •,1() :; ,0nduc: tcd :;-, _ : 1 ··· c.1 ol t ..J. i ; : -
inc. jat a 0 11 t hr prr f < :-m;).n •. r '"l f' !l hi t,:; 1 :· os :=.u:·e tr.cta l l_r : tl Hnocr,_r <Hmd u i ::' 
s t orage c hamber l oca t ed i n ' '.e l;ol Area rf -~he Neva atL 'l'~ :; ~- ..J :. t.e . 

Dux ing t he expe:i.'in.~n t. , a J,:r ::~;su.-e of 2 <;t;Q pSl was obtained . At 
t his po i nt the metal liner r uptured and t he -:xp~:..·u~ ;r.~ . . !\d • o '1"' t. ::~ c:, i r.ut"G . 
An inspection of the tes t ( harnbe:· :::ev ~aled t hat a r; u.dden di splnc emen"': of t he 
r o: k ma~s to one sid~ fl f t '"l... '">amh!':r oc:.ur~~ C. , t he~et-v ul l rw :.ng the met a l 
l ir.er t .o l u:pt u::-c . 
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For ~conomical r easons the pilot chamber was located at the rela
tively shallow depth of 190 feet . The rock in this area exhibited more than 
adequate qual ity in laboratory testi ng . However , during excavation a r ather 
hi gh de gree of fracturing and gappage was found -co exist. I t is expected, 
based upon the inspec tion of cores from the: site selecti on core d r·ill1ng pro 
gram, that a significantly lm•er degr ee of fracturing and t ightly sealed 
gappage occurs at the full cha!nbe r de pth of 500 to 800 feet. 

The data obtained from the experiment have confir!lled the de &ign 
approach and have established a t heoretical mode l describ i ng the behavi or of 
pr essurized rock . 

• ~ quantitative correlati on between the characteristics of pilot 
l ocation r ock and full c hamber locati on rock must be made t o allow a full 
evaluation of the experiment al data relative to l ine r des i gn. 

:: ~E€Rft--RESTR I CTED BATA 
~L------------------------~--T_o_n_I __ CE_N_E_R_G_t_A_e_T __ a_r_t_9_5_~ __________________________ -J 
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.l . 0 PHOPliLSlON ti YSTEM TEST L>LAN:--:1N(; 

Model Test P r og rurno 

In iti al desi gn op': imi zat ion at' .:: e: ·tain Pluto o: omponents and s ub
sys terns may be accomplis hell more ~conomically ut.i lizlng s cale mode ls . Com
ponents in this ca t egory and f or which model tes t pr ograms were defined in
cl ude the supersonic i nl e t, the s ubs oni-:: diffuse::- , the exhaus t nozzle, a.nd 
the exhaus t sys t.ern afterbody. A model t e s t p:·oE;rarn iii also defined to provide 
des i gn c riteria for t he ful l sca le fre e jet t est nozzl e G. 

j .l.l Supersoni c Inlet 

Two inlet des i gn configurations are c urrently under 
invest i gation for use on t he Pl ut o p ropulsion s ystem : t he ax isymmetri~ in
l et bei rr~ i nves ~igated a t Tl·:C:; and the double scoop inlet. being 1uve st l ga.t ed 
by eve. The t e Gt program for the ax i uymmetric i nlet i G pres ented in t his re 
port ('rable I ) and cover s the peri od of October 1962 t o July 1965 , Three 
scaled models will be UG Cd for t he t es t program. Thes e are: 

1 . 1/ll scale model for a e r odynamic parwr.ct r ic 
s tudies , p~!'formance predi c tJ.ons and drag 
mea.nurement 

' . 1/ J s t: ale mcxie.:. i'Ol' cont :rol pa:ramet er s tud 1es 
;l "' r1 1n.: -- t ~l.' · 1F- 'r'l( 

). C> • .l. ; sr_ a ! e m-::•::.e .!. :'or !n:e:. bleed, r-ontrol parame
l~r a nd pe~~v~nanc P. stud!es . 

UurinL 'f 1 )62 .: '! '.:. t:onduc ted a de •. elopmcnt pro~:,ram on 
,.:: lo .... tlc· co. i n~e: c!es 1~11 Slna _ar :o t hat 0:1 the axisynmc':!'i~ d e <:1gn. 

rol lo• .. in0 the NASI\ 1\mes t. es 1, scncl•1led rc::- De<.: ember- 19G2 ->n t he 0 .15 scale 
a xisyr.une t r1c mo~cl , t l1 1' Ai :- for c e will Ee l e,• t a design f r om l':c t wo inlets. 
'l'he s elec ted inlet des i r;n ~o.•ill then be develoJ-ed. The 1nd1::ated tes t P!'Ograrn 
s c ope s hown in Table I i s ap1 li -:: nblc f Jr e :':.l' '? . in!e' des.lln The tes~ pr o 
g r am out lined cons i sts of 57 ··.e s t da.ys ncld:!.n c; npp:·oxirnutcl.y oOO teGt data 
::-uns over 11 .-alendar pe;:i or· of U mC"n1;.,; The !'s t I" Ondi tions i ncl ude a Mac h 
number r·ange of 2.·• t v 1.u wi t i-J angl e of a1-~a< k and yaw !'ange ('(' 0 " to ) " . 

j .L 2 Subs onic Di ffuser --------
'fhc nu leor r amj et. mtS!i i lc d<' G i~n 1 11" ludes a Gubmerged 

lnstalla l i on ot' t ht:' !-r opul s wn sys ~er, l'he con trolli"t:. inf luenc e o n des ign 
···f t he s ubson i •; d i f f us er en.a:rato::s L orn vehic le i nteGrat ion and st!:'uc tural 
~ ons idera.t iom; . D~' 'J ~" l opmC'n n~ t."e suhG onir- di ffus ~r must. t~erefore be uc 
~ omplish,.d i r. ~ on ,iunr. t ion wJ• h ':.h"' v ~"~u.:le . lnt e :-ne.l a crodynatnH' development 
of t he d_f fuser will bl" actompli sh~d rr>nt:: ur::-~n tly .... 1 ~h t~e 5 upe:-soni~ i nlet . 

~L-------------------------------£-Iq_~_~_G_t _A_e_T ________________________________ ~ 
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I n the aerodynamic evaluation program, the subs onic diff'v.ser utili:z.ing structural lines supplied by eve, wi ll be tested with t.he 1/11, 1/3 and 0.15 sc~le inlet models. The number of test rw1s, number of t est days, and t est conditions will correspond to that shown for the i nlet model pr ogram and will coincide with t he pr ogram shown in Table I for the period 1963 through mid -1965. The development i nformat ion to be obtdned is as follows: 

1 . Pressure recovery characterist ics 

2. Inlet and exit pressure profiles 

.. , 3. Drag data 

4, Inlet-diffuser coupling ef fects 

5. Separat ion at pitch and yaw operation, and 

6 . General duct dynamics 

Exhaust Nozzle 

Initial development t ests ( )f t he exhaust nozzle were accomplis hed during 1961 . Fr om thes e t est.s a design concept was selected whi ch exhibited super ior performance characteristics and a f avorable trade-off between weight, material of const.ruct.ion and cooling . The development of the convergent-di vergent ejector type exhaust nozzle will pr oceed through a combination or scaled model t esti ng and full scale component t esti ng . The full s cale component test program i s described in Sect.ion 5.1.2 of thi s report . A s ummary of the scaled model t est program i s shown in Table II. 

The model t est program wi l l utilize both ful l scale t est s ector s and scaled models during the four t est periods cons i st i ng of 55 t est days and yielding approximately 254 t est data r uns. Development information to be obtai ned will include (1) heat t ransf er design dat~ and demonstrat e f eaolb ility of e j ector cooling concept , (2) investigate structural des i gn int~grity, and (3) determine the nozzle performance charact eristi c. 

Temperature, pressure and ai r flow ratios of the s econda~y and primary air streams will be varied to bracket the chQracteristics of any configurat i on which me.y be selected ups tream in the secondary flow channel. 

Test f acility surveys indicate t hat existing t est facilities e.t MJL-VN or NASA are suitable for t he t est program. Special t est equipm~nt r equired i ncl udes a booster air heater of the vi t iated type. 

~ "'5ECREt~ESTRICTEt> DATA-
~L--------------------------~-------F-N_F_sc_x~·-c_r __ e_r __ ~ __ 4 ____________________________ ~ 

6 



s:: 

DECLASSIFI ED IN FULl 
Authority: EO 13526 
Chief, Records & Declass Div, WHS 
Date: AUG 1 B 2015 

&ECRrt"'~ 
ASD-TDR-63-277, Vol . V ~' ENERGY A'T OF 1 95~~ 

3.1.4 

u'oa. __ 0_v_0_~ __ 

The c urrent systr.m deoit_;n requires that the c ooling air use d for airframe, air conditioning, shielding, and auxiliary enviroPment control be discharged overbourd through the annular OIJPCe between the ex
haust nozzle and airf rame shroud. As shown in Figure 3, there will be f our 
air s t reams impi ng ing within thio area: vr i mary air stre am, s econdary a ir s tream, airframe o.nd nux i linry coolin~ , and vehicl e external air otream . Flow i nt erference problems nll\y develop during off - design operation a ffecting auxiliary flow requirement.s, nozzle performance , anu drag . 

Wind tunnel t e s t s of l/12 scale models will be accomplished in two s eries of tests as s hown in Table III . Test objectives will i nclude optimizat ion or the annular ga p configuration between the e x haust 
nozzle and a irframe for the initial PS- 1 design and the final flight des i gn. Annul us t e mpera ture, pressure, and boattail drag will be determined. 

Exi s tine wind tunne l fac i lities, either comrneri cal or government, with simulation capability for the " on the deck" flight condition are avi.i lable. Specii.l t est equipment i n the for m of air heater c apacity may b e required. 

3 .l. 5 Fr~e J et Hozz l e Spillag e Ratiu aml Starting Te chnique 
Tes ts 

The model tests (Ti.ble III ) to be conducted wi l l ~ro
··ide design criterili. for the flight engine ground test facility. The effects of bl ocltage of current propos ed engine inlet deoigns on startup and ope r ation or free j et nozzles wi l l be determined. Engine i nlet lo~ds will be obtained 
during f low transition from s ubsonic to ~>upersonic . The t est program will include evaluation of the select~d r luto/Slam inlet conf iguration using 1 /ll scale models with s everi.l !'ree ~et nozzle systems having l;:·oad s pillage 
ratioo . 

Ex.;.s t. int5 ;, :..r Ft•r.; ~ f a•. ilit~es c o.n he utll!.zc d f or the test program, ...,pec J.al t ef • . .-quipm" "'lt nn,, , S :..nr· l udc l.tlo!! free j eT. nozzles 
a1.d shrouds. 

j . 2 Component Te s t F~o5:am~ 

•re s t proc;rams are de fine d for development of t he following components which make up the Pluto p ropul sion syst.em: exh!lus t nozzle , r eac tor s i de support, inle t -di fuser , reQr.tor a xial supports , c ont:::ols, and t he air
f rame auxiliary cooli ng syst~m. 

; SECRETaRESTR ICTEO DATA 
~L------------------------A_r_e,_n_e __ cr_•c_R_s_v_,_'e_r __ e_r_,_~-~-·------------------------~ ., 
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The component development t est plans presented in the next four tables include documentation of the components at the moat severe operational conditions expected in programmed flight to establish a high degree of comporr ent reliability. Additionally, test conditions will be imposed during the tests which will simulate severa1 eventulllities which may occur during the flight program. The eventualities include the following: inlet-diffuser buz~, extreme g maneuver , operation at off-design conditions, ext reme climatic con~ ditions, handling and transport accidents, and reactor over-temperature . A descript ion of each conponent development t es t area is presented below. 
3.2.1 Exhaust Nozzle 

The convergent-divergent ejector type exhaust nozzle design which evolved f rom the scale model program has been s elected for full scale development test. The uncoated nozzle configuration must satisfy the following requirements: (l) high performance (Cd> 0 .98) , (2) withstand 26oo~ gas temperature and 325 psia pressure for an extended period of time, (3) witha tand high g loads 1 and (I~) have remote coupling/uncoupling capability for reactor removal/installation. 

The component development test areas of the exhaust nozzle include the primary duct wall and liner 1 the airframe coolinE, system, tbe liner seal, t he duct attach mechanism (including the remote disconnect f eature) and the instrumentation required for determination of propulsion performance. Proof tests of hardware required f or PS -1, PS-2, and PFRT system test programs are also defined. '.rhe test program is shown in 'l'able N. The development teat program is shown in Table IV. The development t est program outlined in the table consists of' 30 test weeks over a time span of approximat ely Z7 months with completion dU!'!ng t he first quart.er of 1966 . 

•rest f acility surveys indicate the Tory IIC facility has the required flow capabilities . Special t est equipment required includes a n a~r heater booster (2600~ temperature and 2000 pps capability) and an air distribution manifold upstream from t.he t est item. 

,3.2 .2 Reactor Side Sup£o~t 

'.rhe reactCir side support system provides radial restraint of the reactor core during t hermal cy•'li~g of the reactor, and during vehicle maneuvers maintains proper alignment of the reactor with the exhaust duct. 

The development t eet pr ogram as defined proceeds in a step pattern involving individual spring component t ests, full length sector model tests, and full scale slice tests. The component testa will consist of load-deflection and structural evaluation of several candidate spring designs ltnd.er ele·.rll.ted temperature conditions of 1200"F. The full length sector model will b~ used to determine pressure d:'•)P and helilt t ::-anster characteristics at design lllllSs flow (120 pps total) and temper ature (1200"F). Approx1mately 12 "reeks of teats yielding approximately 80 t est d.at~ runs are required for the sec tor tests as shown in Table V. 
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Side support system dynamic behavior wil l be determined by v ibration and shock t ests of a ful l diameter slice. The pr oposed tests will be conducted at ambient condi t ions and with various spring preloads. Test conditions will i nc lude randorr. and s i nusoidal vibration i nputs up to 7 g ' s and cycl i c differential pressure loadi ng to simulate effects of buzz condition on t he core matrix and side suppor t system. The core mat rix will be of steatite tubes representing actual f ue l element geometry. Three t est periods involving a total of 12 test weeks, are r equired uc indicated in Tabl e V. 

Test facility surveys indicate several existi ng c ommere ial and Air Force f ac ilities having the required capabilit ies ar e ava ilable f or t he side support system tests . Special test equipment required includes an air booster heater ( l 200°F) and cyclic different ial pressure simulation. 

The development t est pr ogram for the inlet - diffuser is divided i nto 5 phas es which i ncludes the air bleed sys t em, the bypass doors, variable geometry inlet, remote coupling, and proof tests of hardware for PS-1, ?S - 2 and PFRT s ystem demonstrati on programs . The t est programs are summarized in Tables V and VI . A brief description of the tests foll owc: 

1. Bl eed sys tem - Eight t est weeks yielding 20 test 
data runs at free j et flow condi t i ons of tolach 2 .5, 
2 . 7 an C. 3 . 0 are required to optimize bleed s l ot 
positi on and performance documentation . National 
t est f acilities (OAL-Texas and Tory IIC-Nevada) 
are available for the subject tests . Spec ial 
t est equipment requi red includes free j et nozzles 
and sh::-ouds . 

2 . Bypa sf; tloor - Approximi.tely 9 ~1eeks of direct
connect t est are indicated y i elding about 25 data 
runs to evaluat e door size and flow characteri stics, 
door functional operation under load, and struc
tu::al integrity. National facilities indi cated 
under Item 1 i.bove cs.n be utilized for the t ests . 
Specii.l t es t equipment required inc ludes a dir ect
connect a ir nozzle and booster air heat er. 

3. Variable geometry inlet - Development t ests of t he 
cowl and t ranslating spike are r equired to deter
mine inlet recovery characteristics at prede t er
mined spike positi ons ; t.o obtain control paramet er 
data; and t o ver!.fy structural integrity of com
ponents d~ing inlet s tar t, unstart and r estart 
condi tions . Appr oximately 10 free j e t flow test 
>1eeks in the 'l'ory IIC facility are requi r ed which 
i s esti mat ed to yiel d 2'7 data runs . 

"5EC~RE:STRICHD DArA 
ATO~ IC EWERGY ACT Of 1g~~ 
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4. Remote coupling - These series of t ests involve 
functional and structural evaluation of a remote 
coupling device for the inlet which is required 
for subsequent propulsion system ground documen
tation teats. Static tests at expected operating 
pressures to prove the structural integrity are 
required. 

5. System proof t esta .- Three test periods in the 
Tory IIC facility are required for documentation 
of structural integrity of hardware required for 
the PS-1, PS- 2 and PFRT test demonstration pro
grams. 

Reactor Axial Supports 

Development tests of the reactor axial supports will be accomplished by a reactor contractor selected by the AEC, therefore, only structural proof tests of hardware for the PS-1, PS - 2, and PFRT propulsion system programs are defined (Table VI) . The axi al supports consist of t he forward grid front support, the core tie rods, and the downst ream base pl~tes. Existing Air Force and National facilities are available for t est use; however, a booster air heater (2550 °R temperature capability)a nd load simulation equipment is requir•: as special t est equipment. 

3.2.5 Propulsion System Control s 

The functions of inflight propulsion system control s include precise modulation of engine thrust and engine aerodynamics to fit ~ programmed mission cours e . The controls must compens ate for any variat ions from programrr.ed thrust, altitude, Mach number, angle of attack, and angle of yaw. The control components while being subjected to el evated temperatures and a nuclear environment must perform their function for extended periods of time, poss ibly for 10-hour flight missions . 

include the following: 
The major components which make up the control system 

1. Mec hanical-pneumatic actuators ~nd servo valves 
to operate the reactor contr ol rods, the bypass 
door s, and the contraction ratio contr oller. 

2. Inflight control electronic circuits a nd asso
ciated sens ors which supply the intelligence to 
control the nuclear reactor during flight. 

3· Ground cont r ol system consisting of sensor s and 
electronic computing and control equipment to 
start the nuclear reactor and bring it to a power 
level r eady for laU!lching. 

~ StGREfo RESTRICTED DATA 
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The proposed controls t~st program schedule i s shown 
in Table VII. The development t est program consists of bench development 
testing and env ironmental test of the components . The development t est mile 
posts include component development t est phase completion by mid 1964, com
pletion of flight prototype hardware tests by the end of 1965 and documenta
tion of flight type t~rdware priol' to pre-PFRT. A detailed description of 
the component devel opment test phases is included in Reference 1. 

3.2 .6 Airframe and Auxiliary Cooling System 

The airframe and auxiliary cool ing system perform a 
variety of functions within the propuls i on sys tem and the flight vehicle. 
These functions are as follows : 

1. Provides the air requirements for the pneumatic 
actuator syst ems of the variable geometry inlet , 
bypass doors, and reactor control rods 

2. Provides the air requi r ements for the a i r condi
t ioning system located in the vehicle, and 

3 . Supplies c ool wg air for the warhead shielding
1 

t he airframe attach structure, and the exhaust 
nozzle s~oud and convergent-divergent s ections 

The air is scooped within the propulsion system dif 
fuser and is exhausted t o the atmosphere at the a£t end of the exhaust nozzle. 

The development problems associat ed w1 th the air frame 
and auxiliary cooling system incl ude s izing of air inlet scoops and the ex
haus t passage to meet the pressure and mass flow r equirement s of the functions 
listed above. Additionally , exha•.1st sys':~:n afte:-body geometry has a signifi
cant effec t on propulsion system drag 11nd will ::-equire a sophisti cat ed de 
velopment pr ogram. Initial deve lopment and (:Oncept se l ec t :!.on will be perfonned 
with a scale model as indicated i n t ne model s ection of this repo:·t . Full 
s cale development tests can bes t l"~ acc:orr.plished as pa ::-i_. of th ~ di ffuser and 
exhaust nozzle component programs. 

3.3 Subsystem 'fes t Progra!!'~ 

The pur pos e of' subsystem t esting i s to demonstrate the compata
b i lity of two or more developed r omponents and to document subsyr;tem perform
ance and structural characteristics or the combined components. '1'he s ubsys
t ems of the PLUTO propulsion syst.em are ident ified as follows: 

1. Inlet, d iffuser , bypas s doors , and a c-tuator systems for 
variable geomet:ry and bypass dor·rs 

2 . Reactor side s uppo::-t ~>Ysi .em , control red ass embl y, and 
exhaust nozzle 

; =SEGRR~ESTR I GTEB ElATA 
~ A"fetH 6 EIIEf\8¥ AeT Cl~ 195'4 
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3. Nuclear r eactor, control rod assembly, control rod 
actuator system, and exhaust nozzl e 

A summary of the planned test programs is presented in Table 
VIII. A brief description of e~ch subsystem program foll ows. 

3.3.1 Inlet, Diffuser , Bypass and Actuator Systems 

The subsystem test program involves documentation of 
the var iable geometry inlet, the diffuser, and the bypass doors with the 
actuator systems which position the variable geometry i nlet and t he bypass 
doors. The main purpose of these tests will be to verify the function and 
response of the integrated components during conditi ons of i nlet star t, un
start and restart . Additional test obj ectives will include documentation of 
inlet performance, verification of sel ected locations of control sensors, and 
the documentation of subsystem s tructural characteri stics. Backpr essure 
s imul ation of the reactor and exhaust nozzle performance wi ll be obtained us ing 
a presst~e drop device and pl ug arrangement . 

Three t est per iods each of 6 weeks duration are reqUired 
yielding approximately 60 test data runs. The first two test periods will be 
devoted to documentation of ini tial component development des igns and the lat
ter test period wi l l culminate the development program with doc umentat ion of 
the f inal PFRT/flight des i gn . 

The test objectives, test conditions , and t he required 
spec ial test equipment are s hown in Table VIII. The indicated test condi tions 
were established based on the facility capabilities of MJ L-VN and OAL-Texas . 
~~ese facilities have short run time capabilities; however, they were selected 
fo!· these test series because of antic.:lpated scheduling pr oblems in the Tory 
!IS !'acili ty. If t he testing can be accomplished in t he Tory IIC facilit~r 

1 
T·'len l ower altitudes than indicated can be documented . 

The speci al test equipment which is required i ncludes 
t~e backpressure s imulator, the Mach 2 . 5, 3.0, and 3.6 free jet nozzles and 
s h::-·c·uds, and the test item s upport stand. 

3-3.2 ~eactor Side Supuort Svstem 

Proof tes ts of tr. ~ full scale (leng<.h and diameter ) 
r eact.or s ide support system (ana ass0ciated components ) are required to demon
s~rate system dynamics and structural integrity under normal programmed flight 
('Onditions of boos t, gust , maneuve:!', and s tares e j ection loading . 

~ ~ECRET R~STRICTED OAf.~ · 
u PTQM!C ENERGY ACT Of 195 '~ 
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During the vibration tests, l~teral acceleration at t he fore and aft reactor stations will be varied i n and out of phase to simul ate engine str ucture whip. The s i de support s tructure and reactor core shoul d be subjected to the elevated temperature environment (if pr acticable ) expected in flight dur ing the s ub ject teflts, and for time periods equalling that in flight. The proof tests will include vibration of the test item through the g load range of 1 to 9 and a frequency range of 1 to 500 cps. 

The test i tem wil l include the reactor core, the pres sure vessel, reactor side and axial supports, the exhaust nozzle and t he control rods (mounted in simul ated diffuser section). The reactor core will be simulated using steatite tubes . 

Commercial test facilities are available for the vibration tests ; however, capabilities are limited. To meet the above test r equirements , shaker assemblies will have to be added to existing ganged shaker sys tems . In addition, the vibration test facilities invest i gated lack therequired temperature environmental capabil ity. 

3·3·3 Reactor, Reactor Control Rod Actuators and Exhaust 
Nozzle 

This subsystem test proeram will i nvolve demonstr ation tests of t he reactor, exhaust nozzle, and t he inflight reactor contr ol system. The overall purpose of the test program wil l be to demonstrat~ reactor control by t he i nfl i ght control system . The demonsf.r a.tion will include control systern modulati on of r eactor power level from t~e condition of l aunch to cr uise power while maintaining the reactivity below "prompt" critical and r eactor temper a ture a.t 2500°F. Additional tes t objectives will incl ude documentation of reactor performance using control system overrides and structural and f unctional evaluation of the flight type actuator systems . The de t ail t est object ives and test condi tions are listed in '!'abl e VIII. 

Two test pr ogr am pe::-iods eac~1 of 6 weeks duration are required for the subject tests. Th~ latt~~ t0.st pe~iod which is shown s cheduled just prior to pre -PFRT will culminate the =eactor development p~o gram. 

Integ~ated System ~e~t Flanni~ 

The PLUTO propulsion syst em test demonst"ation program was es tabl is hed by the Air Force in mi d-1962 and is presented in the Air Force De velopment Plan for PLUTO {Refer ence 2) . The int egrated system test progr ams which have been scheduled include th.e following : 

PS-1 . To be accomplished 20 months a f ter initiation of the 
full s cale pi ~gram 

PS - 2 . To st~~t 9 mont2a after PS-1 

§ 5fGRET RESTRICTED ElATA 
~ ~01'1'1 e Ellf!I\Ct ACT 01' 1954 
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PS - 3 . (r re-PFRT) To start 18 months after PS-2 

PS-4. (PFRT ) To start 24 months after PS -2 

oOOl. II'OIT ____ _ 

A brief description of each system test program and the planning studies which 
were accomplished during CY 1962 is presented below. 

3 .!~ .l 

The purpose of the PS -1 test program is to demonstrate 
successful operation of a r amjet engine cons isting of a supersonic inlet, an 
S -shaped subsonic diffuser, a Tory IIC type reactor, and an exhaust nozzle . 
Test hardware will be flight type but not flight weight. Test i ng will be ac 
complished in the Tory IIC facilit y and test conditions will be restricted to 
those available with current capabilities. 

The detail test program objectives, test installations, 
and special test equipment needs are contained in Reference 1. The proposed 
test run plan is shown in Table IX. A detail test run plan will be formulated 
jointly by the participating Air Fo1·ce contractors and the AEC reactor con
tractor prior to the test demonstration. 

3.4.2 PS-2 and PS -3 Program Pl a ns 

Detail tes t program planning for PS - 2 and PS-3 has not 
been accomplished to date. In general, the tes-c condi"t i ons and test run plan 
for PS-2 will be identical to PS -1. It is assumed at this time that , fol low
ing the Tory IIC reactor demonstration tests, an AEC r eactor contractor will 
be selected and assigned the t as k of' designing and f abricati ng a f l ight proto
type reactor. PS-2 will then serve as the test demonstration of an int egrated 
system of flight weight design utilizing this reactor. The t est program will 
be conducted in the Tory IIC fac ility . 

The PS - 3 p:..·0g:ram objective will be t he documentation of 
integrated system endurance with flight prototype hardware. Test conditions 
will duplicate typical flight conditions and expect ed f light operating times. 
'!'he ne;1 Air Force test facility will be used for the progr am. Successful 
complet i on of t he Po - 3 proararn will demonstrate the system ls read,.v for formal 
1'f'HT 

PS-4 (PFRT ) Program Plan 

The proposed t est program plan is in general conformance 
with the philosophy and intent of tests outlined in MIL-E-8223A Preliminary 
Flight Rating Test for Ramjet Engines with deviations and additions t o accom
modate unique and special f eatures associated with a nuclear ramjet power 
plant. The PFRT will be conducted in two parts : (1) full scale propulsion sys
tem testing, and (2) component/subsystem testing. The PFRT program swnmary 
is presented i n Table X . 

~ Wo~FJ~f1~2 ~~lA 
lL-----------------------------------------------------~ 
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Propulsion system t ests will include boost s imulation, 
high a l t i t ude performance and dynamics, boost takeover, letuown, low altitude 
perfor mance and dynamics, and low altitude durability. Subsystem PFRT will 
include documentation of per formance and enduranc e characteristics of the in
let, reactor, controls, react or late:-rrl aupport, and P-xl:aust nozzle . 

3-5 Proposed Pr ocedures for Acceptance and Qualification Test of 
the Nuclear Ramjet 

Acceptance Tests 

Acceptance t est procedures will, in general, follow 
those described in MIL-E-8222A (ASG) Acceptance Test for Ramjet Engines . The 
majo~ deviation from the military spec i fication is the elimination of t he thrust 
demonstration run. The radiat ion level s ubsequent to a hot reactor run would 
pr ohibi t post test i nspection and use of the engine for flight . The proposed 
tests will include calibration of non-nuclear com.ponents separatel y and cali
bration of the engine system using a pressure drop s imulator in place of the 
nuclear · r eactor . 

Qualification Tests 

The qualificati on t est program phil osophy presented in 
Ref e r ence 1 is in general conformance with the mili tary specification MIL-E-
8221A (ASG) Qualification Test for Ramjet Engines. The test p r ogram described 
in the reference t akes into account factors peculiar to nuclear power pl ants. 
These include nuclear power plant trajectory times, the limitation on nuclear 
component cycli ng, radiation hazards , and t he post tes t inspection limitation. 
Because of the above fact ors propulsion system test s are subdivided into nu
clear and non - nuclear test phas~s . The major deviation from t he military 
specification is in regard to demonstr ation of propuls i on system endurance. 
I n the proposed plan, !:'yst:!m enu:u·ance will ~~ documented in fl i ght . 

e 
~ SEeREF-R~SIRICIEO OATh 
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4. 0 PROPULSION SYSTEM GROUND TEST FACILITY STUDIES 

4.1 Facility Criteria Studies 

As part of the 1962 cont~act, FE&rF studies were conducted and 
the criteria were updated accordingly. This updat1ng reflected changes in 
run time, air storage system recovery time, PLUTO ~ngine design changes, and 
engine teat planning revisions. The following discussions of the facility r~ 
vised criteria studies are excerpted from Reference 3. 

4 .1.1 Facility and Test Requirements 

At the beginning of the contract year, an evaluation 
of the testing requirements for the facility was made, and ground rules were 
established which provided that the facility shall 

Mach Number 

3 .0 

3 .0 

3·1 

1. Provide an independent Ai r Force test point while 
sharing the Tory II ~mintenance and Disassembly 
Building and making maximum use of exiting Tory II 
services 

2. Utilize underground air storage and vitiated air 
heating (finding results of t he UAS Experiment 
and Co::-e Drilling Prog!'am ) 

3. Be capable of handling test engines to a maximum 
of 63 inches i n diameter 

4 . Provi de +.he. following maximum ope:::-ating condi
tions ~or t , e 63- : nch d iameter engine 

Day Altitude Mass Fl ow Duration 

A.."NA Cold 1000 t' t. 2585 pps 90 minutes 

AJ-:A n•)t 1000 ft 2300 pps 90 minutes 

ANA Col d Sea :!...evel 321tO pps 60 minutes 

5 . Be capable of handling a maximum equivalent of 
1 full power 90-minute run every fif teen days 

6. BP. capable of f r ee jet t~sting an axisymmetric 
inlet configuration on engines of maximum diame
t er 

7. Rave an open t ~st pc int with provis ions for re
mot e inspect i on of the t est i t em but no provision 
f or ::-emote maintenance o:- seJ.-vice shall be estab
lished. 

S 'SECRET- RESTR I GTEO DATA 
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4.1.2 Air Supply Sys tem 

Updating of the design criteria covering t he test a ir l"Upply system was accomplished during t he 1962 contract year to reflect revi s ions of the required test air f lows. The test air flow requirements resulted from revisions to engine operating conditions suc h as ll.ach number, day, altitude, mass f low, test duration, and other related criteria. The basic areas of the air supply system affected were: compresso1·s, low pressure blowers, air s torage system, piping and valving, and the heater. 

4.1.2.1 Air Comoressor Sys tem 

Study o!' the testing requirementB of the PLUTO propuls ion system, (that i s, t esting frequency and duration ) changed the test air compressor system performance criteria . The basic requirements for the high pr es uure compressor system were redefined as f ollows: 

l Component or Function 
,--

Air Discharge, Average Capacity 

Air Discharge Pressure 

j Air Discharge Temperature 

\ Ambient Air Intake Pres sure 

1 A.'ll!•ient Air Intake Temperature 

I Compr essor Type 

I rf"llnF 'eSs O!' rrivc 

Corr.1,ressor Hor sepower ( approx . ) 

l ' •)Jr,r,ressor Units , Quant ity 

• '"I !"Pssor r.oni:.rol 

Requil·ement 

8.43 lbs/sec 

38oo psig 

12 . 5 psie. 

Reci procating pis ton, multi - stage 

Di esel engine integral drive 

\ 3::160 hp t otal 

l 3 min to h max 

J 
Manual start and setpoint with 

1 nu t owatic hold on ~"' 1: point , '---------------- - ------ --- ------------ --
The comj:ores nors ahall be des iGned l.. o opcr nLc ULUins l .n• i• ..IOU<,; "13W ):JSiG di scharge backpressure . This bnc kpressure s hall be 

L o·;• 1 oll ed down:jt.:!"ce.m f r om the after cooling syc; tem . 

~ .s.EG~ET RESTR I ClEO OA+A v ATOM IC ENERGY At r OF 1~ ~ L-------------------------------------------------------~ J.) 
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In accordance with pr evious economic studies of alternate compressor units, a diesel engine drive system was selected for the compressors, and new requirements for the required f~el storage system were defined. Pumping and piping requirements f or the engine fuel system were determined and included in the :revised criteria. Figure ~~ shows the general al'rangement of the compressors, piping, and compressor building . 

4.1 .2.2 Low Pressure Blower System 

For an "open" test point concept, t he requirements for low pressure test air would be revised as foll ows. The bunker, access tunnel, and head house require filtered air ventilation for personnel. Also, the test item requires approximately 50 pps of cooling a ir for extended periods after each test run. This cooling air must be supplied by a low pressure blower system, rather than from the high pressure test air storage system, in order that reliable reactor after-cooling can be assured. Thus, the high pressure storage system can be recharged for a subsequent engine test, and serve as backup to the low pressure blower Hystem i n an emergency. 

The low pressure blower system criteria specifies primary supply blowers for t he head house. These prima::-y blowers will supply fil tered air ventilation (at positive pressure ) for the head house, tunnel, and test point bunker. They will also provide intake to the secondary blowers 1~ cated in the bunker and used for engine cool-down. F .i.gll!'s ') shows t he test burJ<er and arrangement ofthe equipment .including the blow~:::- system. 

4.1 .2.3 Air Storage System 

Design i nvestigations for under~ound test air storage have been conducted at The Marquardt Corporation. Tb.e general feasibility and 
eco~omic desirability of this type system has been establ ished to t he poi nt that detail design, construction specif ica~ions , and cost estimat es were pre pared for a ful l scale duration du:~::.ng t !:!e curz-"n':. c .'nt::-s.ct. year. '!:'his work solved many design and analyti cal probl ems subject t o f~nal des~gn ravisions based on experin;ent and core dr!.lling ::·es1u":.s. 'l'~.s part cf the program is summarized more explicitly in Sect:.on l1 . 5 of this :-eport. 

4.l .2.4 High Pr~ssure Test Air Pip~nd Valving 

Extensive investigation of pi ping systems fo~ economical delivery of high pressure test air at distances of 2000 ft and greater, have been performed byTMC. During tb2 des i gn of t he Tory I I test air system it was determined that, for storage purposes, standard oil well cas ing provided the most economical system, For the FE>.JTF, t. l:.e required volumes of stored air are far too great for an economically feasible a~oveground: high pres sure, compressed air storage system. However, the hi gh air flow ra te re~uired by the test item s uggested that the piping ~ystem utilize a nwnbP.r of these standard high pressure oilwell casings r at.:l:.\er than a s i ngle l~·ge ajr pipe . Economic study confirmed this and t he dP-s ign cr iter ia have been changed to multiple pipes for air delivery to the test point. 'l'he bunker (Figu;.-e 5) shows a suggested array of 13 pipes, of' 10 3/ 4 .. inc.h OD te:;minating in a plenwn chamber 
~ 
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.t (.f.e ten t po int b unker. The number of p i pes were determined f ran pr climi 
t • :J.~Y :;~;udics of pressure drop during f low and required t otal pressure at the 
~est i t em . However, the criteria does noc restrict the f inal des ign architect 
~ngineer to this number of pi pes , only t he type a nd s ize. 

Pressur e control valve types were selected, and speci
fi~d in t he design criteri a, utilizing n multiple valve systetn in preference 
to a Gingle lo.rge preos ure control valve . 1\ lur6c vulve, capable of contt·ol
ling the air flow control required for the FEOTF, present s difficulties in 
flow sensitivity and response, whereas the use of several smaller valves , G E}
quent.ially c ontrolled, eliminates t hese probl ems . The design criteria. were 
:~ h •1.ng~d to i nclude the mul ti"va.lve pressure control concept . 

4.1.2. 5 Test Air Hea-cer System 

Continuouo high hea.t impact to the t est air i s nec ess ary 
fo~ the long run t imes planned for the FEGTF . An efficient, reliable, t.e s t 
a ir heat er system of the type shown in Figure 6 . Details of the development 
,..,.ork done on this type of hea.t e1· have been reported to t he Air Force i n Refer
. ro ··:s 4 and 5 • 

'!'he design criteria were modified to include a vitiated 
air beat ing syGtcm with t he f ollowing basic requirement s : 

I Tes t air c ontamination by rust or c orrosf.on 
Fuel 

Total st.•wtur t ime -co " on line" condit i on 

~lnximum air f low 

Heater exit air pressure 

None 

Propane 

8 min ma.x. 

6800 pps 

I nlet a i r t~~~ernture 1100•F 
600 psia J 

!4nximur:l permis ni blc "(:resnurt~ drop 35 ps i 

~;rat.i~--------------·------j_Qon!inu_g~ 
4 .1.3 Tes t Point 

The "ope n" t-::s t po~nt and bunker requirements , a.s 
J ~;aC.l'ibed in the criteria, are s hown gr a.phically i n Fi gure 5. '!'he test 
·:unko:r, t est a.ir duc ting, and t est item orientation will be s uch that "the 
: est item exhaust will di scharge to the northeast ~ith a t es t item center 
~ina nzimuth of N 58• E. 

Nuc le~.r radia tion f rom the tes t item impos es r estric -
-:- · ')m, on !::luildin~ and other component spa c ing. Study o f ground and equipment 

r ur<tt i nt; and per nonnel d9.mag-:! ha.s s hown that t he "open" test point mus t be 
n m~nimum distance of 1?00 feet from t he hea.d hous e , air storage sys tem or 

• ~~r eq_uipment where exterior work must be performed . In addition, th<J 
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follo~ing features have been determined as necessary for t he test point de 
sign, and have been included in the design criteria repo~t; 

4 .1.4 

1. 'fhe 'tes t poi nt s~all util i ze the general topography 
in such a way t hat the t es t item will be below the 
natural grade as much as neutronics and topogr aphy 
permit (See Figure 5) . 

2. A concrete shielding ~all s hall be located between 
the test i tem and the bunker to protect bunker 
equipment from radiation . 

3. Shielding shall attenuate nuclear radiation in 
order to ~revent exceeding the following: 

a. During Test ... Control buil ding, compressor 
building and other support facilities shall 
be left at distances greater than 4000 ft 
from the tes t point based upon limitations 
of personnel ~hole~body gamma dosage to 
2 . 5 mr/hr, 

b . 24 ~~urs After Tast. - Designat ed working 
areas , protected by chadow ~hield, shall 
pe~it pe~sonnel occupancy wi th whol e- body 
glllllrul radiat i on J..imi ted to 1. 0 mr /br. 

Instrumentation and Con~rols - ---
The critt:r i <J. c:overing ins t :•vmantat ion and control s reu 

quirements for t he Fli ght Engine Ground Test Facili'ty we~e updated during the 
cr::.ntract year based on changP.s in test air he~tet~ concept) press ur e control 
s ystem and test air compres s r..:- rcqui;.· ~mcr:•;,. ':!:'lis r evir.i0n ('ff crt is S:.llll
marized on the fol lowing in<..t:· .mF:ni·. ~:~.t. lon >l:Jd <:0n~r(.l draw::.ngs . 

D;.w.;J.ng No . ' 
---·------·---------- ----------- -------r--- -------
I nstrumentation ~nd C~:Jtrols - Screrr.at ~~ 
Temperature Control Sys "-::rn (Tt ) - T-=st .! :'.:· 
Supply System o 

Instrumentat i on a11d (': - ':.!"olr - Sr:!lerr,at.i-:: 
Pressure Control Sys ' -or.; (Pt ) .. Test Air 
Supply System o 
Instrumentation an•l ~::: n':.::ols - ScJ:.emr;.tir: 
Raw Water System ~ 'I ~s ~. O.ir S·.;.pply Syst"'on 
Ina t rumenta.tion ':1 '1<! - · .,,._,, • s - 3~ \ematic 
Vitiat~d Air Heater .. F\J"l S•lppl y System 
Test Air Supply Syst em 

; yJ~2 

730263 

73026) 

730267 

~ Cont~ol Building- Plan ~d~E~l~~~v~s~t~io~n~.s~----~---~~, :~0~3~2_2 __ ~ 
: -stCeEI:RESTRICTEQ OA:JA 
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4 . 2 Preliminary Des ign Studies 

The studies conducted during the contract year were infl uenced 
greatly by the change i n test philosophy for the Pluto flight engine. A cl osed cell type of test point was originally considered for the FID'l'F based 
on the requirement for a high utilization f actor engi ne t est facility. Re cent engine test pl anning assumes that moat of the component t esting, inlet 
and reactor controls synthesis, and flow stability and instability determin~ tions, will be conducted at t he Tory IIC facility. Furthermore, short r un engine tests will be conducted at Tory IIC to develop a good confidence f actor 
pr i or to the PFRT. As a consequence of this change in test philosophy and 
planning, the primary purpose of the FEGTF now is for dur ability test demonstration and performance of the PFRT. 

A PFRT-type testing pr ogram normally consists of a relatively 
few runs of long duration with a result i ng low annual accumulated run time. 
~l ith thi s consideration dominating t he testi ng philosophy 1 an "open" test 
point bas been selected for the FEGTF, rather than the "closed" cel l concept previously speci f ied. The open test point , with i ts bunker, access tunnel 
~d head house, is a testing syst em with inherent test item s ize f l exibility. The closed cell concept, with its borated water shielding around the test 
~tem, and support equi pment outs i de the shield area, is better sui ted for a 
~eavy engine development workload where recovery from normal nuclear activa"ion i s critical to maintenance of engine development schedules . 

The FEGTF arrangement studies have been made for tes t point, 
cont~ol and air s t ora ge system areas. For reasons previously described, 
these studies have been predicated on the concepts of (1 ) an open test point, 
(2) two underground air storage chambers , (3 ) a railroad car-mounted test eo-6ine, and (4 ) vitiat ed air heating. 

Coat Estimates 

Test facility costing activit ies were initiated pr1-
ll'.'l.7l'ily as a result of changes i n testing philosophy, changes in s ize of the 
tes t engine, and vari ation i n antici pated run times, test f requency, and 
support equipment and facilities . Cost estimates for 7 of the various al
te~nate t est f acility concepts are presented i n Tabl e XI. 

In addition to the cost estimating performed for the 
alte~nate concepts of the FFnTF estimates were made of coats for modifying 
tt:.e existing Tory IIC facility to meet the developmental tes t ing requirements 
r,f the :flight engi ne. Three air flow rates were cons idered: 1960, 2200, and 
2;' 'JO pps . Also, run times of 15, 45, 90, and 18o minutes were included in 
~he evaluations of costs for the three air flow rates. Tables XII, XIII , and x:-:.1 s how i n chart form the estimated costs of modifying the Tory IIC facility ("'s defined during February 1962) to comply with these various testing re-
.• : .. ~ :r~mF.lnts . Fi gures 7, 8, and 9 show curves of these modification costs . 

R 
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It was concluded, from the analysis of the problem of Tory IIC facility modification, that the necessary air storage expansion could be most logically accomplished by additions to the above- ground oilwell casing system currently utilized. Figure 10 shows a s chematic view of the Tory IIC air storage casing expansion. 

U~~ Site Selection Core Drilling - Phase I 

During 1961 exploratory core drilling work was performed to locate a site suitable for an experiment al underground air storage chamber, and to provide preliminary data that would aid in additional UAS site selection investigation planned f or 1962. The 1962 core drilling program, Phase I, had a singular purpose: to select two sites suitable for full scale underground air storage chambers at locations that would permit an economically feasible aboveground air distribution sys tem to t he FEGTF. This site selection could be subject to minor movement as a result of the Phase II core drilling progrwna that will provide documentation of the rock walls for rock properties, fracture, and gappage. This latter phase must be conducted prior to construction of the underground air storage chambers. The work performed during the 1962 contract year (Phase I ) was completed, and the results submitted in detail in Reference 6 . The data presented in this report ar e excerpted from that ref erence. 

4 .3.1 Initial Core Hole Locations 

When the site was established for ~he experimental underground air storage chamber in 1961, it was con~luded that the rock in that area probably was suitable for construct ion of one of the full scale chambers , based upon its inherent qualities . Consequently, the area was selected as one to be explored as part of t he 1962 Phase I core drilling program. Because of the cos t of th-= high vressure abovP.ground air supply piping system necessary for t he ~'EGTF 1 i.t. was hit,h1y des i rable t o locat') t he second full scale underground air storage chamber as cl ose to the first as practicable. Overburden invol vement, however, prevent s the second chamber from being closer than about 500 feet from the f irst ch~~ber . I n addition, the location of a s ite for the second chamber was further compl icated by apparent faul t s in the area and by a l ack of geolop,i cal information due t.o the sparsity of rock out cr ops. 

These conside~atiQns dictated the decision to establish t he firs~ chamber area in the vicinity of hole Tt-iC-1 and the second area approx imately 700 feet SE of TMC-1 . TMC-10 was the first point of exploration in this second area. Figur e 11 shows t.~~ two a r eas expl ored during the Phase I Core Drillint; Program , t oge t her with charted datn of hol es bored and toto.l depths of each hole . 
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4 . ~ . 2 Geologi cal Des c::::ipt.on 

The holes bo:::ed i n -r.his exploration are charted on the 
1opographi~al map s hown in F~~e 12 . 

T~e east e:::·ly trending main access road to the TMC -1 and 
~'MC-10 sites is approximately in the center of an easterly trending dike lo
cated south of TMC-1. All of the major northe&lt to northwest trending faults 
in the a:ea that cut the dike probab~ offset it -- thus geologic mapping 
along the dike can detect posit ions of most or all of the major faults. This 
mapping bas shown that two poss ible faults approach the TMC•l area -- both of' 
thase trend about N 20 to 40 °W ; one cuts the easterly trending road near the 
TMC-1 a~~ess road and the other possible fault parallels the f irst and is 
about 600 feet east of i t (about 100 f eet east of TMC-12 1 ). 

To the north of TJI!C-1, no convenient reference plane 
suc:lt as a dike exists, and major faults are more difficult to recognize from 
s u:::-!'e.c e evidence. To establish tb.e presence or absence of faults in this 
a~e~ and t heir locations, if present , could require a very costly drilling 
p::ogram . Therefore this area to tbe north of TMC-1 vas avoided during this 
d.::-ilH ng program. 

If the sec3nd chamber site were to be located 6oo feet 
0~ s o t o the east o:::- west o~ TMC-1: a ma jor fault might be located between 
t::.e t wo chambers (extensions of t.he f -!!.u.l:ts that cut t he main access road). 
r aul': z~mes tend t.o be high in clay content and norlllalzy contain intensely 
b~oken ~o~k. Such a zone of weak ~ock is undesirable in the vicinity of a 
<::~!U1)l'o:-; site . 

Because of t~e v9.:.-ious cons i de::-a.tions involved, the 
a::-~a : 0cated about 700 fee-t south s culheast of 'l'MC .. l was c onsidered to be the 
mcs t :r::-oll!ising t() inv~stigate. 

An east t.:.-en.i~ng i gneous dike about 150 fe et wide cuts 
: ~~E ~~ea . ~t~ dike ~ock ~s younge~ t~n mu~h or all of the be~ock in the 
~::-?.~ . Some of the ea rth mov~men~s t~at have caused much of the rock f~act~ 
ing :1 "'\ tl:Je a:::-~a ma.y have tl:\k.en pla.ce r efo•·e the di ke was l!!mpla.ced. If this 
"8 7 t::-.e case , t hen it was possibl~ that t he dike rock would prove, in general, 
:~ss fra~tu=~~ t ruw the su_~~~ding o~der ~o~k. F.ole TMC-10 1 the first hole 
~.0 t,e d::-illed at t.be hole 10 site . is l o-::ated nea.r the no::-tb edge of the dike 
0 u':. ~::op and about equidistant betw~eu t be two af: r ementioned north northwest 
~::~nding f aults. 

:.-:· .'~ t .:. .:.ng :·::.gs. 
'l w ::king t ank 
.. r -lr) g~.J. .:!.c.ns • 

!'i::~ <:":::·e holes we:::-e dr::..ll~d llSing two skid-mounted 
Th::ee mud t<inl<.s "'"'::"~ llS•d for l':a.ch of t he dxilling rigs: 

of 150 gal..lons, s.ud. t w0 :reserve tg.nka with o. total capacity of 
~'=':!. lling :::.::~ulat !.~n w'=<'= pe~fo:rmerl wi th a double acting mud 
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pump that c irculated a pproximately ' (CO gallono per hour. The drillinu \o.' UG per formed with "N" dri l l rods and an "W' series NX core barrel. 

During t he i nitial drillin~ of core holes TMC 7' , 8, ll ' , 12', and 131 circulation water loso was a problem becaus e of some higher permeabi lity zones encountered during t he drillinB. In the zones where l os t circulation was most p r evalent, cementi ng was used to r educe the water los s , and i n those cases where cementinc was not effective, cas ine was set throUGh the zone. Below 210 f eet t he water l oss problem was not s:::vere. CavinB was encountered in three of the holes : T~IC G, 12 ' and 1 5 ' and in these hol es it was neceosary to case completely through t he caved zones in order to compl ete the core drilling. 

The wear on the drilling bi ts was moderat e and in most cases over 100 f t of coring was accomplished with each drill ing bit before t he diamonds r equired resetti ng . 

The ver t i cal deviation of the core holes was less t han 2° f r om. vertical i n each case, determined by the use of acid t ubes run to a depth of 500 feet i n each of t he holes. 

The cores recovered from the core holes were in general of sufficient lengths ~o permit ood s ample t esting . Documentati on of t he data during core examination was rra de on a special form developed for the Phas e I drilling progr am for pu1·poses of s tandardi zation . Extr eme detail i ncluded in the cor e logging was necessary to ather sufficient data on the rock units f or cor relat i on with r ock units in adjacent holes and also to gather s uitable data for use i n t he detail des i gn of t he full scale UAS chambers. Dur ing the cor e exami nations , emphaois was placed on obser vations of (1 ) the f racture i nteneity and di p, {2) the mat erials in the f r acture openi ngs, and (3) rock a lteration . 

Cor e Tes t Res ults 

Complete s tres s-strain cunes i n both axi al and peripheral directions were generat ed for s elected rock samples. Thes e curves, with identifying cor e holes and core hol e depths , calculateu modul us of elast i city, calculated Poisson ' s ratio, and ultimate compressive stress are pr e sented i n t he cor e drilling report (Reference 6) . A s ummary of these results i s presented i n Table XV . 

Underground Air Storage Experiment 

Objectives 

Th<:! Underground Ai :. Storage Experiment was performed for t he pur pose of obtaining data on t he performance of a high \'ressure metal lined under ground air s torage chamber and the surrounding rock. This cxper~ rnent was l ocated i n t he <;Ql Area of the Nevada Test Site . '£he i nformation 

5-ECRft RESTR I CTEE> E>ATA 
ATOll I e 1!14E!t8V AeT 6F I 95'fl 

~----------------------------------------------------------~ 25 



1:: 

DECLASSIFIED IN FU LL 
Authority: EO 13526 
Chief, Records & Dec lass Div, WH!\ 
Date:AUG 1 8 2015 

SE6RET ~STR ICTED O~A 
ASD-TDR-63-277, Vol. V ATOMIC ENERGY ACT a~ 

t hus de~ived will be uo ed in determining the feasibility of utili~ing a similar, but larger, air storage c hamber to satisfy the air supply requirements for ground testing of the PLUTO nuclear ramjet propulaion system. Incl uded in t he experiment detail report are the geophysical studies made of the 401 ft:ea, design of an underground air storage pilot chamber, its instrumentation, t echniques of construction, experimental data reduction and analysis, and the results and conclusions derived ther ef:::om. New a.nd unique rock liner theor etical analyses are presented and performance of the rock under pressures to 2500 psi are quantitatively defined. 

4.4.2 Pilot Chamber Design 

The underground air storage experimental chamber was designed and installed duri ng 1962 to simulat e as nearly as possible the rock l oading conditions t hat will exist with the full scale chamber at the maximum ope:-.ating pressure of 3600 paig. The rock loadings result f r om vertical forces i:.ending to lift the top from the chamber 1 and from r a.dia.l forces (acting perpendicular to t he liner) t hat tend to compress the concrete and rock. A complete description of the experiment including objecti ves, results and conclu, sions will be found in Reference ? 1 "Underground Air Storage Experiment" . The following are excerpts from Reference 7: 

The storage chamber cavity requires a means f or prevention of air l eakage into the surrcunding rock structure, and this was accompl:!.sb.ed by fitting t he chamber with a. thin liner of . s teel. Because of thi s possibi lity t h&t inadvertent leakage from the liner could create an external :.ackp::essure t hat would collapse the liner during blowdown, 11. leakage air 
ven~ system was designed t o r elieve any pressure buildup to aboveground at
mcsph~re . Figures 13 and 14 show a simplified schematic of the experimental 
- ~Rm~er (liner leak vent pipi~g i s not shown, but anchor leak vent tubes are ) . 

To measur e the ~ffect of air pr essure for ces on the _ ~11e~ and surrounding rock s t.:ructu::-~, o.n instrumentation system compos ed of :;• ::-ain, pressure , and t emperatuz·e gages was ut ilized. These gages were in
~ ·~lled 0n the :1ner su:::faces and embe~ded in t he surrounding rock st~ucture. 
~~l ~xtensive data recording system was !nstalled for use in subsequent analvs Ls of~~~ m~asured data. 

4 .4 .2 .1 Anchor System 

To resist the ve~tical forc es devel oped during pres
s~izqtion of the chamber, a tapered plug-type anchor was designed of high 
: · =~ngth concret e wit h a system of &lloy s teel load transfer rods included . ·: ::.,::.s anchor uniquely distri butes the ve:o:tical for ces equally into the chamber k walls and overburden s tructu:::e . The anchor also serves as an eff ective 
•o_a~~ment f or the rock excavated during construction or the chamber . The 

- ' " 3.1 upwa:-d t hrust of 11
1
309,000 .lbs to be resisted by the concrete ancbor, 

.: ~_. ........ ., t ::-om t~e 4000 psi maximum chamber pressure acting on a 5-foot d.!ame-

~ 5EGRET ftESTRICTED OATA ~ 
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':'·," st e~?l l c 1 t::-an:;.'."er :.--:;ds ~e::-ve t wo purposes . Rod 
preload dcv~lops comp::-~ ss ve str~eses in the c~n · rete that must be balanc e d 
out befo~·e the "Cncr ete :- an be" •::>m':' l oaded in s hea:-, and secondlv the r od 
sys tem resul t:, i n • ... ~an!; fe !' c' - · " •;:::·' ic•J. 1_ro-;i5 f ::-" 'Tl th" c httm"·" - '"ly tens i on 
i n the r ods anu l. hPnc.e tJ t. he wal~. of •,!.e !:ln . ~'- -- a·,_tv . 

4 .4 .2 . 2 c~amb~::-

T~e eY.pe rlmental c :-.runt:er was desig ned t o approximate 
"the full s c a le chambe:-: in !!C'lcr al confi g.rat.1on e.n1 ~o:nponcnts . Both the 
full scale c hamb!'r and t.he p1 ... ot c:ha.rnbe:' :-t<:::e a. transition section extending 
t hrough the concret e anchor, a conica l se!:'tlon , a cylinctr:..cal section, and a 
lower hemispherical end. '!'~ e :pre~ s ure sec t hm which is telo...- t he c oncrete 
anchor is of thin s teel w~~er ial actin6 a~ a ~hamber seal. The s teel used 
in t he experiment l i ner requ1~cd a h11:,h oe:td po;nt. , t.~e :vr pose bc 1ne, to a l 
l ow cons i de::-ablr s t ::-etc: h >~lt '1 Jr! its elastic l.im1t . 'l'he material used for 
this liner was U.S . 3teel •r. 1 w~ich sa tisfied t hese above ::-equirements for a 
hi gh y i eld s trength . 

T .e line:=- d(' s i gn prov i ded f c:r a t 'nn sh~ll in order 
that the <> UlT oun•llnK r od•, .,.,o.~l·l 1 ~s:s t tl,e ma j or p(>l'tion of th~ pres sur e 
l oad!; . No re info:-c .!.ng ;,; <>~'.!. wub used 1n 1jh.~ <. Oil( re t e s ur::·ounding the c hamuer 
1 j ne r 1 naomuch as one of t-.:-:e p:':!.:tte pll::'po<~ ~s of t !:e experiment was to de termine 
t.~e a ction of tr.e ::-oc k un 'i - ·.n · ::--~·e du·_-i ng c. hamber prese '..l!'ization. 'l'he pres
ence of '-'einforcine; st-:!el wo•.Ld a!'re L t !lC' +.~·on,.;:;',o;;Y r;. !" tr." r ressurc loads in
t o I, he cone ret e c~.nrl a u.:-::-!Y. nd • rw ~''""' ~ . 

':':'~ ~ n• ZZl !!' S P · t -'-' !l ex~P.ni1ng tr.::-oug!'l t~e CC\nc::-ete 
a n..: hor was de signed to wi !.h!;•,"' n ~ :u ... l ~:am!-e::- pressu::-e wit-hout. t1.'a:1sfer of 
re.dial loads int •J ~he c;u~·: • 1 n~ • " ;.~.u-:1 ::- c k s +-ru<: t.u::.·':!. 

~ "! af ,- ; A_: · ~~(l ~ llg"! "' :·':11 ~ \t;! ~ harn';J<;: :;- l:nt!'r COUld 
te ·p·!.·us i : no p·nv . st '1u ·.n · r:<>io f·-:- ~ :s :-~· , · r . Vo. ds u 1•1'1e r ·:'l: k su:r--
:~ounrlJn_:; t h~ c~a.11t et-y r ..t:~ 'l ,,. · 1 .... ·J , ...... -n,.. : ~:JZ"g"1. w! 1-· ..... 1'-·l ._l-; Jrc·- Ul .. a 1 :- , 
1.ur1ng ! :-ess ur l za • ivt1 l · · ( I"'"~ '" Jl •..l .>u · .- ~ J< ·r '·" n •: · I· n 1:- '~'" 0.,n 
Llf t~c- hu.mhe::- dur 1n.· 1 ~· 1 ' 1 o :t:h ! : ebs u:;! a~. J.ll tne ::-o..:k V~"! 1 .• \.I t ul (l pri'-
Vlde an unbalan.:ed :p ::- ~ :;s u:-~ r. •>J r;o ::' 1!i!I.: ~.:- :.:.ne=- ex...:?::-· 1 0~ and . r.l '.ap,:;c 1~ . . 
"' :-t~r~"'tl ,:,rr, a!:' .. c:Jko.;-n !· ..... ~ .. ft 1 :"P ...... mt Pht e ~" rl ~ s · :-:. \_.a'" -~ 1 T:; C'"lf ac::--os s 
the bott,om Slll"f'l'. e of ' hn >•• r ' , nd .- ::-_..OJ.:n ·'ll1 ~):· "S!'-ive vert. t , al load . 

,, "" '•' y&t em was des ignee. t o eli rr.inate t ':ese pos
Si.\;)ln hLI!,h backpresf'u ::OD . Fn·' ' ~- 1 .n t .!-1"! ~ on-: ~,.te s u::-:--oun~ir.g t!-\e (;tarnt e :
liner, a rr.anifold and !~ede~ sv ~em vas l !'ls talled ~o ~at~er leak~c ai::- . 
~welve vcut p _p•s v~: e i ns• <>: • 0 .' .n · l·e '0:1~ :-e '" ~ 9 nc···,:)¥ ex':.~n<i n.-, from l t ::; 
hGrto"!l !1\1' fa . .. t ) •n ... , . ..,. 1 ' ' ~ •" "ve- ~ a r.· '"lc :- rr.a ss . '.!: ht:! l ir.f <' .,, ·:t 
manif 1-1 ~ y5 t 0fn WIJ 'rrn • I r lo ~. rn r • ?: 1).• • "~ • " IJ'I: :'.:,I Co:. • .!1/, tO 

m-ea ~ ure 'lows resul tinP, f '" ll ·>-."! r.J:.no- : ·:_3.o : trres r-:: p in hr::-1 !'~ .n t tr.o r !'J 'lmbe;-
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liner. The twelve 1 1/2- inch diameter pipes in the anchor mass were designed 
to ~elieve a pressure buildup on the bottom surface of the anchor reBulting 
f r om a major rupture of t he liner. 

4.4.2.4 Inst~entation 

The pressure chamber below t he anchor was instrumented 
t o measure changes in liner diameter and c ircumference when pressuri~ed. By 
knowing the change in diameter of the chamber, the deflection or change i n 
displacement of the external rock adjacent to the concrete can be determined . 
Comparing these changes with the strain data from the gages cast in holes 
bored ~adially in the rock, the behavior of the rock can be determined to a 
depth equal to the depth of t he instrument holes . 

4.4.3 Chamber Liner Fabrication 

The liner detail design and chamber liner specifications 
we~e completed during December, 1961 and a fabrication contract was awarded 
in early 1962 . Fabrication of the liner was completed on May 24, 1962. Fi~ 
u:-:e 15 show the completed liner prior to installation of the instrumentation 
sye;tem. 

Inatrumentation 

The data acquisition system designed for the Underground 
Ai r Storage Chamber Exper~nent was composed of three major divisions: (l) the 
chamber liner instrumentation, ( 2 ) concrete and rock instrumentation, and 
(3 ) leak system instrumentation. 

4 .If .4 .1 ChRillter Liner Instrumentation 

Strain data from the chamber liner were of utmost im
po'::'t.anr:~ and BL.'I foil type s train gages were used both for active data ac
quisi~ion and t emperature c ompensnt~on. A predetermined, carefully calcu
lRted pat~ern was established for the l ocation of the gages at 6 different 
l~"vels in t he chamber liner and a~·!'anged circumfer entially to give an evenly 
riist~:ihuted overall str!i.in picture . Figure 16 >bows typical locations for 
:::. n~:-: g9.ges . 

An extensomete:- sys tem was utilized for axial and 
d.!.ametr al growth measurements of the liner. The system consisted basically 
eof .,. elescoping rods which tra~JAmitted their relative displacements through 
~~~ear potentiometers. 

The measurement of t~mperatures within the chamber 
_in"~ vas required of the exp<!r iment, and t wo s ets of gages were provided 
:-;,..: 1.l::.:.s pu=pose . These temperatur e gages were the strap-on type, with each 
~ ~· s~ !.nstall~d that one gage of e~h set measured air temperature and the 
·~~ ):, .. ::- gag~ measured adJacent metal t emperature. 

~ SECRR RESTRIGT~D BA1A v 1 .Men IE EtlERGV MiT gF 19~ 
~--------------------------~~----------------------------~ ~8 



a .. 
IJ 

DECLASSIFIED IN FULL 
Authority: EO 13526 
Chief, Records & Declass Div, WH., 
Date: AUG 1 8 2015 

~€Rg.~ATA 
ASO-TOR-63-277, Vol. V Al9MIG ENERGY ACT DE '954 

Transmiss ion of t he strai n and temperature 6D.ge :; i gnul !; 
from the high pressure chamber areo. to t he external atmospheric pressure area 
~~as accomplished by specially developed Cono.x fittings . These fittings, af ter 
i nstallation, were pressure t ested to 6000 psig for evidence of leakage. 

4 .4.4. 2 ~oncrete and Rock Instrumentation 

To measure the strains and temperatures within the co~ 
crete mass surrounding the chamber liner, strain gages were encapsulated in 
Hydrostone and embedded in the concrete mass. Strain and temperature data 
from the surrounding rock structure were gathered through a system of instru
mentation probes inserted in radial core holes. Five core holes were drill ed 
radially from the liner chamber excavation and two core holes drilled radially 
from the anchor chamber excavation. The instrumentation probes were grouted 
into the core holes with a water resistant grouting material called Hydromite. 

A total of 64 gages were used in the concrete and rock 
measuring sy,stem. Because the strain gages were not of the self-compensating 
type, it was necessary to provide dummy gages for temperature compensation. 
The designed system provided for 6 dummy gages to be located i n brass tubes 
isolating them from pressure and strain effects . 

4.4 . 4 .3 Anchor I nstrumentation 

Three rods in the anchor rod system were selected as 
representat ive for strain data acquisit ion . On each of the three rods a 
full bridge, temperature compensating, strain gage was mounted. Two re
sistive strap-on gages were embedded in the anchor concrete adjacent to the 
rods for temperature information. 

4 .4.4.4 Lift Indicators 

To measure any appreciable phys i cal lift of the chamber 
liner of the surrounding chamber overbur den, a system of draft gage indica
tor s were used. The indicators were lo~ated in the control room and connected 
by tubing to liquid containers mounted on steel rods extending downward in 
one case to the chamber transition section, and in the other case to the co~ 
crete collar at the top of the chamber access shaft. The draft gages were 
designed to register liquid level changes in the respective liquid containers. 

4 .lf ,lf. 5 Leak System Instrumentation 

In order to measure chamber liner l eakage, a flow 
measuring system was designed. Leakage air was gathered by leak pick-up 
pipes, manifolded together by a common pipe that ran to the flow measuring 
system l ocated adjacent to the control room. The flow measuring system in
cluded an orifice plate and a system of differential pressure measuring 
transducers and temperature probes. To check out the leak vent system, it 

~L_----------~~~~==~~~----------~ 
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was necessary to design a pressure supply and flow measuring system to simu
l ate liner leakage; consequently} a piping} flow measuring} and v&lving ~y~tem 
was provided to permit i ntroduction of high pressure compressor air into the 
concrete structure surrounding the liner so that the le&k vent system could be 
checked for functional reli&bility. 

4.4.5 Teat Site Construction 

4.4 .5.1 Construction Progr&m 

The construction phase of the experiment extended rough
ly from 2 April 1962 to 30 September 1962, and consisted of the following major 
items: 

1. Excavation and grouting 

2. Rock instrumentation inst&llation 

3. Ch~ber liner assembly i nstallation 

4. Concrete placement 

5. l'iving installation 

6 . Recor ding equipment inut ll.llation 

The chamber access shaft was excavated at an approxi
~ate diameter at 6 feet to the top of the anchor cavity at the 158 feet level . 
At this level, the excavation widened to provide r oom f or the anchor, and 
t hen continued downward to the bottom level of 196 feet . Wire mesh} planking, 
and ~ock bolts were utilized to retain the rock loosened by blasting and by 
p~eYious earth movements a nd cont:-actions . 

At the excavation depth of 158 feet, hardened ground 
wate:: was encountered, and pumps a.nd grouting were required to control the 
\.llil."':.er f!'om tbat level to the bottom of the excavation . As the excavation 
c~pth incr eased, the water seepage into the chamber cavity tended to increase, 
and pz·essure grouting was utilized to f ill the rock gappage and minimize the 
wat.e!' flow. 

The instrumentation for deterreination of rock involve
mP.ot, depths , rock strains and temperatures followed the excavation for the 
c!~mber . Core boles were drilled r &dially from the chamber and anchor cavi
'; i~s, and the instrumentation prebes were installed and grouted with Hydromite. 

Upon completion of the core hole instrumentation in-
., t s.l.l/i.i".ion and electrical connec-tions, t !le charobe::- liner assembly was lowered 
:l.n+,o -t .':.e cavity and supported on tempor.e.;:oy supports at the top of the transi
·~.·=.·~n f' S"tion. ·rhe 2-foot thick apace between the chamber liner assembly and 
·', !:'·."" z-or-k ws.lls WB.i then filled with high atrength concrete. The concrete 
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pours ~ere mainly consecutive end cold Joints were kept to a minimum. When 
the bottom of the anchor chamber level was reached, the concrete pour was 
continuous to the top of the chamber. The anchor rods had been previously 
installed in the anchor chamber. When the concrete had reached ita twenty
eigth day value of 6000 psi minimum, the anc hor rods were tensioned i n ac
cordance with a pr eset pattern to maximum loads of ~3 tons each . 

The air pressure piping and vent syatem piping were 
installed at the completion of anchor rod tensioning, the air compressor 
system was installed and checked out, and the air i'lo~ meters were installed 
and checked out. At the same time, recording equipment for recording strain 
gage readings, pressures, temperatures , anchor lift, etc. were installed in 
the control building. The instrumentation and cla ta recording system were 
checked out and the pilot chamber experiment wan basically r eady for t he test program. 

4. 4 .5 .2 Geology Determination and Water Survey 

As part of the Underground Air Storage Experiment, the following actiVities were included: 

1. An investigation of the f ractures i n the chamber 
r ock walls 

2 . Lithol ogic logging or core hol es drilled radial l y 
f rom the excavati on 

3. Stress s train curves of rock cores obtained from 
the core holes 

4. A survey or ground water in the excavation area. 
These activities are reported in detail in Refer
ences 8 and 9 

4.4 . 5 . 3 I nstrumentation Hole Core Tests 

Cores removed from the instrumentation holes for the 
strain gage probe assemblies, were tested at a laboratory to determine s tress 
s train curves, modulus of elas t icitY, Poisson' s ratio, and ultimate stress 
of the unconfined r ock samples , The complete curves, a .• d related data, are 
included in Reference 7. Tabl e XVI presents a summary of t hese data . 

4.4 .6 Tes t Plan 

The detai l ed tes t procedure was developed and modified 
thr ough t he early part of the experiment design and f inal ized pr ior t o start 
of the tes t program. The tes t objectives are ao follows : 

; SEeREf-RESTRICT~Q D4TA 
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2. Determine the rock performance (in strllin) within that zone 

3. Determine which rock-liner theory most closely fits this rock performance 

4. C&lculate the minimum effective E from experiment data and the above selected theory 

5. Compare this E to the minimum core unconfined E in this area 

6. Determine the variation of effective E with rock pressure 

7. Assess liner performance range; i.e., elastic or plastic 

8 . Measure anchor lift vs. ~hamber pressure 

9 . Measure chamber overburden lift vs . chamber pressure 

10 . Determi ne leak vent system collection cap&bility with simulated leak pressure, measuring any leak flows through vent system 

11 . Assess concrete and rock creep characteristics under static loading 

12. Measure performance of at:chor rods 

13 . Determine effects of cycling upon roclt and liner 
4.4.7 Test Results 

4.4.7 .1 Zone of Involvement 

The zone of involvement has been determined from radial strain vs. distance log-log plots. In the rock around the cylindrical portion of the pilot cbMmber, based on 1 percent of the at-the-liner strain, the zone of i nvol vement wa.a determined to be 8 chamber radii. For the sphere , this zone is 3.6 chamber radii. 

L---------------------------------------------------~ 
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4 .4.7.2 Rock Perform&nce 

The performance of the rock surrounding the pil ot 
chamber bas been shown to conform very closely t o the theoretical model of the semi-infinite elastic thick walled cylinder (in the rock surrounding 
the cylindri cll.l portion of the chamber), and an elastic thick walled sphere (in the rock adjacent to the hemispherical portion of the chamber). The 
variation of strain wit h chamber pressure ~s been egtablished. The changes 
i n slope of the log-log plots of radiii.l strain vs . distance indicate that at about 1000 psi some phenomenon occurred in which t he rock became more com
pact or rigid with pressure. Because of the general agreement in these d&t 11., 
it is po~tulated that the rock must hll.ve displaced (that is, moved without corresponding changes i n strain) with increases in pressure. This displace
ment while significant at pressures to 1000 psi became insigni ficant when a 
pressure of 1500 psi was exceeded. The fact that these changes in slope oc curred along the horizontal, or nearly horizont al, probes and did not occur along the vertical probe (probe E) leads to the conclus ion that the nearly 
vertica l fractures in t he r ock were the causitive f actor , and these fractures closed at relatively low pressures. 

The concrete appears to have broken in tension at 
relatively low chamber pressure and then, with increase in pressure, compacted to act more as a fluid tban as a series of rock prisms. If this were not so, 
the slope of t he pressure-strain lines should have decreased, not increased. To further check this conclusion, the chnage in radius was divided by the 
change in l iner s train, to give an apparent l iner radius . The results showed that at low pressure this radius was about 30 i nches (which it should be } and 
the apparent radius increased with pressure to about 40 inches at a pressure 
of 2500 psi. Hence, the first 10 i nches of the concrete must have subjected a more or less hydrostatic load to t he surrounding concrete and rock . 

The fact that the pressure-strain relationship at t he 
hemispherical end had a slope of about - 3, and the slope at the cyli ndrical section was about - 2 leads t o the conclus i on that t he effective E (modulus 
of elasticity) of the rock should be comput ed from the relat ionshi ps for a thick wall pipe around a cylinder or sphere. 

4.4 .7 . 3 Effective Moduli 

Local eff ecti ve elast ic moduli in compression have 
been computed from the experimental data utilizing the above rock liner 
theory. These moduli have been found to reflect the fracture gappage 
existing around t he pilot chamber. Although 144 10-foot long holes were 
pressure grouted, an examination of cores recovered from the instrumentation 
bore holes indicated an average filling of fractured gappage of only approx
imatel y 25 percent wi thin the zone of i nvolvement of the chamber. The calculated l ocal effective E' s were compared with the unc onfined l aboratory 
tested E' a for the action strain gages and the calculated effective E' s were found to be roughly one-third that of the l aboratory tested E' s . 
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4.4.7.4 Cycle and Endurance 

I 
6001, f'Oil ____ _ 

Due t o rupture of the li~er at 2560 psi during the 
first pumpup, creep and cycling rock data could not be obt&ined. 

4 .4 .7.5 Anchor 

The anchor, as designed for the pilot chamber, per
formed satisfactorily during both the pumpup and the blowdown immediately 
folloving liner rupture. During this latter blm1down, the bottom of the 
anchor plug developed an estimated upward thrust of between 10 and 22 mil 
lion pounds without evidence of appreciable vertical translation. Two 
cracks appeared in the anchor concrete (possibly owing to bending stress) 
but these did not appear to adversely affect anchor performance. Vent tubes 
in the anchor released the air pressure to the access shaft. Any minute 
anchor movements that possibly occurred during the experiment ;,•ere below the 
sensitivity of the draft gage system employed for this monitoring. 

Upon liner fracturing, the high pressure air es caped 
through the annulus betveen the chamber and the rock and on upward through 
the anchor pl ug vent tubes. The pressur e sensors i n the leak vent manifold 
system, radially mo~itoring cl ose to the liner, registered no appreci able 
pressure . No f l ow of air was rr£asurable through th~ leak vent manifold and 
pipe. Overall adequa cy of the leak vent syst6n des ign was i ndicated by the 
adequate venting of the high pressure ai~ to atmosphere upon liner rupture. 

4 .4.7 .7 Concrete 

The use of 6 , 000 pounds of concrete, the mixing, water 
control, techniques of distributing, and timed stinging proved adequate in 
l imiting shrink, since experimental data indicate t hat the radial shri nkage 
of the concrete vas J.imited to no more than 0 .007 inch. 

4 .4.7 .8 Liner 

The veldability and f abricability of the T-1 steel, 
selected for the pilot chamber has proven adequate. Its relatively high 
~atio of yield point to elastic modulus gave assurance of elastic perform~ 
ance over a greater range of strain than other field-weldable materials 
could provi de. In addition, due to the very low strain rate resulting from 
the s l ow compressor pumpup inherl:'!nt in UAS ch&mber operation, the T~l ' s 
creep characteristics were surprisingly good. It stretched, during the ex
pe:·iment, to an equivalent elastic stress of 156,000 psi, although its yield 
poi nt i s rated at 100, 000 psi normally and its ultimate str ength i s 115, 000 
t o 135 , 000 psi. 
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4.4.7. 9 Coded Upper Vessel (Transition Section) 

nrou __ u_OO-'-:_. __ 

The heavy valled upper vessel design performed satis factorily . Instrumentation penetra tions performed as designed. The T-1 steel head, welded in the field to the t hick walled T-1 upper vessel, performed satisfactorily. 

4.4.8 Conclusions 

The Underground Air Storage Experiment has provided unique and detailed data on the high p ressure performance of a pressurized chamber. It has confirmed the adequacy of the design of the anchor, a i r venting system, and upper vessel. It has identified the per formance charac teristics of the rock, quantized it in a theoretical and mathematical model, and has permitted prediction of the zone of involvement. The exper iment has indicated adequacy in the design of the overburden depth to both anchor and pilot chamber and has confirmed the existence of a good margin of s~ety. From the radial strain-distance curves, t he experiment indicates that t he fracture gappage unique to the pilot c hamber rock regime has h~d a significant effect upon the calculated effective rock moduli(~ ). If these moduli were used for the big chamber, t he big chamber would be penalized, since its surrounding rock regime has s i gnificantly lover fracture frequency (2 .2 fractures per foot vs. 0 . 9 fractUI·es per foot) and fracture gappage is known to be tightly closed as compared to the 1/32- to 1/16-inch in the pilot chamber regime . In order to util ize t hese effective rock elastic moduli for full scale chamber design, a study s hould be made of quantitative analytical methods vhich can be used to correct these moduli for the effects of the pilot chamber's unique rock cracka ge. When this has been done, the r esulting E' s may then be compared with the unconfined laboratory B's for both the pilot and big chamber rock regimes. This compari son should result in 11. rea listi c effective modulus of elasticity for use i n predicting the performance of the liner of the full scale chamber. 

4. 5 Underground Air Storage Chamber 

Investigations and preliminary design e1'fort have been conducted by The Marquardt Corporation in the underground s t orage of high pressure air. The l 962 contract requirements involved the detail design, analytical work, cost estimate, and specification preparation necessary for a high pressure underground a i r storage syst em . 

The basic criteria to which the detail de&ign wa& per-formed are as follows: 

~ SiCRR Rf~TR I CTFD DAT.A ~L-------------------------~--M--IC __ E_N_E_RG_i __ A_e_T_o_~ __ l_~----------------------------~ 
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Usable Air (2 chambers) 14,424, 000 lbs 

Air Storage Press ure 3,600 psig 

Minimum Discharge P•essure 800 psig 

Minimum Temperature of Disch~rge Air 0 °F 

Maximum Air Flow Rate (2 chambers) 5,000 pps 

Chamber Volume (total 2 chambers ) 1,236 , 000 cu ft 

Chamber Liner Steel 

Vertical Thrust Anchor Reinforced Concre ~e 
Conical Plug . 

Air Discharge System Multiple Oil Well Casing 

Chamber Overburden Factor of Safety 20 

Chamber Separat ~cn Overburden Factor 
of Safety 18 

Anchor Emergency Overburden Factor 
of Safety 10 

4 .5 .1 Liner Design Assumpti ons : 

In s i tu minimum rock E ~ 1.5 million psi 

Poisson 's r~tio of ~ock ~ 0 . 2 

MaxLrnum Chamber PreE>sure = 3600 psi 

El astic modulus of l :ner ~ 30 mill ion psi 

El astic roc k perfo:::'lllan~ e 

L~.ner t.o operate elastically (i.e . , liner hoop 
~>tress,~~ must be less than yield point of T-l--

100, 000 psi minimum) 

See Reference 7: Marquardt Report FE Z72-7, .PP • 92 
through 94, paragraph 12.2.1 Ela11tic 
Analyais , equation (4). 
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4.5.1.1 Additional Deaign Features 

l. Leak vent and monitor system 

2 . Internal aupport and maintenance at ructure 

3. I napection cage 

4 . Surface akip frame and hoisting equipment 

5. Blow down sized for maximum flow 

6. Reparable via dental work and liner weld patching 

1. Dewatering of rock around chamber- deep well pumpa 

8 . Rock grouting program 

j . Located in 401 Area, Nevada Teat Site 

10. References 10 and 11 

4 .5 .1 .2 Detail Design Drawinga 

A total of 66 drawinga were made on the detail design 
of t he underground air atorage cb~nber. During April 1962, preliminary plana 
and apecificationa were submitted to the Air Force for approval prior to a 
final detail deaign effort . These plani were approved by t he Air Force , and 
returned to TMC i n June 1962 at which time detail design waa stArted . 

Of the total number of drawings generated for the cham
ber detail deaign, 3 provide a good general description of the chamber and 
appear aa Figurea 17, 18, and 19 : 

Underground Air Storage Ana1ysea 

4 . 5 .2.1 Chamber Deaign Computation& 

Complete and detailed design calculations were per
formed covering the underground air atorage chamber system. The major 
phasea of the calculationa program included: shape and aize inveatigation, 
liner and liner support structure, concrete anchor plug , rock excavation 
and analyaia, access shaft, piping, internal ateel atructure, hoiat cage, 
tower, and the buildinga. The program results were compiled and aubmitt ed 
to the Air Force in Reference 12 . Rock-liner performance theoriea and their 
correaponding mathemat i cal models, fully described and int erpreted, are re
ported in Reference 7. 

6 ... ~Ee~Ef--MSTRI CTED~ATA 
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1~.5.2.2 Chamber Liner Material 

mon U.:O 

During t~e detail design drawing phase of the Undergro·;.nd. Air Storage chambers, a materials selection investigation was con
c~cted . The investigation centered baoically on aluminum, steel, manganese, 
a~~ tituni um alloys, with we}dability versus yield strength of major import ance. Table XVII lists some of the materials, their various properties in 
pa~ent material and welded material, and a generated rating factor based on yield stress in welded material and modulus of elasticity. Figure 20 i s a g:·aph of stress vs. strain for 2 materials (T-1 and 6o61 Al. Alloy ) with a 
supe~imposed strain abscissa corresponding to a radial i ncrease of 2 inches i n a 63-foot diameter chamber. For liner operation within the elas t i c limit, T-1 steel i s indicated, since a liner of this material would permit greater st~ain (inch per inch) before reaching its plasti c region . 

Cost Estimate 

A complete cost est imate and breakdown was prepared 
~uring the latter stages of the detail design . The estimate was prepared on 
·~e ~asis of two alternate approaches . The f irst alternate was for a single 
·· h 9."l er that would meet the requirements as defined i n Section 4.5. The eecond a l t ernate was f or 2 ch9Jilbers constructed simultaneously, and would eutisfy a poss ible requirement for twice the running t ime of 45 minues or a 
~otal of 90 minutes. 

The cosL estimate was based on current material and 
l9.~or costs , anticipat ed adders necessary for construction at the Nevada Test 
Si~e 401 Area, a nominal 6 percent conti ngency, and an estimated escalation of 4 per.cent for a 1 year period . The estimate was presented with the fol
lc•..ring main sections: 

1. Summery •rotal Costs 

2. Individ•.1al Cost !!-ems 

3. Shift os t s and Subcontractor Costs 

4. General Plant Cost s 

5. Gene~~l Expense and Overhead Cost s 

The total estimated construction costs for 1 and 2 
~~~~nx ~ograrns are $9,176, 047 and $18 ,190,163, r espectively. 

The estimat-e wa~ submitted to the Air Force during 
•,:-'><>~ 1962, Refc>renc.e 1 . 
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l~. 5.4 UAS Chamber Specification 

A construction spe~ification was prepared covering the 
under ground air storage chamber as designed. The snccif ication ~as submitted 
in r ough draft . form during April 1962, approved by the Air Force, and finali zed 
a nd resubmitted in final form during November 1962, (Reference 14 ) . 
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l'ABLE I 

!NLP-r HODEl. TEST PROGRAM SL'Ml>1ARY 

.~--T Date-r - Tim< 
I Numbe-; j 

e of M J C(o 0 0 
Runs - -

I 2.4 t o I o· to le Oct. 1962 7 test I 20 o· to (1) 
y ) days I 1 3.6 5° 50 (2) 

e Oct . 1962 5 test I 8 ! 3.0 o· o o (1 ) 
et ) days 

I 
I 

l ! 
(2) 
(3 ) 

I ( 4) 

.!-lod 

- . 
~ Dec. 19o2 10 test I 90 2 .4 t o 0 ° t o 0 ° t o (1) 

days 3 .6 50 5. (2 ) 
(3) 

e June 1963 10 tes-:; 6o 2 .4 t o 0° to o o to (1) 
days 3 .6 50 50 

Sept . 1963 10 tes t 6o ( 2) 

~~--f-· 
(3) 

e 
c ) 

- ---
1/ 3 Scale 

(Free je 
(BJL ) 

t ) 

Aug . 1963 

Sune1963 

10 test 
' 

90 
days 

' 

I 
5 test 10 
days 

I 

2.4 to 0 ° to o · to (1) 
3 -6 50 5. (2) 

( 3 ~ 
(4 

2.70 oo o o (1) 

(2) 
(3 l 

Tes t Objectives 

Obtain drag data 
Flow field survey 

~•aluate reactor dynamic be-
havior 
Inlet bleed study 
Control parameter data 
Inlet performance 

Inlet bleed st udy 
Canard def lection eff ects 
Inlet performance 

Eva.l uate i nlet spike and cowl 
geometries 
Off design contraction ratios 
Inlet performance 

~~aluate Tory IIC l ines 
Inlet boundary layer gut t er 
height 
Bypass door operat i ons 
Inlet performance 

Obtai n inlet cont rol parame-
ters 
Duct dynami cs 
I nlet performance 

)> 
VI 
0 
I 
-i 
0 

"' I 

"' ..,., 
I ,.,. 

-...J ..... 

< 
0 

< 



----- ------- - --

l/l l Sc~ ll.l~ 
l-' r~"! J"~t. o<'2-
zl~: opt.Lmi'La
t ion 

TABLE I (Continued) 

·-r-·---
'T'ime 

---
s 
5 

---
l() t es 

da ys 

t 

-
l C ~-s 

<14•rs 

. 

--
t 

-

Number 
of 

_R_U;I?_S - -

90 

-- · - --
80 

-- ·--

- -- -
160 

M 
() 

- --
2 .4 to 

) .6 

-- -
0 .6 T O 

0.8 
2.4 ttJ 
~.6 

--··- -
2 .'+ 1 · ) 

'\ . 6 

-·-
3.0 

0( ,e 
0 0 

o· to o· to 
5 ' 5" 

----- ---
o• t,., o· t<) 

:. 0 50 

'------·- ----· o· t.o o• to 
5" 5n 

- ---------- --

-

Test Obj ectiv es l 
-

(1) 
--- ----1 

Iocorporat~ subso oic diffuser 
l i nes 

(2) Bypass door duct dynami cs 
en Inlet cont;::-ols 
(4_ ) __ _J~J:".•. R"'F! <?.~~-!"-
(l) 
(2,! 

TZ'IUlliOOiC inlet p .. rformance 
conf"igm·ll

us t ests 
Xnc(>:•:porat.e m()l1.e l 
t ioos f rom previo 

(})_ _ -~-~let pe::t'2.~~r e 
(1) Inco:rpor at e r.; A ugust test re-

sults 
(2) Final inlet t es 't 
\ll_I_?_let__l2e!!_~~=-
(1) 

{2 ) 

Define minimum sp illage 
ratio 
Define maximum al 
free j e t testing 

titude for 
of PS-1 

<: 
0 



TA.BLE IT 

EXt; .\ s-r NOZZLE M'J!JSL TEST PROGRAM SUMI{!\RY --------- __ l ___ ------
T~st ~te 

. ... -----. ------- . -- - ---
j FL v t~s ts of s everal Nov . 1961 

ex~t nozzle concepts 
'-lith l/12th s cale 
models 

~~~;z1e s~~-----
j !lea t t.:-ansfer t est -

1 

!'ull axia l scal.a 

···----·-.-...-- --- -- - --
Sc.&::.e , .ui~ymmetric Nov . 1964 
h~at transf~r} 

s t.ruc tural and 
performance 

------ .. "Nliln·b-er 
Time of 

Runs --- ---- .--
15 days ';14 

-
1 5 days 60 

10 days 40 

----- . - ··· ·- ----
15 days 6o 

- -- -- ·- - - -·- -~ 

Test Conditions Test Obj~ctives 

-
PR = 2 - 30; Evaluat e thrust coeff icient , 
w jw .. 0 - 7'1> discharge coeffici ents, ef-

s p fects of s econdary cooling on 
performance and t o obtain noz 
zle drag data 

PR = 2 - 20 · 
' 

Document nozzl e coupling and 
'116 /W = 2 - 8'{, verify off -design heat trans -

p f er &nalysii - two dimensj o:-~a1 
Va....ry Tt , Tt 

s p u::lit --
San:e Experiment~lly evaluate cool-

ing, drag and s t ructural in-
teg:rity and exhaust system 
performance of optimized 
axisymmetric system 

c:: 
0 

c:: 



MAC .un 

TABLE III 

MISCELLANEOUS MODEL TEST PROGRAM SUMMARY 

1963 1964 ! . 1965 

~ust System Afterbody 16 Initial ~:Ufied 1. 

Opt imizati on -- Design Der;;ign 

2. 

Fre~ .Tet :Nozzle Spillage JIJ I 
1. 

Tes t s \_ 
r- Selected 2. 

PU11'0 Inl et 
Des i gn 

3. 

4. 

5· 

1966 

Evaluate nozzle drag 
influence 

Document flow distri -
but ion 

Djfine optimum free 
j et nozzle (Aspect 
r-.t!o ) . 

Determine nozzle t o 
inlet area rat i o for 
starting at OC = 

-<9= 3·. 
7, 

Determine shroud gap . 

Determine inlet-nozz~ 
pos 1 t ioning . 

Determine loads on 
inlet during flow 
tr&lWition 

;}:> 
(II 

0 
I 
-i 
0 
:x> 

I 
o
\N 

I 
N ...... ...... 

< 
0 

< 
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JU. C .U7J 

FLIGHT f. NGINE GROUND TEST FACILITY CR ITERIA ALTERNATES COST SUMMARY 

Cl os~d Plus 
Type o f Cell Dua l Non- Nuclea r 51 ng le Single Singl e S ing I e Si ng le 

Cl osed Tes t Po int Non-Nuclear Cl osed Open Ope n Open 

Type of A• r Suppl y UAS UAS UAS UAS UAS UAS UAS 

Min imum Avai l abl e Ai r Supply , I b~ 11, 000,000 I I ,000, 000 5.500 , 000 II , 000 , 000 II ,000, 000 II , 000 , 000 ; 7,444 ,800 

Tota l Air 5 to red, l bs 15 ' 100 ,000 15, 100,000 7 .sso .ooo IS , I 00, 000 15 ' 100 , 000 15' 100 ,000 10 , I 00,000 

Days to Recharge 6 5 6 6 6 15 15 

<..-

0 

Average Ava i lab le Run Tir.e at 

1960 pps , mi n 93 -5 93 . 5 ~7 . 5 93 93 93 53 

2535 pps , n in 48 

h haust P.a nd l i ng Sys tern Minina l Min ir1al None 1'\ i n i~ l Min ir.'la 1 Mininal Mi n ima l 

Fr ee Je t Ang le o f Attack Capab i I i ty ! 10 : 10 
. 

+10 +10 !1 0 +10 + 10 

New Hot Componen t Service 9u i1Ci n9 No No No llo No He Yes 

Air Heater Systen v ~t. i ated V i :. i~ ted Vi ti .;,ted Vi el a t ed vr t ia ted Vi t ia teci Vi t iated 
1-· 

SE Inc luded No No No No tlo No No 

Serv ice Bu i I d i n;s Sha re wi th Share wi th Shar e with Share wi th Shar " wi th Share wi th R.R. Onl y Share 
TORY II C TORY II C TORY II C TORY I IC TORY I IC TORY IIC \1/ TORY ll C -

Numb-e r o f Run~ to Con:p l ete Trajec tory at 

1960 pps, min 2 2 4 2 2 2 3 
-

2585 pps , .. i n 4 

Ai r Supp ly Sys cen 18,117 . 500 18 , 117.500 11,1 36 . 300 18 , 066 , AO(l 18,065. 000 17,275 , 300 11 ,871 ,500 

Test Cell Ins t I . & Support Services 3. 934,400 2 ,1)2, 700 250.000 2,660.500 2,693 ,sao 2,708,100 2,706 , 100 

Exhaus t H~nd 1 i ng System .ao ,coo 21.0 ,000 -- 239 , 200 Z39, ZOO 239 ,200 Z39 , 200 

I nstrumentation and Con t rol s 1 . ~ '~ .600 2,062,300 561 , 300 1 , 193,500 1 ,243,800 469,600 469,500 

Hot Component Serv i ce eui l ding -- -- -- -- -- -- 2.945. 900 

Serv i ce Bu i l dings 587 ,000 587 . 000 587 , 000 5411. 300 548 , 200 532 ,200 822,200 

Slte Oeve lop~n t and Ut i l i t i es 2, 127,500 I ,504 ,600 1, 81 1, 000 I ,8 1 1 . 700 I , 84 1 ,300 1 ,841 ,300 I ,841 . 300 

-
Required Fac ili ty Funding Z6,8Z1 , 000 24 , 644,000 14 . 345 ,600 24, 520 ,000 24 ,631 ,000 23,066,000 20,897,700 

Excl ude s a ll t e st it er.~ instrumP.nta t lon. 



MAC -''73 

AIR MASS_..!,~'~.J..':::: _::. l96Q..l>.l:s_ 

Run Ttme (Ml!IS . \ 

Fix~d "os - ~ 
Al'r St 0~ :1g• r .... <- r;; 

.,.,,, r al L'J!' t<; 

AIR f.IASS F W W ( " ~ .; 2200 __lll?.l!__ 

Run T. ime (Hins . \ 
Fix~d CO"E· 1; ~ 

Air S" •"ragl" Cn::; i'.o; 

Total Cost-; 

A IR f.IAS3 FLOW ( '-') = 2500 pps 

Run Time (Ml.nl'. ) 
Fixe d Costs 
Ai r Storage Cos ts 

Total Costs 

'N.BLE X 

PRELIMINARY. 
COST ESTIMATE 

TOR"i. IIC HODIFIC.A'J.'ION 
FOR 

~'L!I.:ID' ENG INE GROUND TEST 

0 r ) 45 
,P) 010 32, 000 :plO I 100' 000 ~~101237 1 coo 

- o, 550, 000 24,140,000 - -·- · 
~l0 1 ,; 12, GOO $1u.650, 000 .$34,377,000 

0 15 45 
$10, 117,000 $10 J 186 J 000 $10,323,000 

- 7,910, 000 27,66o,ooo 

$10 ,117,000 $18, 096, 000 *37' 983, 000 

0 15 h5 
ho, 225, ooo $10,293, 000 $lo, 430,000 

- 9, 540, 000 31,990, 000 

$101225,000 $19, 833, 000 $42,420, 000 

yo 
$10, 4421 000 
4'). 500 , 000 

~59,942, 000 

90 
$10,528, 000 

57,350,000 

~67,878, 000 

90 
~10, 635, 000 
65, 700, 000 

$76, 335,000 

180 
$ 10,852, 000 
103,27B, oco 

' 114,130,000 

l8c 
$ 10, 938,000 
116,590,000 

$127,528, 000 

l8o 
$ u,o46,ooo 
133, 090, 000 

S1l,4,136,ooo 

)> 
VI 
0 
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MAC A'TJ 

'T'ABLE Xl 

~. )R~ r:c t~C!JIFICA'I' I "~~ 

FIYED COSTS SUMHARY 
·- ·- ·--- ---··----- ------·-·..---- - ---- --··---- - - ----- - - - - - - - , 
~~ OST~S ____________________ ~ 

Ail Supply ( wit ~out air storag~) 
Test Cell Installation and Support Services 
Exhaust Handling 
Site Development and U',.Llities 
Service Bui lding 
In::;t .:r umP.nta.tion and Co:-Jtrols 

R!JN TIME DEPENDENT coors 

15 minutes 
45 minutes 
90 minutes 
100 minutes 

TCJrAL FIXED COSTS 

Base Costs 

SUB T:.'lrALS 

$ 68,40) 
2v5, 230 
41(:, , 456 
820, 912 

Totals (including 15 minute run costs ) 
Totals (including 45 minute run costs ) 
Totals (including 90 minute run costs ) 
Total s (including 180 minut e rQ~ costs ) 

~9~ 

.; 51672, 400 
2, 130 , 932 

239, 112 
907 ,897 
291 , 6oO 
789, 507 

~10 , 031,448 

$10, 031,448 

10, 099,857 
10,236,678 
10, 441, 904 
10,852,36o 

2200 up:; 

-~· 5, 7581348 
2,130,932 

239,112 
907, 897 
291 , 6oO 
789, 50'( 

$10,117 ,3'::16 

$10, 117 J 396 

10,185, 805 
10,322, 626 
10,527, 352 
l O, :t.38,3o8 

2500 pps 

t ' 5, 865, 795 
2,1301932 

239,112 
907, 897 
291,600 
789,507 

$10, 224,843 

$10, 224 ,84 3 

10, 293, 252 
10, 430, 073 
10 , 635, 299 
11, 045,755 I 

)> 
Vl 
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.MAc.un 
r-----------------------------------------------------------------------------------------------------~ ~ 

...-· -
REQIJIRED AIR FIJJ'tl -· 1960 ops 

RUN TIME 
_(min )_ 

15 
45 
90 

18o 

REQUIRED AIR FIJJW - 2200 pps 

15 
45 
90 

18o 

REQUIRED AIR FIJJ'W - 2500 PPS 

15 
45 
90 

18o 

TABlE XII 

TORY IIC MODIFICATI ON 
AIR Sl'ORAGE COSTS SUMMARY 

Tot al Air Additional Stored 
Delivered (1bs) Air Reauired (1bs) 

2.11 X 106 6 1.81 X 10
6 5 ,67 X 106 6 .66 X 10
6 10 .91. x 106 13.65 X 10
6 21.54 X .106 28.48 X 10 

2 . 375 X 106 6 2.18 X 10
6 6 .33 X 10~ 7 .63 X 10 . 

12-27 X 10 15.82 X 10~ 
24.15 X 106 32 .15 X 10 

2 -70 X 106 6 2.63 X 10
6 7 -20 X 10~ 8.82 X 10
6 13.45 X 10

6 
18.12 X 10

6 27.44 X 10 36 .70 X 10 

Additional Cost 

6,550, 000 
24,140, 000 
49,500, 000 

103, 278,000 

7,910,000 
27 , 660, 000 
57 ,350, 000 

116,590,000 

9, ;5lfO, OOO 
31,990,000 
65,700, 000 

133, 090, 000 

($) 
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TABLE XIII 

PHYSI CAL PROPEm'IES 
PHASE I CORE DRILL:rnG PROGRAM CORE TESTS 

1:! .. .. 

Tt~C 
Cor·e Hole 

No. - --
1 
-
l 
1 
1 
1 
1 
1 
1 
1 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7' 
7' ..., , 
' 
7 ' 
7 ' 
7 ' 
7 ' 
7' 
7' 
7 ' 

11 ' 
11' 
11 ' 
11 ' 
1.!. ' 
11' 
11 ' 
.:..1 ' 
ll' 
11 ' 

Core Sample 
Depth 
(Feet) 

136 .0 - 136 .5 
143 

162 .3 - 162 .8 
179 .0 - 17 :.L 5 
181L3 - 185.3 
187 .o - 188 .o 
195.0 - 195.5 
201.3 - 201.9 
208 .6 - 209 .6 
218.2 - 218 .9 
!j.l!-() .o - 440 .8 
447 .5 - 478 . 3 
519 .3 - 519. 9 
560.0 - 561.0 
599 .1 - 599 .6 
639. 3 - 64o.o 
68o .6 - 681.4 
717 . 5 - 718 .1 
757 .o - 757.8 
799 .8 - 8oo .8 
437·7 - 438.4 
48o .9 - 481.5 
516 . 3 - 517 .0 
559.8 - 560.9 
591. 3 - 592 .1 
638 .0 - 639 .0 
686 .2 - 686.8 
719. 5 - 720 .4 
759 .0 - 760 .2 
798 .6 - 799 .4 
440 .6 - 441.8 
u85 .0 - 485 .7 
519 .0 - 519 .8 
559 ·5 - 560.0 
600.1 - 600 .9 
642 .0 - 642.9 
68 3 . 5 - 681L ;} 
721. 5 - 722 .o 
760. 7 - 761. 3 
799 .1 - Boo .o 

Unconf i ned Mod . 
of Elastic ity Poisson ' s 

(Compres s ion )PSI Ra'tio 

706 , 000 --
1,063, 000 --
3,155,000 --
2, 565,000 --
2, :t85, 000 .oao 
2,532, 000 .073 
2,721,000 .162 
1,724,000 .037 
2,222, 000 .loB 
2, 548 ,000 .166 
3, 39J , 000 .163 
5, 030 ,000 .156 
3, 490,000 .151 
2, 500,000 .162 
2, 000 ,000 .206 
3,100 ,,000 .145 
3, 420, 000 .133 
3,830 ,000 .155 
4,330 ,000 .142 
3, 910,000 .107 
2,059,000 .135 
2,238,000 .123 
1 ,065,000 .168 
2,155 ,000 .144 
2,175,000 .146 
2, 690,000 .162 
4, 330,000 .160 
2,930, 000 .156 
3, 380, 000 .130 
4, 290, 000 .186 
2,550 ,000 .120 
3, 640 , 000 .129 
1, 920, 000 .12f 
1 ,633, 000 .134 
1,865,000 .130 
1, 770,000 .157 
3,810, 000 .173 
2, 380 ,000 ·135 
1, 760 , 000 .138 
2, 580, 000 .100 

I ()I I 
lf~Oi l ___ _ 

Unconfine d 
Ul't . :ompress . 

St r ene,th PSI 

3, 795 
6,275 
8, 980 
8, 953 
8, 760 
8, 280 
8,280 
6,530 
6, 540 
6,630 
9,889 

10,056 
8,774 
7,632 
8,000 
9,805 
9,136 
9,806 

11, 856 
11,811 
7,703 
8,067 
5,910 
9, 272 
8,88o 
9, 076 
9,556 

10,056 
10,798 
10, 914 
8,861 
8,611 
7,806 
5,651 
6, 731 
4, 571 
7,424 
8,7 26 
7,833 
8, 500 

~L-----------------~UN~C~L~AS~S~I~FI~E~D----------------~ 
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TABLE XIII (Continued ~ 

PHYSI CAL PROPERTIES 
PHASE I CORE DRILLING PROGRAM CORE T ESTS 

TMC Cor e Sample Unc onfi ne d Mod. 
Cor e Hol e Depth of Elastic i ty Poisson' s No . (Feet) (Compress ion)PSI Rat i o 

13 440.3 - 441.5 2,220, 000 .125 13 479.7 ~ 480.7 3,16o, ooo -113 13 520 .1 - 521.0 1,780,000 .116 13 553·5 - 55lf.8 2, 840,000 -113 13 587 ·7 - 588.6 2,465, 000 .119 13 638 .2 - 639.1 2,839, 000 .139 13 677 .3- 678.0 2, 310, 000 .146 13 759 .1 - 760.0 2, 470, 000 .086 13 798,8 - 799.4 2, 880,000 .122 15 ' lf40 .1 - 441.0 3, 300, 000 .138 15' 48o.o - 48o.8 2, 370, 000 .109 15' 525 .9 . 526 .4 2, 740, 000 .154 15' 556.o - 556 .8 3,030, 000 .12( 
15' 599-9 - 600.7 1 ,430, 000 .loB 
15' 644 .0 - 645.1 2,730, 000 .109 15' 68o .o - 68o.8 1,800,00:) .109 15' 720.0 - 720 .9 3,170, 000 .141 15 ' 759.8 . 760.8 3, 910, 000 .151 15' 797 ·7 - 798.9 2, 560, 000 .135 

Ave 2, 780 .. 000 Ave .137 
Bigb. 5_.030,000 Hi gh .206 
Low l ,o65,000 Low .o86 

s 
~ 

oOCI.j 111'011 ___ _ 

Unc onfined 
Ult. Compr e ss • 

Strength PSI 

7, 361 
10,250 

7, 722 
9,778 
9, 028 
9, 000 
8,000 
9, 333 
9,250 
9,359 
8,607 
7,855 
8, 524 
8, 022 
9, 692 
9,889 
7, 927 
9, 944 
9, 384 

~ UNCLA SS I FlED ~L-------------------~~~------------------------~ 



-..c AHJ 

- · 
~.,s + ,:um~nt 

<\sso=i">ly Gag.-
"'un}u:~rs Numbelos 

~---- -· 

A 48 
A 49 
B 55 
B 56 
B 57 
B 52 
B 53 
c 60 
c 64 
c 65 
c 61 
D 71 
D 72 
D 74 
E 85 
F -,8 
F T:J 
F 80 
F 76 
F 77 
G 82 
G 83 

p;·.as1:CJL PROPERTIES 
U . A oS . EXPERll.fENT lNSTRUlo1EJ<lTATION CORES 

Unconfined 
Gag~ Mod 0 of El3.S t 0 Poi sson's 

Orie-nta-;ion (Compression)psi Ratio _ 0 _ _ _ ____ 

Radial 3,830, 000 .211 
Radial 4,390,000 .209 
Radial 4,260, 000 ol53 
Radial 4,580, 000 .189 
Radi al 3, 620,000 .163 

Circum±' . 4, 090, 000 ol73 
Vertical 3,4oo, ocx; .230 

Radial 5, 000, 000 .174 
Radi aJ. 3, 940,000 ol45 
Ra.•iial 4, 390, 000 .151 

Circumf . 2,900, 000 -173 
Radial 3,640, 000 .111 
Radial 3, 790, 000 .177 
Radial 3, 750, 000 -171 
Radial 2,370,000 o118 
Radial 3, 540, 000 .1.72 
Radial 3,690,000 . 217 
Radial 3,330, 000 ol81 

Cir cumf. 3, 620, 000 ol79 
Vertical 3, 620, 000 .196 
Radial 3, 550, 000 ol 44 
Radial 2, 120,000 .186 

Ave 3, 700, 900 Ave .rn 
High 5, 000, 000 High . 230 
Low 2, 120,000 Low .111 

Uoconfioed 
Ult . Compr . 

Strength psi 

8,66~ 
9,057 

10,962 
10 ,287 
9,569 
9, 353 
7,000 

10,526 
7,3011 

12, 050 
8,921 
7,305 

10, 5ll 
10,463 
8,967 
8,698 
7,886 
9,489 
7,922 
7,353 
8,000 
5,559 
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"iaterie l 

Aluminum b0Go-T6 
or 6o62-T6 

AluminUI;J 5456-o 

S'teel 
USS T- 1 

St eel 
4340 

l1angenese 
Bronze* 

Phosphor Bronze 
Grade D* 

f.!Agnes ium Alloy 
HK 31 A* 

Titanium Alloy 
131/ -llCR-3AL* 

Yield 3tre ss 
in Paren't 

Metal 
Fty (psi) 

4C, OOO 

23, (x;0 

l OC, OOO 

99, 000 

30,000 

28, 000 

135,000 

* Hi gh cost mat eri als 

TABLE XV 

l.i1'"DERGROUND AIR STORAGE 
LmER t-I.ATERIAL SELECI' I ON TABLE 

MATERIAL RATING FAC'rOR BASED ON ELASTI C 
OPERAT I ON OF WELD JOINT l-1.1l.TERIAL 

Modulus of 
Ela sticity 

E (psi) 

10 .0 X 1C6 

10 . 3 X 106 

30 .0 X 106 

Yield Stress 
iD Weld 
1·letal 

Fty"' (psi ) 

24, 000 

23 , c.JOO 

100, 000 

'J9, COO 

30 , 000 

28, 00J 

29, 000 

135,000 

Weldability 

Gocxl 

Goo:l. 

Gooo (Spec . 
Hetboc Requir ed) 

Good (Pre
heat Required ) 

Good (Resist -

Rating 
Factor 

:R .F . == Fty;,r 
E 

.0024 

.C0223 

.0033 

ance ~e lding) .0020 

ExcelleDt (Resist-
ance Wel din0 ) .00175 

Weldable 
( I.G .S .A) .00445 

Weldable 
(Fusion ) 

c:: 
0 

< 

-~ .. 
2 



+---------

c 

1 

I 
I 
I 
I 
I 
I 

~I 

Acronaut!clll Syatc"'!! D1vts 1oc, Dir/ Aero=>ec CI , 
Propulsion Lab. , llrig!lt -Pattensoo AF'B, Ohio 
ASD-T!JR-63-277, Vol. V., NUCLEAR RAMJ::'I' FP.O
I'ULSIO!f S~, .l'!!O.n:C":' ?tln"O, Vol. V· ?:-o 
puls~oo Sy•teo Te•t Pla=.i:>g and Gro~ 
Tcs: Fsc i l1ty S~cd!es (U) . ?ical Repcrt, 
15 Febr~ar; 1963, 93 p ioc l l ~luc , tabl e•, 
14 ~ro 
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loll.~ !"o :- ? l1Jtc . Plight ~r:.g!.n'! 5='0U.."1c! tes-:. 
ra· t :t:.y =- :-t:.e:- !8 a:-e ..:pdat.~d. '!'!le S { te 
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Teet Facility S~udies (U). Flcal Report , 
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14 re!o. 

Sea a Mi RepOrt 
Te5~ planning 5~~d1e~ diac~se p:ogra~ , 

scope, ob;ect~ves, schedule , ex1st1~g ~a
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