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Section 1.
INTRUDUCTION

| Several technical areas were encompassed in providing support for Booster

'sthermai environment test work. These areas ircluded cavity flow heating, rare-

‘fied flow heating and impulse operated model research and testing. Cavity
flow heating problems were studied with respect to. the proposed altitude
controi motors for the Space Shuttle. Avaiiabie literature on this subJect

- was reviewed and analytical predictive methods were summarized for use in
planning testing work. Rarefied flow heating date was reviewed and correlated.

_The study showed the importance of considering'rarefied flow conditions in
launch thermal environment prediction. _'Impuise‘opereted modei research
and testing was conducted to provide a basis for understanding and designing
such models for booster thermai environment testing During.the course of
this work technical reports were compieted which document the various tech-
nical faeits‘encompassed. This set of reports, Refs 1 to 13 provides _

- comprehensive documentation and thus a synOptic presentation method is used

~ herein. The most saiient featnres of the.work are given in the following y

‘sections.
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- §eetion 2
CAVITY HEATING

| Propulsive attitude control systems wh1eh are intermittent]y-used
.dur1ng hyperaonic atmospheric flight are discussed and analyzed as an open
cavity flow heat transfer problem in Ref. 1. The literature which presents -
open cavity.f]ow tharacteristics_is reviewed‘and discussed in terms ef ACS
nozzle~cavity heating. A'descrintion oflexisting analytical nodels for
prediction of heat transfer within cavities is given in Ref. 1 and are
 summarized here. All_of th2~m0d815 presented were deve]oped for two~dimen-
sional 1aminar Flow (see tig;'i) Thus, un1ess three-d1mensfena! effects
“within ACS nozzle cavities are found to be neg]igib]e these models will
require modificataon to be appIicable to ACS nozzle: row. Furthermore..
other models for turbu]ent flow will be requ1red for anticipated f?ight

'conditions.

2.1  BURGGRAF'S MODEL ~ _

Burggraf (Ref 14) mode]ed the steady separated flow in two-dimensiona]
rectangular cav1t1es at high Reyno]ds numbers. The cavity flow was considerad
to consist of a s1ngle constant entha1py, rotat1ng 1nv1sc1d eddy which- prcduces
a thin boundary ]ayer along the cavity wa]ls.‘ The ]aminar momentum and energy
equations were Tinearized and the Prandt? number assumed to be one to obtain
a tractable salution. The heat transfer distrfbution was norma]ized to using
Chapman's average value transferred across the d1v1d1ng streaml1ne The
 expression relating the preseparation heating to the distribution:within
the cavity is given in Table 1. B
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Burggraf also examined the 11m1tat1ons of his ana1ysis with respect to
the assumption of an inviscid central core. Thermode1 is no 1enger valid
when the boundary layer thickness becemes,equa] to one half of the cavity
width, W, for cavities with H> W, This condition is related to a critical
Reynolds number given by Eq. (2) of Tabie'];‘ Thus for the theory to be
applicable ehe local edge Reyno]dS'dumber,;Eq.,{1)_of Table 1 must be
greater than the critical Reynolds numﬁef given by Eq. (2) of Table 1.

E As part of the preeent 1nveaf1gation"Burggraf‘s model waS'erogrammed
to provide a pred1ct1ve method. Due to the sfhp11c1ty of the heat transfer
corre]at1on, the program was used to parametrzca11y evaluate the heat trans-‘
 fer distribution.a The reeu]ts_of thisupapametric enalysis_are given in F1g."
2 for W/H values spanning the ﬁangé of.exﬁeEted Acs-nozele cavities geome-

2.2 HODGSON'S MODEL | -
| | Hodgsdn'(Ref 15) visealized'eaedty ffew-as determined by.ah oncoming
‘boundary which separates and forms a shear Tayer which in turn produces an
equivalent wedge flow down the reattachment wa]i " The equations corres-
ponding ;o this-conceptual model are g1ven;1n‘Tab1e 2'and'are d1scussed
“below. - | | 7_ s | o
a The effect1of finite upstream beundary 1ayer was introduced throegh
its influence on the d1V1d1ng streamline ve10c1ty, Uge as determined from
resu1ts of Denisen and Baum (Ref. 16) In the present work, the theoreticaI
‘curve was least squares f1t for numerica] computataon nurposes. '

Cavity fluid properties are cemputed using an average cavity tempera-

.ture. £q, (4), and the boundary iaver edge pressure. . The d1v1d1ng streamline

C
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temperature, T4 1s computed using a modified Crocco's relat1onsh1p. [Eq. (3)].

One of the significant contributions of this model 1s the compressibility
correct1on given for the reattachment zone 1ength, L, expressed in Egs. (6)
and (7). This leagth 1s used in an expression for the local velcoity along
the reattachemnt'wa11 which was deve]cped forlincompressible flow, [Eq. (8)].
Reattachment wa]l heat transfer is then computed using heat transfer relations
[Eqs. (9) to {13)] for a flat plate having a varying freestream velocity.

% The theories of Burggraf and Hodgson_provides the most easily used methods
for the engineer-to-obtetn an'est1mate of'the.heating distributfon within a |
cavity Several add1t1ona] methods and aspects of this prob1em are presented
and discussed in Ref 1. | . '_ _ _' _

The cavity heating 1nformat10n given in Ref 1 was app]ied to a specific
praoblem in Ref 2. This reference documents a study of the thermal environ-
ments for two proposed cavity reg1ons of the External Tank. Thermal environ-
ments. for the exit region cf the LOX Tank Vent Line and exit region of the
. Intertank Deorbit Retro were computed for two traaectory points corresponding
to peak heeting traaectory‘pointef‘ Heating rates for specific points within
the cevitiee'and near the oavitiee-oncthe-externaI surface are given in tabular

~ form in Ref. 2.
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| Table 1
Burggraf: Laminar 2-D Cavity Heating Equations

—— bt
i —

Nomenciature
R Ug - Boundary layer (BL) edge velocity
1. Rey = Pele%o . |Pe - BL edge density
e Ye . |up - BL edge viscosity.
L | | 5, Xo‘—'BL running Tength to cavity |
e = o) (1o g Sl o ey e

q .- Preseparation convective heating rate

ps” ) |
R ' - ‘ q(y)-LocaT heating rate
3"‘ 'If“RExo'> Recr th'en . H,H- See F'ig.__'] -

.

| .g-:-:]—.- T i T l%(f z(m}i)) ‘._.; ('2' ’ '2'.(‘L;'+‘H' 5)j|

4. ‘_Riema;‘n.‘.zet'a fun’étfon' (afratipna} 'approx'lmation)f

e | ,
,_ ;(E")-ﬁ ¥ Z.a'.‘(_x_ﬂ )"

-
=

»
n

+0.803323

= - 3.89728

L
L]

¥ 2.55002 . .
- 139121

+ 0.308284 -

= - 0.0335028 °

[~ ] -
" L]

2]
=}
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‘Table 2
':Hbdgson: Laminar 2-D Cavity Heating Equations

1. §*= W/X, (Flat Flate)

B e |
2. ﬁg = f(S*) from Fig. 5 of Denison and Baum (Ref. 16) .

-*

" Least Squares Fit

. U, - ;; _ L SR
.._daa +a€+352+a€’+a£"+jgs
. ue g 1 2 3 W 5 ‘

, (s*). - o
51706

: T_wheée}ﬂE'

o
N
+

',‘"'a = # '.6'88707 .7 : | -

e =-00206 - |

ootz
-i‘;a = +ﬁ.000654§ o :

e “fu . v fu AT
3..7=T+,_9_(T -T),-__g P_[Le
Td W (U) aW W Ue .r T
| e/ - 7 Ne/ o \Tp

T
L]
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Table 2 {Continued)

A L-L{] +0447[y-1)/a!4/[22+441 Tw/r ]}

‘ 1
~exp -y/L(Q.B?n’ + 28.1) "%
9.87n% + 28.1

Vz

al

‘ 8. , For y/L«:'I
v . - -
i 189 exp ( 5.3y/L) 10.6 Z
- d B | n=1
9. Foryl<l o
oy e e e
so e/ | @) o
/AT R\
o ‘ ‘ ) 0 .
-~ .where for Pr =f.7i - |
C e e xnh-
¢, = 0. 413 W, He
:_c27=o435 |Ye -
gy mr8r o |
LSl ' Tw =
10 Fory/L > 1 1P -
‘ o ']'a"..
SRR Pe =
11. For y/L > 1 Mo ~
T ,h 'Te..
| StRe Y, . <, Sl -A) |
/ Mg -
| | : Ye =
- where for;Pr = 0.7 y -
 A=0178
| S Y -
e UL .
12. “Re, = =4 q -
L H :
o

T
e

Nomenclature

B.L. running Tength to cavity

See Fig. 1 -
Boundary layer (BL) edge ve10c1tf

"Dividing streamline velocity
- Wall temperature

Prandtl- number

"Adiabatic wali temperature _
‘B.L.. edge heat capacity

B.L. edge density

B.L. edge viscosity
B.L. edge temperature
B.L. edge Mach number

Viscosity evaluated at Te‘-

Distance along cavity reattachment
wall from the external surface

Ratio of specific heats

LocaIrheatihg rate

*The m1spr1nt which occurred in this equation in Ref 15 was corrected by

persora. communicat10ns with the author.
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Section 3
'RAREFIED FLOW HEATING

Aeroheating during hypersonic fiight'athrarefied'conditions has become
a problem of concern for Space Shuttle taunch and entry. Mission require-
ments dictate‘that'during ascent and entry the External Tank (ET) will spend
:;a significant amount of time in rarefied hypersonic flight. Consequently,
. several reports'have been prepared, Refs. 3 to 7, which detall expected flow
i._oonditions, rarefied flight predictive hethods, analysis of available data
: and computer program documentation for ﬁethods of computing rarefied flow
'thermai environmentsi The more salient features of this work are given here.
| The most significant contribution of. Ref.. 3 is the correlation of rare-
\Afied fiow heating data in & manner which provides a rapid caicuiation proce-
dure of rarefied fiow heatingfor the design engineer. Flow regime switching
_criteria are given in Tab]e 3. Relations for free molecular heating are
giVen in Tabief4 Rarefied flow heating reiations and data are presented
for spheres cones, cy]inders flat piates and wedges in Tab]es 5 to 9 and
'Figs. 3to7. Hedge fiow relations were deve]oped subsequent to the work
“given in Ref; 3. 1In addition to the heating methods stated above, Ref. 3
provides an aiternate method of scaling wind tunnel rarefied stagnation point
heating to flight conditions. | | ' |
The rarefied and. free moiecuiar fiow heating prediction methods were
programmed and incorporated into the MINIVER computer program " Ref. 6 pro-
vides documentation of the changes made and Re‘..? provides & program list-
ing of the entire modified computer code. |
' - During the course of checking-out rarefied fuow heating methods, it was

- found that a simple method was needed to compute the iocai.recovery enthaipy.

10
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- Ref. 7 was complefed in response to this need. A Ngwtonian and a concentric
- shock approach were shown to yié]d the same relationship for the recovery
enthélpy._ This relationship is given in.Table 10. | :

| | fn order to attempt to broaden the rarefied flow heating data base, a
rev1ew of Saturn v ]aunch data was undertaken. The basic conclusions drawn
from this study {Ref. 4) are: (1) The Saturn 501 heating rate éauge output
in -the rarefied flow regime is of the same magnitude as the zero bias error
of the respective gauges, (2) Since some of the gauge output exceeds the

| maximum- convective heat1n§ potential, gauge output cannot be attributed to
cdnvedtive'heatingrandfmUSt be due to gauge inaccuracy.and/or solar radia-

~ tion input and (3) The uncertainties énd 1nconsisten¢fes.1n the dafa*pre— |
cludesltheir use 1n'éstablish1ng'a basts fdr‘raréfied flow convective heat-

~ 1ng.

“
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TABLE 3
. FLOW REGIME CRITERIA

i

RTR 008-4

Mo < 0,05 “Boundary layer flow
_ Ree . o ' - -
lfl '
/ Moo g Ly -
0.05 < < 3.0 - Rarefied flow -
) Ran ’ . S
M‘; > 3.0 " Free nio'lecuhr flow
€ . . ' - :

12
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- TABLE 4 |
FREE MOLECULAR FLOW HEATING EQUATIONS*

]
P
e

1 N=-P.—l: (particles/unit volume)

(2) s =d:’fz—— M, {miecﬁ}ér ‘-speed ratilol)

(1) po Ma T
. 24ws

(4} n=Ssine  -‘1'  _
(5) n-_?w[e'_“ + YT (1 + erf n)]-'.--- L

.' = number of m]‘é'c;‘gjes}s.tr"i king-a unit area per unit time
erfns= Z 'f'_e'_f_‘-dx- _(error-function) "

Rational apbrbximétiéh?--('o‘ <n.<w) “from Ref. 5

erfnet a8t e e e 4 eln)

i 1 . ':" o
.]+a°n P

©0.47047

.
o
a

. 0.3480242

-1
.}

fu
]

-0.0958798
2 = 0.7478556
le(ai} 2.5 x107%

13
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- . - TABLE 4 {cont.)
. FREE MOLECULAR FLOW HEATING EQUATIONS

‘ -\ Y+1 - SN
- A7 = kT $S* + X n- kTw
.A_( ) _‘q‘ .u 20-1) ———— kT, - B{ ) Y-T) '¢J

e héating.rate:xﬂr

" Nomenclature =

 t. T Frééstream.veidtﬁty{
:‘iﬂT
A'5k f

FreeStream'pressure

Freestream temperature

Boltzman s constant

Y Freestream spec1f1c heat ratio

RTR 008-4

. *From Oppenhetm (Ref, 17) -
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TABLE 5

RAREFIED.FLOW STAGNAT.ION POINT HEAT TRANSFER EQUATIONS

| (”7' ATr - .(TG * Tw)/z . .‘ Nomenclature
| ; : | - 5 - Post normal shock temperature
. | ) | .
‘(2)_ Iﬁ = Tw <§ +f§—-_“;) | | Ty - Wall temperature
Freestream Hach number

- E:f o bmHmB T Freestream specific heat ratio
(3_) K? = Eé———) (_r) ' Y : — p :

_ur_ To/ Viscosity evaluated at T, and P;

-
.
R | 1

83

)=
-
]

H, - Total ehthalpy
'HH - Wall enthalpy

‘iwhére- e=Xl

,-,bs - Freestream density; .

" {4) Heat transfer coefficlent
) - u T : ‘ 2 - e
_10‘9“((:“). Z :31(1'39"!( ) [

T 4=0
a = 02328 |
a = -0.303095 [ Shock —
a, = -0.0779538 -
: ® e———

(5) .Heat”transfer

' q= o U o 1 (K, -*h) | T

15
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: TABLE 6
RAREFIED FLOW SHARP CONE
HEAT TRANSFER EQUATIONS
{1) -T,.‘ = Tyt (Tg + Ty)/2 - T5 cos?e./3 |
(2) Rewr = .prU....wx_....
. . um *
- i B ‘ ur.Tm :
. {3} C* =
. SR 'r
FORa. T
. singg : T5 i

e . L Rew
(53 X My C*cosac

(6) Corre'lat{on Equation
DR - 2  ' R 1 .
]°9" (&= 1 ai (Togzoxc) |
'- . L ui__o | e

Ta, = -0. 392510 “
ay -0.266308 |
a; = -0.0598724

(7) Heat Transfer. - | 7 :
,q a .p U CH (H H‘ﬁ o '_ - ﬂomenc'lature‘ '
- - | See Table 5
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TABLE 7
~ RAREFIED FLOW SHARP FLAT PLATE
HEAT TRANSFER EQUATIONS*
(M T, =T, 0 +'Y§-‘-.M§) | U -
’ (2) Rem = p—‘m’g‘@'x_ o 7 . _ . .l ‘e""h..;-:.:.:.:.;;;.;.;.;.;.;. ............. s

e . BTy
(3) & =

(4) 's"f‘ (T‘,,/TQ)I’z M2 Cu/Re,,

BRI : : WAL o
(5) Cugy © (0.368Ty/To + 0.0684) [I‘L',,(C*/Re,,) / ‘] /2 S
8) . .1_['1 - taﬁh (0‘.9i 1bg:fb + i;-10)] |
b L T T e ey

 for8< 0.1

(7) -Heat_'.Trans_f_er T
9 ’.'{;,p‘"U” CH (Ko = Hy) - _Nomer;ﬂature |
e ' See Table 5 -

P —————————
i —— T

* *From Shorenstein and Probstein (Ref. 18)
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TABLE 8

 RAREFIED FLOW YAWED CYLINDER
STAGNATION LINE Hr*i TRANSFER EQUATIONS

| | A - it
(1) T, = %_ (1, + s cosA) Nomencla qre
: S See Table 5
(2) Rem - M
‘ Hen

(3) ‘/;*.Ur' Tes

(a) vz . R
A Yedl2CacOSA

(8) ¢ = CH/c_osA

(6)  Heat Transfer Correlation .

_ 2 : L
Togie € = I ay (tog, &2 )

a, = - 0.377656 °
‘a, = -0.368580
a, = - 0.0461064

(7)) Heat Transfer |
q = pw“oo CH (Hn - HW)

18
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TABLE 9

| RAREFIED WEOGE FLOW HEAT TRANSFER
A EQUATIONS
(1) T. = T./6 + /2 meenc]ature
e | Tg - Post Normal Shock Temperature
(z)Ac*_= Uple o Tw - Wall temperature
| FﬂTr o T Freestream temperature
u ool X - Surface length
53) Rew,x = um“x U, - Freestream velocity
' ’ U - Freestream viscosity
(4) . Rem X '-_” :f . |py '~ Freestream density .
K“ ‘nJLfC*COSB o e s Freestream specific heat ratio .
e "~ ... 1Mw - Freestream Mach no.
(5) £ = CH/cosa,A . |Hs - Freestream total enthalpy
. o[ Hy - Wall enthalpy

(6) Heat Transfer corre]atﬁbﬁ&('e >_}o°)‘i“
' _109‘1"0 £ = 12 ai('log“l(u)

a,‘ = -0.370778

a, =-0.388606" .

a

, =-0.108383.

(7) Heat transfer _
q= pmum CH(Hw Hw)
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- TABLE 10 -

A SIMPLE RECOVERY ENTHALPY RELATION
- FOR HYPERSONIC FLIGHT

r

He = b, + (sin®@+ rcos?0) U 2/2gd

Nomenclature

. Hr - -Recovery enthalpy

he = Fr'eestream static entha'lpy . | _ .

Recovery Factor P,.2 (Laminar)
o = Pr"' (Turbulent)
Prandt] number J

c o .
g = -
1 [

- Frees tream vel oci ty

Gravitaﬂonal constant

-
3 3

= Mechanical equiva]ent ‘of work
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Section 4 .
IMPULSE MODEL RESEARCH

The objective of this work was tordeve1op a sound understanding of
Impulse'Base Flow Facility (IBFF) model and tan< wave dynamics from which
future designs could be derfved. To accomplish this objective, several |
nork items were comp]eted.' The performance of ffve IBFF'mode1 configura-
tions were monitored and analyzed as they were‘used for other test_programs
(Ref. 8). Theoretical steady state H,=0, combustor properties were calcu-
Iated and presented in graphica1 form for deeign and/or ana1ysjs'work by

" Ref, 11. A'pretest-plan'(Refs. 9 and 10) was_deve1pped to obtain-pdra-
metric‘experimentaTTdata for'design‘of 1mbulse'6perated modeiS-and blast
wave ténk dynamics. The test waslconducted'and the data analyzed and pre=-

sented in ﬁefs.‘TZ.and 13.

4.1 IBFF DATA Mormonine

Facility mode]l data was taken during routine testing operat1on of the
'IBFF One hundred and twenty two (122) runs were made in which the combustor
'pressure, initial combustor pressure rise rate, and type of combustion were
recorded This data was taken us1ng two injectors and two nnzz]e configura-
'tions with which nozz]e diaphragms of various th1cknesses were used.
- From the data anaIyzed in Ref. 8 the fo1]ow1ng conc]usicns were drawn. L
Ignition Characteristics |

'8 Ignition resulting in hot flows were: exper1enced in a1l runs
“using the equ1va1ent eng1ne with a diephragm and a pin ho1e. .

& It follows from the above concIusion that a g]ow p1ug is not

. necessary to obtain repeatab]e 1gn1t1on of H, =0, 1in some
.configurati ns, B , O ‘
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No correlation of pin hole size or diaphragm thickness with
ignition behavior was found. '

~ Not using a nozzle diaphragm reduces ignition ré]iabi1ity

Insufficient data was available to quantitatively establish
the difference between ignition characteristics of the large
and small volume injectors in the equivalent engine.

The two engine geometry exhibited poor ignition reldiability.

- This configuration has a larger combustor volume due to the

two nozzle entrance ports, '

f}he'two engine conf1gﬁration 1s the only configurét1on studied

o fwhich has produced an overpressure combustor pressure response.

‘The timing between H, and 0, arriving at the combustor may

. effect the percent hot flows obtained.

_Performéhce Characteristics

 The chamber pressure for hot flows 15'repeataﬁleifd within

at most * 12% of the average chamber pressure for a given

~geometry, -

Injector geometry and/or volume can significantly change

the measured steady state chamber pressure.

The average chamber pressure fdr'in1t1a1'bverpressﬁre runs
1s statistically indistinguishable from the average chamber
pressure for nominal hot flow runs. ' o SR

. The initial cold flow chamber pressure rise rate can be

statistically distinguished from hot flow chamber pressure
rise rates. S ' . -

- The hot flow initia] chamber preSsnre rise rate is statis-

tically the same for a 0.005 in. thick nozzle diaphragm as -
those runs without a diaphragm. o

Runs which exhibit initial overpressure characteristic also
exhibit the largest scatter in the measured steady state

- chamber pressure (1.e. ¥ 28.5% from the mean).

4.2 CHAMBER PROPERTIES OF GASEOUS H,-0, COMBUSTION

The purpoée of th1s study {Ref. 11) wés_to'produce curves showing‘the

effects of Oxidizer ~2Fue1'Ratio-(O/F),and chamber pressure (P.) on the

-

7
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steady-state parameters of temperature, specific heat ratio (Y), moIecu1ar.
weight and charactersitic velocity (Cf)'in the combustion chamber of an
ImpulselBase Flow Facility (IBFF) model. The curves presented in Ref. 11
are intended to provide the engineer with‘a rapid method for predicting

combustion chamber conditions for gaseous fueled hydrogen-oxygen engines.

4.3_ IMPULSE MODEL TEST PROGRAM
‘ References 9 and 10 present the test p1an developed to obtain parametric
| Aexperimenta1 design data for impulse operated models and tank wave data.
- Specific test objectives which were accomp]ished are:
1,- Evaluation of model performance with different
Combustor volumes (L* = TO 15,25,40 in)
Injector configurations (Tr1p1et, doub1et, concentric}
Charge tube pressures ‘ .

Diaphragm effects iwith or h1thout
Glow plug effects (with or without).

2. Determ1ne the behavior of the blast wave and p]ume 1nterference ‘
- effects in the vacuum tank. for variations 1n._,

¢ Tank pressure
- & Location in the tank

. Flgure 8 presents a schemetic of. en tmpulse model installed. in‘the tank
bulkhead of.the IBFF. The faci]ity basica11y consists of two charge tubes
'(oxidizer and fuel) each containing a flow metering venturi a d1aphragm and.
- cutter assembly, an injector, a combustion chamber, a nozz]e or nozzles and‘
.f an altitude simu]ation chamber. Figure‘g presents an assembly drawtng of one |
of the conf1gurations tested' The triplet element injector used in these
tests 15 shown as part of the assemb]y drawing The other injectors used
.are shown in Figs. 10 and 1. By replacing anular sectionscof the combustion

chamber {see Fig. 9) the combustor‘L* was changed allowing four_combuétor"

28
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1
1

vo]umes to be tested. The actual volumes and areas for the canfigurafians
tested are iisted 1n Table 11.

A detailed description of the test conducted and results obtained is
given in Refs. 12 and 13. Reference 13 documents the test program with
respect to the impulse mnde]_characteristics and Reference 12 documents the
tank wave data. Reference 13 also gives a detailed discussion of model de-
sign methods. Each major compenent of an impulse operated model is dis=- |
| cussed in terms of previous deeigns and reeommended design methods. The
cemponents considered are charge tube,venturf; diaphragm cutters, diaphragms,
injectors and combustors | . '

- In order to explain the data obtained through this test program and to

provide a design tool for future work, an ana]ytical time dependent combustor
.nndel was developed. Severa] simplifying assumptions were made to obtain a

‘-fractabie model.. The basic assumptions consisted of | '

- One dimensiona] f]ow i o -

. Constant combustor specific heat ratio

Instantaneous heat release in the combustion chamber by the
products present . o

Temperature independent heat release o

Instantaneous perfect mixing within the combustion chamber _
Constant temperature throughout the manifolds

Combustion chamber species were Timited to H,, 0, and H,0

The nozzle throat diaphragm opens instantaneous]y at a specified
pressure. _

m"'-JO\?'t-b [ R
L] LJ

‘Based on theserassumptions; a time dependent math mode] for the tnansient_
beha#ior of the combuston‘was derived by writing mass, pressure, and'energy
balances. o A | |
-Balance equafions were written fbr
‘1. H, mass balance in the volume preceding the 1n3ector face (H mani-
£51d volume)

2. 0, mass baiance in: the voiume preceding +he injector face (0, mani-
fold volume) .

29
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[

Pressure balance across H, and 0, injector ports
Combustion chamber mass balance

Combustion chamber energy balance

. Combustion chamber spec1es balance for H,, 0, and H20

mm’:bw

The mathematlcal form of these balances arz given in Table 12 a]ong with
other equations required for‘complete definition of the combustor processes.
. A few comments are relevant to the,equations given in Table 12. The

injector pressure 10ss equations specify the velocity through the injector
'ports leading to the cbmbUstion chamber. Choked flow through‘the'ports was
assumed unt11 the chamber pressure rose to 52.8 percent of the respect1ve

. ‘manifold pressures. The energy balance equation was derived by spec1fy1ng
npell tnput, 6ctput, and accumulation terms. The relation given by Eq. 8 was
Athen obtained by subtracting E;(T - 1080) times Eq. 7 from the original equa-

‘tion. The effects of variable OIF on'f have'been {nc1uded by including a

P
'_multipie segment 1nterpo1at1on calculat1on of EE as a funct1on of O/F.

- In order to compare the results from the transient equat1on to steady
state condittons. the steady state equations for the ccmbustor‘were-der1ved.
The eqeatfdns are:gﬁvenvih TabTeu13 anc consist of basicelly-the same type
as given in Teb]e’lz.

4 The set pf coupled time‘dependent equations given?in.Table 12 were
solved numericaj]y using a simple Euler's numerical ihtegretion method.

" This method was found to be satisfactory if sefficiently_smali step size

was used. In a}l,cases considered the transient solution obtained the steady
state'velue ifithe integration was extended over a sufficient tfme 1nterve1. |

‘A complete documentat1on of the computer code for the solution of the

o steady and transient equations 1s given in Ref. 13.

The trensient math model has been used to analyze the data obtained
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' during the test program. Fig. 12 presents a couparison of the theoretical
transient response df the three mein configurations studied experimentally.
It can be noted that the doublet injector configuration obtained’steady"
state more quickly than'the other configurations. This was verified
experimentally. Figure 13 shows a comparison of,the-theoretica]‘method ,
'fWith‘data The comparison is quite satisfactory for design work and 1s
typical df the many cases stud1ed 1n Ref. . 13 | |

Reference 12 presents the measurements made in the a]titude simu]at1on
' chamber dr vacuum tank to determine the effects of the reflected b]ast wave
on the nozzie exhaust plume for variatIOns 1n tank pressure and tank loca--
tion. The prime objective of the vacuum tank measurements was to determine
the tide interval for which steady state conditibds euisted in the ekhaust
flow before the reflected wave disturbed the flow. A secondary objective. o
weseto‘attempt photographic coverage:of:the plume during'Steady'state ccndi-
:‘_tions. To accomp]ish this obaective color and {nfrared f1]m were .used and the
f-stop sett1ng and development procedure were varied 0n1y margina] success
- Was ach1eved o | B

: | The reduced data presented in Ref. ]2 for the primary test obJectlve

'cons1sts of different tables and p]ots of the time at which the 1nitia1 and
-1ref1ected waves passed different probe pesitions.~1These plots were then used ‘:
to construct.a graphic'representaiton of the wave patterﬁs which existed at
different time intervals after firing the model. The data was compiled for |
the three test a1t1tudes i.e. 240 Kft., 280 Kft., and 320 Kft. All the }
| wave-data at a given altitude was eueraged tpgether'and no distinction wes

~ made for different L*,injector arrangements,or_diephragm hurst pressUres.

T
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The wave patterns given in Figs. 14 to 19 show the initial and reflected

- wave at different times for each of the three test altitudes, 240, 280, and

320 Kft.

For each altitude the initial wave is shown at times 0.5, 1.0, 1.5,

and 2.0'millisec. and the reflected wave is shown at times of 5.0, 7.5, 10.5.

~ and 15.0 millisec. For the inftial wave patterns constructed, the following

{tems were noted.

RN

As the test altitude was increased the initial wave exhibited an

expected broedening due to the expansion into a lower pressure.

.VILiREWISE as the altitude 1ncreased the Wave 5peed 1ncreased., At

240 Kft. the wave was just reaching the tank end and side wa]]

at 2.5 mi1lisec. while at the 320 Kft the_wave had almost reached

the side wall at 1.5 millisec.

. The shape of the wave'aﬁeo changed with 1ncreasing-a1titude. At

the lower altitudes the wave front hadfafparaboljc shabe-that

changed to a wave front which was almost perpendicuIar to-theltank

centerline at 320 kft. At each altitude the wavelwes found to be
relatively flat and parallel with the'noiz]e‘exit fon'some distance

from the exit. It appeared that this flatness was maintained for

| "‘a longer time at the higher ait1tudes.

The waves in the region which is shown in the figures as extending
from the 1ip of the nozzle toward the tank wall were found to move
slow]y 1n comparison to that movement in the fronta] wave regions.

In fact, there was strong ev1dence to support an argument that the

>, phenomena observed was not that of a wave but simply the gas front

.expansien. This argument was supported by the fact that the phe-

. %2
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nomena in most of this region was moving at a speed that was less
- than Mach 1 and that the thin film gauge responses did not exhibit
. the rather abrupt change associated with a strbng blast wave. ‘The
movement in the region was so slow that the reflected vave from the
tank side wall appeared to overtake the initial gas expansion.
‘The reflected wave patterns aré of even‘gfeater significance to short
duration rocket motor tests at simuiated altltudes because the arrival of the
reflected wave within the plume or mode] base region destroys the altitude
s1mu1ation and s1gn1fies the end of the test time It was unfortunate then
that the ref]ected wave patterns were more difficult to establlsh and ldentify
than the initial wave. This was because at the t¢me of the passage of the
‘reflected wave, the thin film gauge was sti]]\reSpond1ng_tq the passage of
the'1nitia1 wéve and the Qas following it. Although this in itself made

the identification of the'passége of the second wdve difficult, in-additioﬁ,l
the reflected wave was weaker than the initial wave and therefore did- not
produce & pronounced change in the gauge response For thesg reasons thg‘
reflected wave data was found to be more scattered than the inftial wave
data. For the reflected wave patterns conﬁiructed, the following items were
noted. -_ _ | “" _

1. The reflected wave and/or gas movement region which was likely fo

first cause steady flow breakdown was}fpund‘to'occur from the tahk
‘sfde walls and to form a "U"'shaped'pqttern which generally moved
~-along the plume boundary. .
| 2; Although the reflected wave movement pattern dfffered somewhat
 with alt1tude, it was found to arrive w1th1n the nozzle base region

at approximate]y the same time. Average arrival times at the tank

a3



REMTECH INCORPORATED o - o RTR 008-4

bucket corner were 11.8, 11.0, end 9.8 msec for 240, 280, and

320 Kft. altitudes respectively.

As noted earlier in the discussion of the initial wave, the regfon
fron the nozzle 1ip to the tank side wall has a very weak initial
wave and is probably only the gas expansion in that region. For
this reason it is likely that no well defined reflected wave comes
uirect]y off the side wall. The sketched ref]eéted wave patterns

are most 11ke1y a combination of wave phenomena and gas front ex-.

fpansion. The "U" shaped wave, even.though it is produced within

a region where the reflected wave is very weak moves rapidly back

to the nozzle region because it has very Tittle or no gas velocity

- head to move against, thereby ach1ev1ng a rather quick relative

movement.

There was some evidence of the existence of a third wave phenomena.

However, the data obta1ned were inconc1u51ve, 50 no def1n1tian of

its wave pattern was made. This wave was suspected to come from the
region where the tank far end wall joins. the tank side wall. The

wave movement would be along the tank side wall and behind the wave

reflected from the tank side wall.
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IZTE}:ngt GTE}Engt Concentric N _Doubiet
92 H, 0, H, 0, H, o, H,
Venturi Diffuser + Diaphragn | 0.951 | 0.914 | 0.951 | 0.914 | 0.951 | 0.914 | 0.951 | 0.914
‘Bulge Volume (in.?) . : R '
“Injector Housing - Diaphragm : |
Bulge Volume (in.*) 0.474 | 1.150 | 0.474 | 1.150 | 0.474 | 1.150 | 0.474 | 1.150
Injector Volume (in.3) 1.958 | 4.493 | 1.542 [ 4.493 ] 2.603 | 8.253 | 0.62] 3.054
Total (in.?) - ___12.432 | 5.643 | 2.016 | 5.643 | 3.077 | 9.403 | 1.095 | 4.204
ppastrgn Byce Element 0.782 | 0.372 | 0.391 | 0.186 | 0.964 | 1.374 | 0.230 | 0.230
Combustion Volume : ' . ‘
in Injector (in.3) C - 2.946 2.946 2.936 6.193
' Vol. to Vol. to Vol,. to Vol. to
o , Diaph.| Throat | Diaph.|Throat | Diaph.iThroat | Diaph.]Throat -
Nozzle and Adapter 3.54 | 6.12 | 3.54 | 6.12 | 3.54 | 6.12 | 3.54 6.12
Nominal L* = 10 Comb. Section 4.47 | 4.47 1-a.47 | a.47 | 4.47 | 4.27 | a.47 4.47
| Total for L* =10 . 10.96 | 13.54 | 10.96 | 13.54 | 10.95 | 13.53 | 14.20 | 16.78
L Actual L* (In.) for L* = 10# 12.4 12.4 ;==¥ 12.4 - 15.4
‘Nominal L* = 15 Comb. Section 9.84 | 9.84 | 9.84 | 9.84 { 9.84 | 9.84 | 9.84 9,84
Total for L* = 15 ' 16.33 {18.91  [16.33 [18.91 [16.32 [18.90 [19.57 |22.15
Actual L* (in.) for L* = 15 17.3 “17.3 17.3 20.3
Nominal L* = 25 Comb. Section 20.83 | '20.83 | 20.83 [ 20.83 ] 20.83 | 20.83 | 20.83 [ 20.83
Total for L* = 25 27.32 | 29.90 | 27.32 | 25.90 | 27.31 | 29.89 | 30.56 | 33.14
Actual L* (in.) for L* = 25 - 27.4 - 27.4 27.4 30.4
Nominal L* = 40 Comb. Section 37.20 |. 37.20 | 37.20 | 37.20 { 37.20 { 37.20 | 37.20 | 37.20
Total for L* = 40 ) 43,69 | 46.27 | 43.69 | 46.27 | 43.68 | 46.26 | 46.93 | 49.51
Actual L* {in.) for L* = 40 .42.5 ~42.5 42.4 45.4

# A% = 1091 in.2

Q3LVHOIHOOINI HOALNTY
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TABLE ]2

TRANSIENT EQUATIONS FOR GASEOUS PROPELLANT
' _ IMPULSE OPERATED COMBUSTORS '

RTR 008-4

-02 - Manifold Mass Balance

dog .
o Tat T Mo PoYohy

H, - Manifold Mass Balance

H _ .
R = - el

-0, - Injector Pressure Loss |

. i} ) ) |
' ?C_ ‘P P uo FOISC
U0 = FO 1f PCIPO f 07528 .

" H, - Injector Pressure Loss

 Pe= Py - oy F/ec

Uy Gy 1f R /P <0528

' Equation of State
= pRT/M

Speed of Sound
. S 1,
Cs (YRTgC/M)/é

36

(1)

(2).

._.'_(3)

(@)

(5)

(6}



REMTECH INCORPORATED ... RTR008-4

~ TABLE 12 (Cont. 1)

-~ Combustor Mass Balance
A tif = (pUA), + (pUA)Y - p KCCA™D | - (7)

where o
- = 0 Before the nozzle diaphragm burst
:/* = 1 After the nozzle d1aphrégm burst
’ (v+1)/72(v-1) o o |
K= (m‘ y:.f 1..,135‘ assumed'fgrk o/;: =

Combustor Energy Balance

pclely SE = ( [(pUA}H + (pUA)] Cp(T-IOBO)

(8)
i |

‘where H = heat of reaction (5730 Btu/Ibm of Hzo)
" Combustor Species Balance

; -Izs(pUA)0 - 1903(pUA) Xc dP) '”" o i

'_0. - Balance

-0 o A*C KD - r_ U _ {9)

o= (o), o

'_wherer : _
ro = (;}UA)0 if HOINH <8

dW o
T NO/wH} 8

o
mioé

" Hy = Balance

CWME s UA) - MM e | - | |
w0 ;F’c’**ccm - Ty S -t

37
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TABLE 12 (Cont. 2) = -

where

ry = (UA),, 1 Ho/, > 8

1 du, o
- ¥ {fW/W <8
9 gt _°/ H

‘H,0 - Balance

TdW, '
—w éf l"w - ﬁ pcA*CCKD

r, = % By 1F Wy/Wy <8
dt

e g dW :
9"&% 1F Wo/My, > 8

Combustor Mass

) HT = wH * NB + "w |

Combustor OF

 ‘ACombustor Molecular Weight

M iy W (42 + R/18) AT Mo/ <8

-

o = g *+ W)/ (/32 + W,/18) 4F Ho/Myy > 8

"RTR 008-4

B (11)

a2y
(13)

- (18)
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39

- TABLE 13.
STEADY STATE EQUATIONS FOR GASEOUS PROPELLANT
IMPULSE OPERATED COMBUSTURS
‘Combustor OF
'(OF)C = my/m, (M
* Combustor' Molecular Weight .'
M.-= 2(0F) + 2 if (OF). <8 (@)
M = 32({0F)_ + 1)/((0F), +8) 1f (OF); >8 | (3)
Combustpf Species
Before combustion (mass ratios) _
W /WT = (UF) /((OF)c + 1) (5)
wH/wT =1 - W/l - T S (6)
. Before Combustion'(méle'to mass_ratios) o
. - 1 S
iy = Ly o
_; 1 . ) ) ) ‘
- Nyl = = Wy (8)
A'?ost combustion {mole to mass ratio of H,0)
N W= 2 N 1F (OF) < 8 - (9)
 _f No/NT 1f_(0F)c >8 {(10)
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TABLE 13 (Cont. 1)

Post combustion (mass ratio) | . .
'W%rwww-- | .-   : :..(m.

Combustor Energy

T = (M /M )/, R (2

: _SLeed of Sound
o G= (Y RTg/M) S
Combustor Mass Balance _ : _ ,
ey = my +m )/ (KCAY) L '}' B o o (4
- where K" /2 (Y+])/2(Tfl)f K ': o

“Combustor Pressure- . - -
Pe = pcRT/M, R f;§ B o - s)
Injector Face Densities

(16)

i

e SPMYRT

" Injector Velocities
g =/ (Rgeg) o _H_f_ o | _.'(13)
em/Be) )

&
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TABLE 13 . (Cont. 2)
Injector Pressures
PO PC ¥ poc UO_ Folgc , . o _ | o (20)

PH = PC + PHc Ulfl FH/gc 7 n | - 21)
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" "Fig. 10 Doublet Element Injector Geometry

.
)
[ I ” .
| L
— o o L]
. -— .. =) ll'.b-
oi.i‘l‘ [y
74 RH//
..... Iv'J \Ill.ll..il"lﬂ
1 P
1 M . .
| . ,
- 7 5



. S

Z

M

T r—r—Tr w y— -
7 4 1
LA L
1
47 A
- )
| §
[ ] N, [ X
T
LA

TTITTTT7777 ¢

Fig. 11 Concentric Orifice Injector _ -

 GILYAO0GUOINT HOILWIY .

: $-800 Yi¥



_m
)

S

nmz._.m_w: ~200nvom>+mu ‘ = o - o RTR 008-4

[ d

iI
7

b

44
1§

11 1

o,
T

i

Ty t
it
—+
1

+

]
I
1
1
T
1
IRNAR R RR
-ttt

EEeat ‘ -

T s A
1.
1

jauin inum)
Rt

1
1

3
1
4
—
TT

ELTS

¥

B

‘F

!.‘

F
Conf{guration

Aenisnulh

T

LI :l

DI I 0

(MY uEN
S B

Ty rrery

T
HEl

——--—-Con¢éntric injector
6

: ?% - & Eiement,Tr1p1et

,”““"";"— Doublet injector

.
o
R = T gl 1 i1 L
w3 = T 1
T i ——— = i Lu_ﬁ! leﬂ .1[4 wnH -
A N BESERENN FREEEERARE SN [xwws
R s S e ¥ £ RRaERSE! [ \ 1 ot
- d fa - - - b L w
: — I : a Thy
Ty i Il Hu |
1 S L H 1o =
it (&) t : - - . . desL
fasoes a T ” { e “ !
[ A ] T 7 eyt I T t ] : T
St -
e Sicfes| MEite TR
i+ ikt s 1
IO 0
I . T
el SR
-
T “
= : :
+ : - -
+ W) H i
= L
e H
tn 1 I _ H
: " 7
T T 7
T L ;
I Tt
L L Y -
u 4 7
I T 1
T : }
I 3 1
I " )
1 P
" H .
: o1
1
Fl Il M
I 1
[l Il i +
il oy
o n_ lem“ Ly
T v 1 +
T 1 L 14
e R T
s : " 1
T ra i i
o i
b o
s - i
i T i
= +
4
T T It
i H I
= 1 T Mt R
il B a i s e e huun|
1+ i 4
2 i L ,m ,i.
T : -
i . n
T s
08 B 2
Hil ] T
HA++ -
: an ,
L i i
: T :
; ik
iy
Wﬂﬂ +H
[N R
In

rt

M@mwvmﬁumw\um.LD#W:AEOQ, .

46-

Time (msec)

- Fig. 12 Theoretical Start-up Processes of 8% J-2 Combustor with the Doublet and Triplet and Concentric

. 956

= 0

25 and PCB/(PC)steady

Injectors for L*



P
-

i . . . -
REMTECH INCORPORATED RTR 008-4

I S i
N Y

- Runs

JEETE PUONR ETNINE S

Doublet Injector

4

HEHL* = 25 in.

L

]

[T 3(0.005) in. Nozzle Diaphragm)i |lli
L
l

Time {msec)

3

2

1

0 -

500
0
300 5Ein i ARSERRECR:Eokadeacayacdn it e nmaD R ERLCRBRRCRESH
200
100

.‘ T (epsd) 2NSSa44 A03SNqUO)

_ Fig.'13 Comparison of Experimental and Theoretical Combustor Pressure Histories for the'Doublet Injector

R ¥



8y

Fig. 14 Tank Initial Wave Contours at Simulated Altitude of 240 Kft.
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Fig. 17 ‘Tank Reflected Wave Contours at Simulated Altitude of 240 Kft.
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Fig. 19 .Tank Reflected Wave Contours at Simulated Altitude of 320 Kft.

l y Sy ‘ ‘
/ - h
B 4 2 N
o o LY ¥y
pmes="] N | T W rek TN 4
- ’ -] ‘-:4 N
- - — T 3 d
> '-JF -l el -"\- - h-\
1 - o P~ s A 1 A
] LT ~ o ‘\‘y ~ e g \‘
l’ f / 4 1t ©)
Y
. ’ I’ = B e e o’ — . \ .
" L T Sl =
. E ] ey N }
- J Y - F) r .
p JOUL N ~ 7‘
-’ > e ﬂ‘ - !
Fi et > i 1 _E'
I l' ¥ _l b, f
1 3 : ) ¢
N | / | RERl i
L = ) ; 7 F’;‘:‘t‘ 1"?“'; -
et il k'] i I
H5.047.5 0.0 1115.0 (| 216"
J I — m;
Time (msec) :
after Nozzle H-HHHA- "__:J
Firing JA
\ i | y
\
Y
AY,
AN
\ /
N\
N ‘
-4-—-1-48" A w1t 2]6" : -

¢-800 Y1y

QRLVHOLHOOINI HOZLWAN

"



REMTECH INCORPORATED . .« " RTR 008-4
Section §

~ CONCLUSIONS

The work conducted under this contract included several technical areas.
These areas have been summarized in the preceding section and fall within

‘the following groupings.

‘1. Cavity Heating (Ref. 1 and 2) o
. 2. Rarefied Flow Heating (Ref. 3 to 7)
3. Impu1seA Model Research (8'to 13)

Specific documentatioﬁxhas-been given in each of these groupings as indicated
by the noted references. In each of the three groupings either methodology
improvements‘Were achieved Or experimenté1 data has been obtained which

providesra more compTete_undérStahding of the areas studied.
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