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FIG. 4. Separation-Point Pressure for Insulated Turbulent Flow (From Reference 6). 

FIG. 5. Plateau Pressure for Insulated Turbulent Flow (From Reference 6). 
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For the purpose of expediting hand calculations,   two more 
auxiliary charts for unit-length Reynolds number for various Mach 
numbers are given in Fig.   6 and 7. 

Figures 6 through 12 are applicable for attached-side evaluation 
for all conditions.     Different results may be obtained,   depending on 
boundary-layer transition phenomena.     To produce these curves,   a 
transition Reynolds number of 10^ has been used. 
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FIG. 7. Unit Reynolds Number Venus Chamber Pressure With Vwious Mach Numbers for 7 = 1.2. 
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FLOW-FIELD MODELS AND RESULTS 

In this  section,   much of the analytical work that was done on 
flow-held modeling is described in detail.     The results obtained from 
these analyses are presented here and in the Appendix,   which treats 
two-stream jet-mixing interactions. 

SEPARATION POINT 

Flow-field separation is characteristically present in 
overexpanded nozzles.     Methods to predict the separation point inside 
the nozzle include a correlation technique developed by Kalt and 
TP   f    Q.       ^u0 a? analytical method developed by Thompson 
(Kef.   8).     Thompson's analytical predictions do not agree well with 
^CF f^rVJ ^ ^ Badal f0r 15-degree half-angle nozzles 
see * ig    13).     This is probably due to some of the basic assump- 

tions that were used in his theoretical development.    For example 
Thompson used a flat-plate flow model and assumed that the momen- 
tum of the fluid between the sonic line and the wall boundary is reduced 
to zero by the action of the pressure feedback. 

Thompson's flow model,  which was used in early BLTVC studies 
by Kampe   Ref.   9).   is based on the law of momentum7 conservation 
applied to the control volume shown in Fig.   14.    With this model 
predictions of the separation-point location have been obtained bv 
equating the momentum flux of the subsonic boundary to that associ- 
ated with the immediate pressure gradient,   i.e.. 

r PU    dy =  (pb .pc)6( 
(1) 

where 

u Uc 6{y/ö).   boundary-layer flow velocity at distance y from 
the wall 7 

f>s = height of the subsonic portion of the boundary laver 
P     = density ' 
pc = local boundary-layer and mainstream pressure at the 

separation point 
pb = pressure downstream of the separation point 

It should be noted that Pb is the vortex (plateau) pressure for the 
attached-side separation and is equal to the base or ambient pres- 

^l^^ i-e-'   Pb^P^or the present 
17 
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FIG. 14. Thompson Separation-Point Determination Schematic. 

^^qU3ti0nJ "" be satisfied by using a trial-and-error method and 
teratmg on the assumed point of separation.    However,   a cTosed 

promrs u^ed0^ ^"f ^V SimPle P-er-law velocity 
fn R.f   7 .nf« u  ?r2ce<iure'  whi^ is similar to those given in Kef.   7 and 8,   is briefly as follows. 

Assume 

u   =   uc (y/6) 

.-.6 

1/n 

/. 

6s/ö 

Pcuf (y/ö)2/nd{y/6)=(pc0-pjö c    s 

(2) 

or 

Integrating with p= constant results in 

1 
2-+l n 

P^u2 

c   c i n 

19 
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Sincf 

—  ^ ßl 2  + n        c    V ö / 2 + 

2 
n 

=  (P ^ 

\6/ u u   /a 
c c-       Mc 

(Note that us/a = 1 is being used. ) 

Equation 3 becomes 

P        n 2     /I   \2 _ , 
c 2 + n     Uc     ^Mc)    = (Pco -Pc) 

But since  Pc  uc yPcMc >    it is found that 

+ n       Poc \Poc    " Poc / 

(4) 

(5) 

or 

2 
y- l 

y- l 

m > m M' (6) 

Results from Eq.   6 are shown in Fig.   13. 

For axisymmetric flow with temperature variation,  a more general 
velocity profile is used to replace the power-law profile.     The velocity- 
profile family described in Ref.   10 by Kutateladze and Leont'ev is 
suitable for the analysis. 

u 
"u- 

f- {*) 
1/2 lm1/2-iKl 

(7) 

where u = velocity,   * ^  Tw/Te.   i = y/f>,   and n = pressure-gradient 
parameter.    Subscripts w and e refer to wall and nozzle inviscid- 
flow conditions,   respectively.    Letting 

A  = f 1/2 (T   /T ) w     e 
1/2 
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^*2-[*-u-ir"]' u ~  (8) 

X2-l 

Equation 8 is a more general velocity profile that is used to replace 
the previous power-law profile in the following momentum equation. 

r pu   dy =  (p^-  p^^ (9) 

or 

Equation 8 can be reduced to the Thompson-Kampe profile by letting 
A= 0 and n = 1/14.     This implies Tw/Tc-0 (cold-wall conditions). 

Determination, of ^ 

Crocco's relationship gives 

T    =  T     + (^ (T      -  T   ) o        w      v v   oc w' 

but 

T =  T       i ii— =  T y-  1   u 

o ' 2   c o '    2 Y     R 

T    - V- 1   Uc     (\xj\ 
iy RTCVUC; 

o      iy 

T    - -^-i M2   T ^2 

o <J c      c 

That is, 

T =  T    -  ^-J-M2    T   ^2 

o 2 c        c 

Also, 

M 

7        2   2 
2      u2      « u

c 

32 "     2     T a     ac ^r 
c 

M V 
c    T 

o      Y- 1    ,..2.2 

c 

(10.) 

(H) 

(12) 

4 

§1 

s 
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From Eq.   10 one has 

T o T 
w 

T    " 
c 

T 
c 

+ <b 
/T           T   v 
/   oc       w\ 

(13) 

Substituting Eq.   13 into Eq.   12 and evaluating ^ as a function of M 
A,   and M gives c' 

A2 + wmm^M 
or 

6 = mm 
fT M 

,\ , /T M^ v 

•)+^(i£-^- 
-? -(1.4) 

V    c M / 

The proper root is determined by checking edge conditions with 
<i>=  1  at M = Mc.     This gives 

6 
/ T M2 \ 

Basic Computational Equations 

Equation 9 becomes 

YM 
/ 

^*2d4 (£■■)• 
but 

x2- [K- {\- i)tn] 

A2-l 

(15) 

(16) 

(17) 
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where 

A - (T   /T ) 
w      c 

1/2 

Other equations are 

T 

T 
-° . A2  +(* ft ■ 4 

(18) 

(19) 

rp -      1      +       M 
■l_ <i c 

(20) 

T    -  T 

c --(¥-■) 
c       v      c / 

4 

p/pc =   Tc/T=  1/(T/Tc) 

(21) 

(22) 

ft-2)+yft^j 

N/A    -   (^ 

X2)    + 2A2 (y+ 1) M2 

(y+ i) M' 

(A"  -  1) 

A   -   1 

The following inviscid-flow expressions are also used. 

(23) 

(24) 

(■ 'l + if-i M2 
2 c ) 

y 
y - l 

(25) 

A* 
A r-m. 

y j- i 
2(y - i) 

2 + i 
/ 2x     2(Y -  I) 

(26) 

Computational Results 

The present method,  based on the Kutateladze velocity profile,   is 
used to simulate the correlation curve generated by Kalt and BadaL 
The results shown in Fig,   13 were obtained by usinc4 n =  1/14 for 
cases without TVC (which is equivalent to a 1/7 velocity profile for 
turbulent boundary layers) and n = 3/2 for cases with TVC.    n = 3/2 
corresponds to a cubic velocity profile (see Eq.   7).    Experience in 

23 * ■ s 
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separated-flow studies has shown that this is a reasonable approxi- 
mation of the actual profile.    Both curves were obtained by integrating 
the momentum flux within the shear layer from the wall up to the 
point where the local Mach number equals  1,3 5,    Comparisons with 
several data correlations and theoretical predictions,   including 
Thompson's results (which were obtained by terminating the integra- 
tion at a local Mach number of unity),   are also shown in Fig,   13. 

Based on these two curves,   local Mach number at the separation 
point can be computed for various chamber pressures.     The results, 
shown in Fig,   15,   are labeled Attached Side for conditions both with 
and without attachment and Port Side (With TVC) for cases with TVC. 
Similar results for cases with y=  1.2 are shown in Fig.   16. 

When the main flow from the nozzle separates,   it may or may not 
reattach again on the side opposite to the  port side.    The reattachment 
phenomenon is influenced by the magnitude of the TVC gas injection. 
Since the cylindrical aft section has a deflection angle of 15 degrees 
with respect to  the nozzle wall,   the attaching flow undergoes a recom- 
pression process.    The minimum pressure attainable at the separation 
point can be determined rather easily by a simple graphical method. 
The results,   as shown in Fig.   17,   were obtained as follows: 

1.      Local Mach number and the corresponding local pressure 
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40 50 
EXPANSION RATIO AT THE SEPARATION POINT. u =   (A/A') 

FIG. 16. Sepwation-Point Locations for Overexpanded Nozzles 
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were calculated for various  chamber pressures for a speci- 
fied nozzle geometry.     For the present calculations,   a 
15-degree turning angle is used,   and results are shown as 
dashed lines in Fig.   17. 

The downstream pressure can be obtained by the use of oblique- 
shock relations for Mc going through a 15-degree flow-deflection 
angle.     The pressures downstream of the oblique shock,   no     are 
shown as solid lines in Fig.   17. 

3.      When p2 is equal to p^ (14. 7 psia at sea level),   the corresponding 
upstream pressure,   pc.   represents the minimum pressure 
that the flow can attain without losing the attachment.     This is 
shown in Fig.   17,   and the corresponding Mach numbers are 
shown in Fig.   15. 

Particle-Effect Considerations 

Solid particles may exist in the   nozzle flow.     For example,   carbon 
particles form in hydrocarbon-class fuels,   and aluminum-oxide narticles 
form in aluminized solid propellants.     When the sizes,   thermal-physical 
properties,   and distributions of these particles are known,   their effects 
on the f.ow-field interaction and characteristics can be estimated by 
considering them macroscopically.     By using the same approach given 
in Kel.   8     Thompson's momentum equation is generalized to include the 
particle effects as follows: 

Pu2dy)p=   K-Pc)   Üf 
/ (27) 

where the subscript g denotes gas and the subscript p denotes particle. 

Thermal-physical properties of particles are known to be extremelV 
important in evaluating the energy transfer in the nozzle flow to account 
for phenomena such as chemical reactions along the flow path.    However 
they   are usually much less important in evaluating the momentum trans-' 
ter,   which is the primary governing function in determining the separation 
point.     Nonetheless,   their effect on separation can be qualitatively 
examined by noting that x 

tj    pu2dy)g \o / k 
(28) 

c 6s]g+ [(Pb - Pc) 6sVB[>b-Pc^s]g    m 
That isi   the effect of particles on momentum balance is represented 
mathematically by two parameters.   A and B.     These parameters can 

27 



■■"-■ ■—'■-■.-,)  ■-:> :i   ■■   j    ■- . 

NWC TP 5788 

Substituting Fq.   28 and 29 into Eq.   27.   one obtains 

A 
(/ 

B [(P, y J SJg 

Carrying through the  procedure given previously 
similar to Eq.   6 can be obtained. a closed-form solution 

Ä|te'Ä'.4# y-i 
y = m (30) 

oar^iHlr     .K        A/B rati0 are USed to exami^ the overall effect of 
particles on the separation-point location,   which in turn w   1 affect 

eflec^indTirrh    Pt*'   ^n ^F^   ^   indicate That the article 
but nL draSttaVy     ^^y1^ separation (cases with A/B >%. 

BLTVC INJECTION FLOW RATE 

m N/R T 

Ap 
o (tf -fe) 

y+i 
y 

(31) 

When the above equation is applied to the CEN-17 nozzle,   one obtains 

P 

Pc 
y 

R 

A 

T 
c 

m 

Pp (port-side pressure,   psia) 

p^ (ambient pressure,  psia) 

1 • 4 for air 

53.3 
g 

~    1. 655 for air 

Aport   =    0-921 in.     for three S/S-inch-diameter holes 
T« =  500oR 

(Ibm/sec) 

Eq.   31 is used to construct the injection-rate-versus-oresanr* 
curve given in Fig.   19.    From the equations giv^n earlTer fnth,«?   .• 
.t can be determined that Pc/Pa0 . oSz for an'^e^an^dVo^:6^10"' 
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MASSFLOWRATE, |mV/Rl^~)/A  p 

Silnt pfoi8 e f0r0verexP"Mted pozzies Without 

Since choked flow occurs af a «*ö„» 

How condition ekists^SÄ^nS^C ^^ = ^ 5283'   a choked- 
cussed earlier,   TVC mass inTec "o/will S^ .h       lnjectlon-    A8 *i*- 
stream such that pr/p     =. o  M      A*       I     f      f seParati0n Point up- 
drop approximatefy" 5%°   as comnar^H      Ä'   ^ ^^ nOW rate Wl11 

Therefore    the chok^ri   n^   C?mptred Wlth *e choked-flow value. 

poses.    Älut Sttr^Z To^nLTest T' ^ *" ^^ O^ 
are given in Fig.   20. teSfeS Were comP"ted.   and results 

TWO-STREAM JET-MIXING INTERACTION 

Inviscid Jet Boundaries 

The iaviscid-edge conditions are needed for describing the 
layer properties.    To compute these conditions,   a valu e of 

mixing- 
P2 ^ 

x 

30 
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initially assumed    and p2 is subsequently used as an iterative variable 
so that a mixing layer can be imposed on a corresponding inviscid 
streamline to obtain viscous solutions.    Since matching between the 
inviscid and viscous solutions is required frequently in the computing 
process    inviscid relations such as the*isentropic PrandtUMeyer theorv 
are used rather than more time-consuming approaches such as the 
method of characteristics.    In the same spirit,   the nozZ]ß flow is 
also described by the isentropic flow relations. 

The mass flow ratio used frequently in the computation is 

■•:    y + 1 

M. (pu). 

(Pu) 1 M 1 

l + ljlM2\    2{T.l) 

1 + ¥-2
2 (32) 

and the flow turning angle, 9-,,   is related to   ^ by the Prandtl-Mever 
expansion relation as ^cyer 

gi+^z ^ (33) 

where   «2 is an approximate streamline direction for the overall 
expanded  outer-inviscid flow.    Similar relations can be obtained for 
toe inner (nozzle) flow using proper shock-wave relations. 

•      • 31    '■■ •    ' 

'■'§■ 
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a. Inviscid flow field 
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b. Two-stream mixing flow model 

FIG. 21. Two-Stream Flow-Field Interactions - Inviscid and Intrinsic. 

Downstream Recompression 

Wedge theory is used in order to specify the recompressed inviscid- 
flow properties.     The pressure rise is determined by the position of 
the slipline,   the oncoming Mach number,   and the shock-wave angle of 
each stream.    For example,   for a selected value of the slipline angle, 
0 s,   the recompression pressure,   P4,   is computed using oblique shock 
relations,   viz. 

P3 

2 7 M2:    sin2 

3e 
dMpm 

y + 1 (34) 
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Iterations  are made on the value of the slipline angle until the 
pressures and the flow directions for the two flows above and below 
the shphne are equal.     As discussed later,   this recompression pres- 

procesPs4'   ^ ^ imP0rtant entity in dealing with the reattachment 

Initial Boundary-Layer Effects 

Some properties of the mixing layer are influenced (1) by the 
external boundary-layer characteristics that exist at the missile aft 
end and   2) by the internal boundary-layer characteristics that exist at 
the nozzle flow-separation point.    Methods to estimate these effects 
such as those given in Ref.   15 and 16.   are available.    However 
because of the predominant effects of the TVC injection mass,   the 
initial boundary effects are secondary and have not been considered 
in the present analysis. 

Mixing-Layer Properties 

To describe the mixing-layer velocity profile,   an error function 
has been used.     This profile has been analytically derived and experi- 
mentally verified for the two-dimensional and axisymmetric mixing 
layers (Ref.   17 and 18),   respectively.     The profile is expressed by 

* =   Tr-=  T   (1 + erf ") (35) e 

where  r, =  ay/x and ff is the jet-spreading parameter which,   from 
Ref.   14 and 17.   is given by 

-   =    12(1 + 0.23 Mze) (36) 

and where the error function,   erf rj.   is defined as 

1 

0* '-JTI   .-ß2 
4*    J      e'P    dß (37) 

o 

Although the present velocity profile may not exactly follow the 
error-function shape,   it is widely known that an integral method 
such as the one used here,   is not very sensitive to small changes in 
profile shape. 

The total enthalpy profile is obtained using the Crocco relation: 

A   ^   «»  + AB (1 - «M   =   Ab + (1 - AbM (38) 

where A  = h0/hoe is the total enthalpy ratio of the jet. 

33 
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The density profile for a constant-pressure mixing region is 
given as 

^TT           h     -u2/2    c   ^ 1-C  2 

P   _          e^ _      oe     e           p _  e            > 

e                   e             h  -u   /2         pe   e A - ^  C o                     ^ w     e 

(39) 

where A. =    c       <M I c    ^U      is the molar specific-heat ratio of the iet. p pe    e ' J 

The thermodynamic properties such as specific heat,   Cp,   and 
specific-heat ratio,  y ,   are assumed to be independent of temperature 
for the purpose of simplicity and computational efficiency. 

Important Streamlines 

There are two important streamlines in a mixing-layer analysis. 
One is called the separating (or dividing)  streamline,   the other the 
reattaching (or discriminating)  streamline.     The latter is either 
identical to or related to the former,   depending on whether there is 
an injection or not.     Therefore,   it is necessary to locate the separating 
streamline first.     To do this,   the coordinate shift,   rjm,   should be 
determined.     Since the initial boundary-layer effects have been 
neglected,   the "restricted" mixing theory of Korst for a negligible 
initial boundary layer is directly applicable (Ref.   14).     The X-momentum 
entrained by the recirculating flow is usually ignored.    Hence, 
X-momentum conservation gives the following relation per unit widiii 
of the mixing layer: 

^e 
(pu2Y)e   =      J pu2dy (40) 

The ye is large enough that  öe  —  1. 

The coordinate system shown in Fig,   22 indicates the following 
relation: 

X s x (41) 

Y ~ y - ym (x) (42) 

where X-Y and x-y are the inviscid and intrinsic coordinate systems, 
respectively.    Using the similarity coordinates,   y = (x/ajri,   Eq.   42 
becomes 

Y ^"-"m* . 

Equation 40 then becomes 

''e 2 r       2 (,7e '   "m^ (pU  ^   =    J        pU  dr' (43) 
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FREE-SHEAR-LAYER 
BOUNDARY 

FIG. 22. Coordinate Systems and Nomenclature. 

and with Eq.   39,   it results in 

%' m 
/ 

2 pu 

~i ^ (^u   ) 
drj   =  (1 4.' r 6Z A 

A-C2i2 
dr, (44) 

, Separating (Dividing) Streamline.    With th« use of the preceding 
analyses,   the separating streamline, j, can be determined.     This 
streamline separates the main nozzle flow at the separating corner 
from the entrained into the recirculated flow region.    One may use the 
mass conservation law: 

(puY) I. pu ay 

yj 

(45) 

Using the similarity coordinates and Eq.   39 and 43,   an equation results 
that allows the separating streamline to be determined. 

1 d) \ 

A-cV e 

dr? L <t>Z \ 
2   2 

A-C  tf 
e 

d» (46) 
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Defining 

-or e 

where A  and A are defined in Eq.   38 and 39.    Equation 46 becomes 

J?e ^e 
I T T f ^ f'       t2-^ 

e ■-;«?    "   "e 

Reattachlng (Discriminating) Streamline.  The reattachlng stream- 
line, d, is the other important streamline considered. This is the 
streamline that divides the mass flow in the mixing layer from the 
flow, which is turned back into the base region to be recirculated 
and/or vented.  When there is no injection, the d and J streamlines 
are Identical.  With injection present, the J and d streamlines are 
related by the amount of mass pumping in or out of the recirculation 
region according to the following relation: 

m r 
yj 

PU dy (50) 

where the negative sign refers to yd < y:,   1. e. ,   mass is being pumped 
out of the recirculation region through the mixing layer as shown in 
Fig.   2 lb. 

Reattachment (Recompression) Process 

Perfect mass-pumping effectiveness is assumed,   and the cutoff 
location of the free-shear-layer region is consequently ended at the 
rear stagnation point.     Furthermore,   a Nash factor of unity is used 
which implies 

Po3d ^4 

P3e P3 
(51) 

where P4 is the pressure that exists on a wedge of angle Ö12 behind 
the oblique shock when a flow with Mach number M3e exists Note 
that when M3d > 1,  P4 = p03dy,   i. e. .  the value of p03d is therefore 
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he stagnation pressure behind a normal shock.     Obtaining the stagna- 
ion pressure of the d streamline permits evaluation of the remaining 

the 
t 
properties: 

T 
od 

y - i 
y 

y- 1 

T <t) m (52) 

M 
2 

y-T 
od 

(53) 

M, T 
—S.(1 _A   ) _0£. 
M    l       7Vb;   T 

e e 

'-1A {l  _A   v _s^] _od oe 
V b)   TeJ    +4TH   Ab   Te 

m (54) 

U Md       /Td 
u_ ^d   =   M    \ / Y" (55) 

The d  streamline location,   „,,   is determined by inverting th( 
asymptotic velocity profile 

erf rj      =    2  (i, -   1 • 
d d 

and then Ild,   the mass-flow integral,   can be determined.. 

(56) 

Id 
/ A- C   ^ 

oo e 

(57) 

Conservations of Mass,   Momentum,   and Energy 

Mass Conservation.    Mass-conservation principles give the 
following governing equation 

m,   + m-o + rh      =0 
DC 

where rh^ or rin    can be computed from Eq.   50 as shown belo w. 

y> 

m«   =    ± {        pudy   =    ±(pU) f pu 
(p u   ) 'e  e oo 

dy 

(581 

'A 

&■ 

(p   u   )     X_ e  e ^    ^ .2 
'2 
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('-SacH1, d     "  ^jc) c J 
(60; 

where Ild and 1^ are defined in Eq.   57 and 49,   respectively. 

.       Momentum Conservation.    Since the momentum associated with 
the injection flow is very small (less than 4%.   as compared with the 
mam flow in all cold-flow test cases),   it is neglected in the present 
analysis.     Therefore,   the momentum-conservation consideration is 
applied only to the free shear layer itself,   as indicated in Eq    49    to 
locate the separating streamline. 

Energy Conservation.    Two forms of energy transfer are asso- 
ciated with the jet mixing layer:   one results from the total enthalpy 
gradient across the mixing layer,  and the other results from mass- 
flow entrainment.    Energy-conservation principles yield the following 
governing equation & 

q,   +zn    +En 0 (6i; 

where nc is the shear work and heat transfer across the mixing layer 

n 
/'     pu(hoe-ho)dy (62) 

'j 

and nd is the energy transfer by the entrained mass flow. 

yd 
n 

/    puh
0 

dy (63 

'j 

The rate of heat transfer to the nozzle surface,   qb.   has not been con- 
sidered in the present study.    Without knowing the qb value,   the 
energy equation cannot be solved directly,  but it can be approximated 
by the following equation. 

Tb   - ob y   (T      + T     ) 
C. Ooo OC (64) 

Since the energy transfer is not the important factor for TVC perform- 
ance,  the use of the above approximate equation should produce only 
a very small error,   if any.   in TVC effectiveness evaluation. 

Computational Procedure 

The analysis is carried out in the following manner: 

1.      A trial value of p,   is selected. 
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The inviscid-flow boundary for the external  fi.     • 
using Prandti-Meyer theory and ,>.!.   f        /u      W 1S comPuted 
slipline angle until th^ Wo lte.ratln8 ^e value of the 
both streams aTeequ:imPreSS10n-preSSUre ^ ^ 

Mixing-layer properties are computed. 

Streamlines d and j are computed. 

Mass entrainment is computed. 

is obtained. y n8 Pb values until a converged solution 

PRESSURE DISTRIBUTION 

by ch^ndt mäiwmsM coi?-fiow tests were ™»^ 
for the analytical modeling of TVC.ndn^     eXperime^al guidelines 
Results of these tests were ^n^ Stf    iV/'f ^^ dlStributl0ns- 
internal pressure-distribution m^« d Consist ^rgely of 
important results ^MMm^mm^^f t ^^ 
figures,   the average pressure i:s H^f t A^ ^ In these 

along the circumfere^t al dleC    on    ^1!^^        ^^W of P-^ — s 
is  the  pressure  along  the  geom^ir c^^6,.""161-11116 Press^e 
closest to the geometric center^    f     C^nterIlne   or   along  the   row 

followmg processes w^re-e'fo^mtd'usL'g t^rdaU^^"'     ^ 
1 

Pressure at the port-side separation noint 
determiner! f™™  TT; „    0     _    , ,, " puinc, 

3. 

determined from Eg and the äv" r^   PP'  WaS 

good approximation      For co^Hn P}i~ Px 1S Stl11 a 

Pb was obtained from the two t"" ^^ flOW' 
cussed previously   ^hpH^f?^ miXing ^V*™ as dis- 

exxsts a'nd tha^w^'ere ^ tilTsTs tl^Tth^.100^10" ^^ PP 
recovery distance   " /      Jtl /, d the    Pressure P 

information about'the boundary ra^1"^0" reqUlreS detaüed 

separation point      Since ^h,«7;7       characteristics at the 

from the coW-fow tests    u^'^T'10" ^ n0t aVailable 

literature,   to be Tinch  'or I mated'   using bailable 

determined from ehe i.entropic relations      The, 

Pa,  was 
w.a:s again 

■ f ü s s u r e 
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FIG. 23. Average Prenure in CEN-17 Nozzle at poc = 200 psig. 
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FIG. 24. Centerline Pressure in CEN-17 Nozzle at p    = 200 psig. 
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FIG. 25. Average Pressure in CEN-17 Nozzle at p    = 400 psig. 
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FIG. 26. Centerline Pressure in CEN-I7 Nozzle at poc = 400 psig. 

at the end of the nozzle conical section.  pr,   was computed 
by the method describe 1 under Flow Reattachment Process 
in the preceding section.    A linear pressure distribution 
was assumed for the no-attachment cases.    From the avail- 
able cold-flow experimental evidence,   these cases occur for 
Poc values below 1. 000 psig.    For cases of poc  > 1, 000 psig 
Pr was also computed as in the previous section,    p, was 
determined from Fig.   15 and 17. 

SIDE-FORCE DETERMINATION 

Having obtained the pressure-distribution shapes,   as shown in 
*ig.   tl through 32    it is now possible to integrate them to obtain the 
side force under TVC conditions.     To do this,   some basic derivations 
of functional relations are required.    Using the control volume shown 
in iig.   66,  an overall momentum equation is obtained. 

2F m 'W 
The X-component is 

PlAl " P2A2 + 

plVlAl(V2- Vl) 

/   PdAwx "   / T    dA 
w     wx 

(65) 

PlVlAl<V2x-Vl) 

"> 

f 
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2 3 4 

DISTANCE FROM INLET, x, IN. 
"~v 

FIC. 27. Average Pressure in CEN-17 Nozzle at p^. = 800 psig. 
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2 3 4 5 
DISTANCE FROM INLET, x, IN. 

FIG. 28. Centerline Pressure in CEN-17 Nozzle at p    = 800 psig. 
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2 3 
DISTANCE FROM INLET, x, IN. 

FIG. 29. Average Pressure in CEN-l? Nozzle at p^. = 1,200 psig. 
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12 3 4 
DISTANCE FROM INLET, x, IN. 

FIG. 30. Centerline Pressure in CEN 17 Nozzle at p    = 1,200 psig. 
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FIG. 31. Average Pressure in CEN-17 Nozzle at poc = 1,600 psig. 
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FIG. 32. Centeriinc Pressure in CEN-l? Nozzle at p^. = 1,600 psig. 
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pdA1 

Pi 

^1 

FIG. 33. Control Volume for Side-Force Determination. 

where 

/pdAwx-     / W      wx F     =  X-component of force 
of walls on the fluid 

or 

Fx   =   l>lVlAl) V2x + P2A2]- [PlVl2 Al + PiAi] (66) 

The Y-component is: 

.2 

/pdA       - /      T 
wy   J       \ wy    J        'w^wy   =    (plVlAl)V2y 

where 

/ pdv-/ wy ..  I       'wdAwy   ~    Fy   "    Y-component of force 
'1 1 of walls on the fluid 

I 
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or 

where afe is the effective TVC deflection angle. 

BLTV^^L'^ot6" f0rCe'   7»-   8iVeS the !°n°™t e<Ä to 

pdA       S  vn  A     - So  A 1       wy      ^^p^p      ^^a   a (67) 

The above equation considers that the side force can be aoDroxi 

a^Uc6   ed's^e'Tp6 A1"6^"" betWeen the POrt Side'   ^    andTj attached side.   2:paAa.    Computation of the resulting side forces 

bot" A^a^fr"  r ^^ 34'   U^ 0nIy 0ne Pr0^Cted ^adrant area for both Ap and Aa.    Considering the complexity of the problem    the 

ITrll     a? l0nsi6redut0 COmpare We^ -i^h experimentanktl      The 
lg10oTs-0      Z6 alr..h0ldS f0r the data-correlation curve for Poc = 
1.100   ps g    although the pressure distributions given in Fig    35 were 
constructed entirely with the analytical methods^iscussed ^'^7 
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o 

200 400 600 800 1,000       1,200       1,400       1,600       1,800       2,000 
SUPPLY PRESSURE,p.., PSIG 

FIG. 34. Side-Force Data and Theoretical Predictions. 
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FIG. 35.    Wall Static-Pressure Predictions for CEN-17 Nozzle at p    = 1,100 psig 
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FIG. 36. Energy Similarity ParameterTor Ground Tests. 
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FIG. 37. Mass and Momentum Similarity Parameters for Ground Tests. 
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Both Fig.   36 and Fig.   37 are based on the BLTVC nozzle configu- 
rations given in Fig.   38 and Fig,   39, 

Observed BLTVC Performance.     TVC performance under repre- 
sentative hot- and cold-flow conditions for similar nozzle configura- 
tions is  shown in Fig,   40.     The difference in side force (or angular 
deflection) for cold-flow and solid-propellant rocket static tests over a 
range of chamber pressures appears to be significant.    Therefore,   the 
hot-gas effects such as temperature,   erosion,   particle deposition,   etc., 
on BLTVC performance must be considered. 

As anticipated,   the largest   effect appears to be that of mass addi- 
tion,   which serves as a triggering device.    An increase in the iniection 
mass does not always improve BLTVC effectiveness at a given poc 

value,   as can be seen in Fig,   41.      When the port size drops from 5/8- 
to 3/8-inch diameter, the injection flow area is reduced by a factor 
of about 3,   while the drop in side force is of a lesser order.     This 
may explain the fact that 111 for cold-flow and rocket static tests can 
vary by a significant factor,   as shown in Fig.   37,   but the difference 
in side force may not vary correspondingly.     Therefore,   it is con- 
cluded that the energy parameter,   €,   should be used for BLTVC 
simulations. 

?! 

FIG. 38.   Chandler-Evans Cold-Flow Test-Nozzle Configuration. 
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FIG. 39. NWC Rocket-Test Nozzle Configuration. 
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FIG. 40. Side-Force Measurements From Some Typical Cold-Flow and 
Rocket Static Tests. 
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70 

PORT OPENING:  ALL THREE HOLES 
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400 600 800        1,000       1,200        1.400      1,600      1,800      2.000 
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FIG. 41. Effect of Mass Addition on BLTVC Effectiveness (Cold-Flow 
Test Results). 

NOZZLE DESIGN GUIDELINES 

a BLTVr^nTi f0r determining Port locations and sizes in the design of 
a BLTVC nozzle are a necessary adjunct to empirical data on operation 
under vanoas conditions.    For example,   suppose a cold-How thrust- 

vlffV, r f ell' he ^uestlon 1S how to obtain similar performance 
with hot gas xf the operating conditions are poc =  1, 600 psia    t TsT  " 
and  Y -   12.     In the present study,   a preliminary design guideline was 
developed and is outlined below. B    guideline was 

Port Location Determination 

interesr'ln'Fi?0^^8'   ^^   ^l™  ** for the two cases of 
interest,    m Fig.   42.   these have been shown as dashed lines anri snliH 
lines for two different operating cases. For each case condiüons art 
needed both with and without TVC. These conditionsl^ÄiäSS' 
as desenbed in the Separation Point section. obtained 

inE to^hfr^l^T^8 b0Unda
u
rieS SUch as A'B'C'D' and abed accord- ing to the poc hrmts shown on the right-hand scale of Fig.   42. 

. - ^n00^ th,t^rtS aS shown in the lower Portion for CEN-17 
e -  50 within the boundary of A'D.    Similar TVC performance could 
be achieved for hot-gas conditions if port locations were Jitlun the 
boundary of ad.   as is also shown for € =  50. 
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FIG. 42. Nozzle Desjgn Auxiliary Chart - Port Locations. 
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FIG. 43. Nozzle Design Auxiliary Chart - Separation Pressure. 
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CONCLUSIONS AND RECOMMENDATIONS 

A key objective of this  study was to provide analytical tools to 
assist in a largely empirical BLTVC design process.     This has been 
achieved through quantification of the influence of dominant BLTVC 
flow-field phenomena.     Significant conclusions  regarding the gener- 
ation of control forces are given below. 

High side force can be achieved by properly choosing parameters 
that control the port-side and the attached-side separated flows.     For 
the port   side,   early separation is desirable.     For the attached side, 
reattachment near the nozzle aft end is desired.     It is extremely im- 
portant that the flow rcattach on the attached side so as to maintain a 
much lower pressure there than on the port side.     Reattachment pro- 
vides a shield to prevent back-pressure feedback,   which results in 
higher pressure,   as usually observed on the port side.     The cylindri- 
cal aft body provides a good mechanism to ensure an attached flow on 
the attached side.    However,   for lower chamber pressures,   say 
Poc <  1, 000 psia,   the flow does not attach,   even with a cylindrical 
section.    Additional work to investigate desirable aft-section geometry 
for low poc values is recommended. 

Study of the separation-point locations and sizes has provided a 
clearer understanding of how the TVC gas interacts with the nozzle 
flow and has helped to provide a useful guideline for BLTVC nozzle 
design and a method for locating the TVC ports.     The first port should 
be placed at or slightly downstream of the separation point without TVC. 
Failure to do this will result in lower side force values,   as shown in 
Fig.   44 and 45.    Other effects of port location are shown in Fig.   46. 
The effect of port size was discussed in the section on flow-field 
models and is shown in Fig.   41.     The internal strakes used in some 
designs to obtain a two-dimensional-type flow have pronounced effects 
on the flow-field disturbance and consequently on the resulting side- 
force value.     As can be seen from Ref.   19,   very large,   nonuniform 
pressures exist in the vicinity of the strake leading edge.     Thus,   small 
changes in location are important.     The sensitivity of the leading-edge 
location may become even more critical in hot-gas tests because of the 
deposit of exhaust products on the strake leading-edge surfaces. 
Hence,   in general,   the position of the strake leading edge should be 
further downstream for hot-gas tests than for cold-flow tests.     The 
shape and location of the strake leading-edge effect should be studied 
further,   both analytically and experimentally. 
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There is a significant difference between cold-flow or static 
rocket tests and wind-tunnel or flight tests.    As discussed in detail in 
the section on flow-field conditions,   the ambient flow will reduce the 
flow feedback effect,   which may lower the pressure on the port side — 
but the ambient flow will also help flow reattachment on the attached 
side.     Consequently,   higher side force may occur with lower p 
values,   as compared to the same poc values in cold-flow tests.00 

Therefore,   the need for a cylindrical aft section is probably less,   as 
compared to cold-flow tests.    With higher p       values,   lower side 
forces probably will be observed in wind-tunnel and flight tests.     This 
should be kept in mind in designing a BLTVC system for flight environ- 
ments.     The combined effects of ambient flow,   altitude,   and the high 
temperature of nozzle flow can best be evaluated experimentally. 
Analytical study should be considered for optimizing overall perform- 
ance for all parameters involved. - 

The present study represents the first analytical attempt to provide 
a method for BLTVC performance prediction,   and cursory assumptions 
were used when needed.    It is strongly recommended that further 
analytical efforts be conducted to improve the analytical methodology 
and the prediction of BLTVC performance in flight environments. 
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Appendix 

AUXILIARY CHARTS AND THEIR USES 

for stn^r^r'i?"1 ^ eXiSting McDo^^ Douglas computer program 
for separated and base flows were used in the work covered bv this 

thX su1;        r1" t0 0btain nUmerical How-field solutions      Spei^lly 
hese subroutines were assembled to predict local flow-field soluUons' 

for a large variation of flow parameters such as iC,   Toc    p SOlU
v
tl0nS 

M-   T^V   and port size.    Thirty-six charts (FigC   47 through 82)' 
were constructed to treat the following parametrie'variationsf ' 

Mc (at separation point) = 3. 5,   4,   and 4. 5 

Toe = 3, 000,   4, 000,   and 5, SOO'R 

Ye =  1.2 

M« =  1. 2 and 2 

To«=  500OR 
V« =  1.4 

Poo/Pc = 3,   4,   6,   and 8 

m/pcuc = 0 to 0. 2 

wJir/*63-47 throUgh 55 Present Pb/P, as a function of m/prur 

o'burn^^utior lmPllClt ^^ *< ™7^'  ^'^ is "^ea'to 
A typical computational procedure that uses these charts is out- 

lined as follows 

1. 

2. 

3. 

Based on given p/p        vc.  and nozzle half-angle values 
determine (A/A*FC allhe separation point. 

of^/A^^f'   ™C'JC' ?c'  and P-o/Pc values based on the value oi (A/A''-)c from Step 1. 

untül^'   47 th
f
rough/5 and 83 through 86.   iterate m/pcUc 

until pb/pao ^ satisfied.    Note:   m = (pv)w. Hcc 

4.      Use pWp^ to construct a pressure-distribution curve for the 
port side. 

Nomenclature is given in Fig.   83.    Several auxiliary charts for 
expediting computation are given in Fig.   84,   85.   and 86 
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