
REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
"•maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information 

including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis 
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

4. TITLE AND SUBTITLE 

2. REPORT TYPE 
Technical Paper 

6. AUTHOR 

<2J*-<^JL~ 

c*M. 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory (AFMC) 
AFRL/PRS 
5 Pollux Drive 
Edwards AFB CA 93524-7048 

12. DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

3. DATES COVERED (From - To) 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

8. PERFORMING ORGANIZATION 
REPORT 

10. SPONSOR/MONITOR'S 
ACRONYM(S) 

11. SPONSOR/MONITOR'S 
NUMBER(S) 

20030116 056 
15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 

a. REPORT 

Unclassified 

b. ABSTRACT 

Unclassified 

c. THIS PAGE 

Unclassified 

17. LIMITATION 
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE 
PERSON 
Leilani Richardson 
19b. TELEPHONE NUMBER 
(include area code) 

(661)275-5015 
Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. 239.18 



„S^S'J'M 3 0. 

MEMORANDUM FOR PR (In-House Contractor/In-House Publication) 
FROM: PROI (TI) (STINFO) 29 February 2000 

SUBJECT: Authorization for Release of Technical Information, Control Number: AFRL-PR-ED-TP-2000-039 
Chehroudi, B. (ERC), Badakshan, A., Cohn, R., Talley, D., "Injection of Cryogenic Jets into Subcritical 
and Supercritical Environments" 
4th International Symposium on Liquid Space Propulsion (Statement A) 
Lampoldshausen, Germany, 13-15 Mar 2000 (Absolute Deadline: 09 Mar 2000) 

1. This request has been reviewed by the Foreign Disclosure Office for: a.) appropriateness of distribution statement, 
b.) military/national critical technology, c.) export controls or distribution restrictions, 
d.) appropriateness for release to a foreign nation, and e.) technical sensitivity and/or economic sensitivity. 
Comments:  

Signature  Date. 

2. This request has been reviewed by the Public Affairs Office for: a.) appropriateness for public release 
and/or b) possible higher headquarters review. 
Comments:  

Signature  Date 

3. This request has been reviewed by the STINFO for: a.) changes if approved as amended, 
b.) appropriateness of distribution statement, c.) military/national critical technology, d.) economic sensitivity, 
e.) parallel review completed if required, and f.) format and completion of meeting clearance form if required 
Comments:  

Signature  Date 

4. This request has been reviewed by PR for: a.) technical accuracy, b.) appropriateness for audience, c.) 
appropriateness of distribution statement, d.) technical sensitivity and economic sensitivity, e.) military/ 
national critical technology, and f.) data rights and patentability 
Comments:  

APPROVED/APPROVED AS AMENDED/DISAPPROVED 

ROBERT C. CORLEY (Date) 
Senior Scientist (Propulsion) 
Propulsion Directorate 





o 
> 

mmim 

O 
0) 
n 
O 

CD   A ■ö c 
KJ C   CO 

r^ 
4-»     3 

CO 
CO   £ 

^ 
w # 

CO 
^ 

ic
h 

  
co

nt
ro

l 
m

bu
st

io
n 

of
 

CO 

05 
i_ 

CO su
bc

rit
ic

al
 

an
tit

at
iv

e 
R

 

3 
■E £ "O c 5 o c o 

^ E <° 

CO 

CO 
■4-J 

0 n
ta

tii
 

3 
   

   
0

 

us
in

g 

C
V

er
a 

ec
ha

ni
s 

m
ix

in
g,

 
pl

et
s,

 j 

P
re

se
 

tru
ct

ur
« 

ic
 je

ts
 

o CO   c 

E tr- ■a 

Th
is

 

CD 

th
e 

ns
po

 

15 
o 5 & 

■ ■■■■ 
*-   ü 

2 o "05 
CD   "^ i!_ 0   o 
^                         ^ CD C   += ■ 

■=   Q- Q. 
E'l 

O) 
E ^ D c 
CD   CO 

CO CD   CD "o> 

Q 5 
"D 
C 
05 

CD    3 
Q  co 

CO 

E 



£ 
^ 

■J3 

c 

o 
(0 

CD 

© "5 

O) CO   05 

■2=5 s 
CD   0   g- 

ü ■*- .S2 

CD -N« 

co 02 
©   03   3 

CO    C  s 

&l = -- ^   CO 
0) * 

p ÜJ   05 
§ § P* 

.E  ©  o 

« |5 r   W   0) 
CO    _Q 

i ^§ 
"eg 2 o .2  0 

CO 

o 
-I—» 
Ü 
05 

JQ 

"O 
0 
O 
C 
0 

CO 
N 

O 
Q. 
05 
> 

2 % 

5 ■- ^   -I—» o c 

CO 
0 

-.2 Ä   0 

CL 

C 
0 

CO   ~o 
>* 5 05    CO 

CO 
.2 >, 
■t_! -^ 

^  -c/) == CO     C -Q 
-£0-3 

■o o 
0 CO 

o 
CO 
c 

_    0 
CO   ^   *- 

0 
o 

H=      0      -g 

Ö) £    co 
.£  8   ra 

CO 
CO 
^  "5 > 

!S ^- it= 
-3     CO 73 
C7    CO 0 

CO 
CO 

CO 
CO 

H_, CO 
c: "c 
0 CO 
co > 
0 

= O) 

CO ü 
co 5 
CO CO 
Ö) -I 
c 0    0 
0 >, £ 

"5 O     3 
or -b    O" 

LU CO   -J 

co 
c 
O    co 

"-5   co 
CO     0 

co 
> CO 
c    © 
o   <2 
^  i 
8 S 
±_   co 

Q- Ü 

"D 
0 
Ü 

CO 
CO 

T3 "D 
C 0 
— O 
O) c 
C CO 

.> UJ 

JE    ü  T3    I—    Q. I       I       I       I       I 

CO 

■2 

I 
CD 
O 

CD 

c 
£   Co 
o c 

o (to 

c TO 
c ^ 
^ -5 



■o 
c 
o 

o 
(0 

CD 

\ 

C/3 

2£ 
CD s- 

■2 a 

05 
0 

O 

3 _ 

en 
O 

CO 
N 

E 
o 
05 

o 

Ü 
_Q 

CO 

iy^/*/ 

 1   o 

SN 

^ 

S 
\ 

I o 

"--3 

in 

uopBzraiojv 

CO 
pgonpui pm^ 

0 
E 
CD 

qgpiÄB^j 

dUQ 

m 
O 

t 

CO 
I o 

+ o Z/l (opefj/r/ 
to 
o 

cöJ2 
c 0 
o ■*-• .il 0 

■ - p 

8S 
05 o a. 

O 05 
a)2 
D        CO 
<"       To 
05 C 0 

05 —t 
CO       -ti 
0       05 

.52.2 o 
CTS c 

§N0 

o     a) 

0 c 
O 0 
05 > c 

o 

0 
E 
o 
Ü 
0 

(DOjet 

0 
O) \ 

IS 
0 
05 
CO 
0 

E 
"CD 
0 

Q- 
13 

0 £ 
-Q ? 

05 F 
c " o 

■  IHM* 

To 
N 

"E 
o 

■4—» 

CO 

To 

CD 

§■ 
CO 





CM 

CO 

II 

£ 

"*t8:V. 

«s.8 e 
^fe. «••'■• 

Q) 45   o 

ISEBK1 £ S * 

Bi 3;3ü SÜÜ CO 

CM 
■9 

00 
CM 

2. ^" 

i II 
0 c üthi H ife *- 
3 
a CO 
3 CM 

S)'i o 
£"?:^ 
O   D_ »- 

^ 0) 

CO 

> 

(0 

c 
X 

II 
o 

CO a 
O 
CO 

CO 

o 

O  3 Q 
-J CO 



% 

CO 
0) 
D) 
C 
< 

c 
■o 
(0 
0) 
Q. 

C/) 

© 

i   ON 
*   00 
I ^ 
'  ON 
;■ ON 

* 
"^■** 

o 
o «■^^ 

^ CM 
II 

Q 
* 0) 

1_ o 
o ^1 o u CM a » .2 
II 0) i_ 

Q X (0 

^ o Q 

CM c CM 
z 4-1 

Z 
o a> o ■•^•^ 4-" 

c 
<-• 

CM z 4-> 

.2. T3 .2. 
CM O CM 
z O O 

• ■ a 

vcf 
o 

ON 
ON 

^ 

s 

5 

in 
CO 
ll 

Q 

CO 
1_ a 

CO 
a> 

o o 
CM 
II 

Q 

CM" z 
h     ° 
9        .E 
CO        *. 
a)      a> 

'1    ** 
CO        "O 

3     ö 
CO       Ü 

ii 
Q 

>. 
CO 
u, 
Q. 

CO 
9 

9 
CO 
0 

5 
>. 

"O 
CO 
d> 

4-> 
CO 

9 
i_ 
O 

i_ 
(0 
D 
CM 

O 
4-> 

*-> 
.SJ. 
CM z 

o o 
CM 
II a 

cVT 

o 
4-1 
_c 
4-" 

.Si. 
CM o 

CM z 
"5 
o 
sz 
CO o 
tr 
08 
c 
o 
m 

5 
CO o 
cr 
08 
3 
O 
£ 
Ü 
CO 

CO 
Q. 
CO 
Q. 

O 
a> 

I- 

JJ-l 

o 
O 

CO - 

o 
o 

■ 1 o 

CO " 
ü > 
■*—> *J 
i_ O ■ ■M 

Ü     - -  o 0) 
CD   - 1- c 
Q. - <D 
3   - o 

CO 
Ü 

o 
_Q 

CO 

o 
* o 

C 
.2 
o 

O     0 

E 
CO 

O 

o 
■ o 

o 
■ o 

(e)uBi 

♦ 



i-J   r o 
o 

F< ^ o 
fan • t— 

"«C. 
le

n
s
it

y
 M

ix
in

g
 L

a
y
e
r 

R
o

s
h

k
o
 t

h
e

o
ry

) 

l\ 1 
l\ ill 
i\ 
ill 
ill 
ill 
ill 
l\ 
it 
\\ 
i \ 

...... ll 

c     - 
.2 
+-» 
CO 

CD s_ 

o 
Ü   ■ 

1 
o 
■■■■ 

o    * ?      «8 *L      z 1 
d>        3 'jfa 

1 °     >» s    2 Kfl             O T-         +rf 
(0       ■<= as       -»—< ■           a«i 

"        « fls        •- °     (0 
5   S c 
o     E iS        CM 0 
5     o. i*      Z Q 
(0         CO +»• 
CO       Q. c 
Q.         >.         «         v^^         B <c 

*   *    C       u)       Q)      oo      <u 
ww o        c       „       CM CM       _ 
o o o     Q,     -a      H H     TJ 

+■• 

c o 
fl> 

OO  C^Q         3^QQ        3 
^.CMCM —S^T      o^T-;Ä0 

■■■I o c 
QQ^OT        .Co-- ._««-'£ ^^ 

el
at

i 

• 

N
2 

L
/D

=
2

0
0

 
in

to
 N

2;
 L

/l 
in

to
 H

e;
 L

/l 
o

s
h

k
o
 (

H
e

/I
 

N
2;
 L

/D
=

2
0

 
s
ib

le
 V

ar
ia

b
 

(t
h

e
o

ry
) 

M
o

d
e

l 
(C

h
e

 
H

e;
 L

/D
=

2
0
l 

IC
O

+
0

.9
N

2
) 

5
C

O
+

0
.5

N
2
) 

5
H

e
+

0
.5

N
2

) 
M

o
d

e
l 

(C
h

e
 

0
.0

1
0

 

h
am

b
er

 

te o ü..®11 o c5.2-oOood-o 0    \* ü 

o .,    ^   £.      b.    4_f     C    **     O    4^    +"*    *-    *-     O 

■—— — o     2 P o     o 

I      \ 
O        W 

ü -—         \ ZUOmO^QQ-ZZZZQ. 
i       ;                        1 CM 

Z ^^ • ♦■ S<! ■ X«lf 
« 

1       1                         1 

T- 

Ü •     ' o 
o 

■ 1^ m 

^1 
o                        o 1 

( 
r-    O 

O                                                  T- 3 
■ i^H ■                                                                  ■ ■ 

Q. 
£ 

T-                                                   O 

(duel 

O 

UJ 



-4 
96 

^ 

O 
Q_ 

O 
0) 

C   Ö): 
©   0) 

IE 
^ Ü 
<D ™ 
N Ä 

E&i 
O   3 
Z (/) 

£      ^ —i                                           "Jlfc -^ 

© a:                                   m "■*                                                  > 

"~D   LL                                           M                                    COST' 

co <                             ■                        Mis co ^         eg             s-                                      J|«JP 
CD £  co  rc          CD                             J% o 

Q CNJ -o ^       CO                   $u* f CO 

g. »L co co      _i «^            mg h 
oiL              #r              SB5&I- 
© ^ CD CD       w       jpiry= 

0 z lö -^                        m*W  ~ 
CD 

c\i 
^ ü +- s                              3en^l*       >■ > C   0 ^                            ^*§^P^    /^ 
"^ ^ o <o          ^^fiP/^-*   - 
U_ Z C/} O                JmzS^—           : CD 

^                                                                               - 

.,— 

Jf^^^^^^ 
LO 

I                   vj^        1                         I                        !                        1                         1                                                  I                         1                         1 o    o 
o   a: 

t-^     ^^i^P\\                                                              c ■>        -^ 

"r~           ^S^^Pbs«                                                         *= 3 

^^^^S^^^a> 
CD 
T~ 

Q^~^ji^^^^^~~~~M^ 1 

■>*                O                                           ^^¥l^^^»^S«S^ ^^^^^                    - 
«>           ■•—                                        ^^/**^si?^»^^ ^SV. 
ii         ii                               oäsJatecX ^^^ ^   - 

Q          Q                                                7$S5|§s.      ^^    \ - 
"><          "x                                                    ^^^^^v     ^C\  \- 

CD 

" •*               " ■*                                                                                       ffifflr \ >...,           V\,     a C\l 
15       75                                        <TrfsfK«i\     vT 
"5             0)                                                                    ^5ffiJg|S>$8;      V 
—        —                                                   Jxi&W        m 
«8          «8                                                            T3^$<$          r 
5          5                                                          $&P%< 
.c       sz                                                 jBb-^sfei o 

CO 

O         O                                                             *&C5*£   " 

4      4                                      M: 
CD 

""      -^ 

XBUi(l|0|-|)/(l|0|-|) 



■a 

o 
Q. 

O 

Is 

cc 
75 o 

C 

"Ö 
0 
N 

■•**■ 

"(5 
E o r 

Q. 
3 ! 

O CO in T- to to to ■■_■ ■ ■ ■ ■ ■ ■ 
+■» CO CM r>- o o o to T- ^r 

E 
(0 

La 

4-« 

(J 0) 
c 

■■m 0 

o o o o |o o 
o o o o o o 
o o o o io o 
to to to CM to to 

o T" CM CO T- 

DC ■^ | 

© ° ° o 
■ 

o 
■ h°- to 

■ 

> m in CO CO 1 T" T— 
(0 [T- T- 

■ H^ 

C E . i   i 
Q. o CO to O 1         LO to 
E 
© 

«!* i- o T" {      ^ 1^ 
T- i- I     [CM CM 

i           i 

■ 
i c .*. 1    [ 

«1 ■ ^ o 
!_ T- T— CM © 
Q- I 

I                   ■ 1'          I     ' i 
CO o o lO) to T— T~ 

O Q. 
■ ■ 

ltd 
* 

© d 
Q. S { 

o <fr !«" ^- ! T— <d- 
■ !        a ■ £      * ■ 

CO IS 
Is 

CM 

O 

jto 

j 

to 

Q [CO CO 1 1 
& w ■ 1 

t 

I . ■ I 
"5 "to to tc 

4- 
| 

© © \ 

"Ö ■D 5 ■o 
to to g g i   . 

IT5 
■ 

tc 
»- 1- i   • 

r~ £ -C l+- 4-i 

O Ü © © 1 ° © 
CO to -c o o o o o o [CO (/) 



OS 

o 
Q. 
+* 
O o 

i|BM 

<D 
Q 
> 
■)■! 
■ ■■■ <D 
(0 c E 
(D G) 
c 0) 

cc 
■Ö UM 

0 (0 
N Ü 

■■M 

(0 ■ .UM 

E O 
SI o 3 z 0) 

3s ,   q 
© pc ^Bn ^ 

■^ LL ■■■■                         an 
co 3L ■                        If    : 
CO  ^~ *-        1                       A5      ' 
O £2 d>    1            lr 
"° cS 
©     M 

" ■           I o 
CO 

^J'- —    1         ffi    1 o a. w'       fr   / 
© < 

▼      J / q 

Q a c\i 
>».c 
"5       CM 
Li. ^ q 

T— 

m 
1                        1                        t                       1                         1                       !                        1                        t                       1 q   d o   cc 

T~   7\re9| _,                                                   c 3               «^ 
*>5f 

1             ^ Is-                                               e S 

q 
(0 i 

(0 
(3 
3   _ .= o \)NJat           ^W 
-1 £ q 
08   A "  c\i i 

N       ffl       r       N                <!3L          V ^»_oq     in 
<D £<f       CO 

N    in    d     «*          JKi      V 
i-       T-       CM       CM                l3B          1 

"O X ll       ll II      II     II      II           <m q 
° "59    9 Q     Q     Q     Q            ^& "    CO 
S*^    ^ *   "*   "a   "^       m   - 

1  \ \ 4 +   i (     ^     c 5              #■ 
q 

■ 

xeui(ip| -1) / (i|0| -1) 



KC 1 
PS 
ÖH 

<f 

r- in 
CM 

i- Hfl 
'ST 
Q_ 

CO 

II 

o 

Hl o 
CM 

D_^ 

F eo „ . ■ 

x* Q 
o >< 

}- II Hl 

DL 
u>       CD 
*-     O 

' 
+ 

\     \ 

Hl 

10
 

al
iz

ed
 D

is
ta

n 

?'- 
—-^* kl E 
CB  CU 
Q_-a ■»1 rr o 

=6
.9

M
 

eo
us

 

\\ 

(/) CO """~ 

i n -   u> 

©      i OI tu 
^W i— o 

(0 0_</> 

1+ o oc o            o            o            p            p            P            <=? 
tö            u»            **            cö            oi            *—            o 

.c Q/(uiniu!xe|Ai 
liBHiE MlPlMiinj) +^ 

£ o !■ 

■^ o 



<z> 
c 
g 

"co 
_3 
ü c 
o 
Ü 

co 
E 
£ 

C/) 

^ 

§ 
^ 

5— 

"Dig 

CO   ^ 

s * 
CO        CM 

to 2 
CD _ 

CO 

§| 
■°f 

CO 
CO  "~ 

j?.o 
CO 

o) E 
0     0 
.1 5 

CO 
CO 

d   CD 

E 0 
>+—» 
CO 
>. 
CO CO 

^   CO 

0 
E CO 
0 0 &_ E i— 

13 3 
CO o 

Tz 
0 

CO 
CO 
0 

CO 
0 

Q_ Q. 

0 
T3 

O 

c 

0   O 

CO 
0 
c 

CO 
>> 
o 
3 

_Q 
0   0 
£   N 
o| 

-Ö "E 0 ^ 
■- 2 
CO   CD 

S E 
8? 
0 5 £ 2 

LL 
£   0 

E 5 
2.E 
3 CO 
CO +s 
co .E 
0    CO 

^ E 

X 

CM 

o 
_co 
CO 

CO 
CO  ^~- 

"O CO sz *t 
0 -1—» ,~ ^~ 
1_ c £  O) 
3 0 0 X- 
CO 
CO 

E +-» 
CO 

0 >- o 
0 1— j*: 

E 3 ■4—»    ^— 

CO 
0 

U) 
CO 
0 

>    CO 

1(2 
o 

E £* 
°-& 
CO 

E 
D) 

CO 
c 
0 

CC   co 

E w 
o sz 

T3 JL 

2   © 

CO   0 
0    0 
E & 

co o 

£ -o 
o 
m 
0 c 

"co 2 
13 0 
CO Ä 

"> © 
o += 
>, c 
Ü 
c T3 
0 0 
CO t 
> o 
13 Q- 
cr 0 
0 

C 
0 0 _c 0 
h- _Q 

8 73 
■Ö -■£ 
0 ü 
*" -Q 
O 3 
+*   CO 

m.g 
■I—»   .Ü 
o .t 

0    CL 

J     CO 
CO 
0 0 

■^ o 

0 »ii 

4-» 0 
C Q_ 
© CO 

-| w 
0 s- 

0 E 

.£ "co 

0 
CO 

O 
I- 

co 
0 
CO 
CO 
o 

. CO 
CO -C 

•*-» -I—» 

-2. co 
CO 0 

c 2 
0 Q_ 
3 Q. 

_Q CO 

3 >> 

i s 
o ü 

0 0 

0 o 
T3 . E 
.>* 0 
3 ^ 
**- o 
L- i- 
O CL 

52 "05 
CO ü 
0 :■£ 

CO 
Ü 

Ü 

CO 

0 

0 
CL 

CO 

o s— 
CL 

0 
E  _ 
CO   ^ 
CO     0 

0   *v 
■=   cB 

0 c 

CO 
0 c 
0 

c 
CO 

CO 
-I—» 
0^ 

CO 
CO 
O) 

0 
3 

-Q 
5— 

3 
-1—* 

T3 
0 
CL 
O 
0 
> 
0 

T3 
^* 0 

0 
I      F   t o 

O   Q- 



^1 

cö 
CO 

CD 

<M 

CO     O 
c/5   c 

CO    - 
<M 

CO     CD 
CM .£ 

2 * 
! ■T     CO 
£ N — 
r z E 
f.- CD     CO 
[■■ ^■—f 

CD     0 

©   [ I" s 
E    "D 
O     CD 

3    1 o cc 
■#■■* 

3    ! •    • 

Li. 


