M

AD-776 040

SUBSTITUTED HYDRAZINE CHEMISTRY AND

CHEMILUMINESCENCE IN HIGH ALTITUDE P,
PLUMES
Ralph H. Kummler, et al l

Physical Dynamics, Incorporated |

\____ Y, }

-
~,

Prepared for:

Air Force Cambridge Rescarch Laboratories
Defense Advanced Research Projects

[T AR ORISR S S

August 1973

DISTRIBUTED BY:

% National Technical information Service
U, S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




z ) UNCLASSIFIED
1Y

Security Classification ﬁ D 7 76 0 Q_o

DOCUMENT CONTROL DATA - R&D

(Secunty classification of title, body of abstract and inde.ing annutation must be entered when the overall report is classified)

! I ORIGINAYING ACTIVITY (Corporate author) 20. REPORT SECURITY CLASSITICATION
‘ Physical Dynamics, Inc. | Unclassified

: P.0. Box 604, College Park Station 2b.” GROUP

' Detroit, Michigan 48221

i 3. REPORT TIT.E

SUBSTITUTED HYDRAZINE CirmISTRY AND CHEMILUMINESCENCE IN HIGH ALTITUDE PLUMES

4, DESCRIPTIVE NOTES (Type of report and inclusive dates)

S. AUTHORIS) (First name, middle initial, l&st name)
Ralph H. Kummler
Edward R. Fisher
Frederick P. Boynton

;
j 6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
f August 1973 49 49
, 8a. CONTRACT OR GRANT No. ARPA (Ordexr No. 1850 |9a. ORIGINATOR'S KEPORT NUMBERS)
I F19628-72-C-0006 PD-73-041
b, PROJECT, TASK, WORK UNIT NOS. Scientific Report: No. 4
8692 n/a n/a
¢, DOD ELEMENT - N
62301D 3b. g;g_&fj&c}ﬁpomyw (Any other numbers that r:ay be
d. DOD SUBELEMENT
n/a AFCRL-TR-73-0727 ' D__ f? { ~m
10. DISTRIBUTION STATEMENT l“-; tr -
A - Approved for public release; distribution unlimited. \ }é VAR 27 974
il .
, 11, SUPPLEMENTARY NOTES 12" SPONSORING MILITARY ACTIVITY ( l‘; 9 LYt 1 ‘J
: This research was supported by the Air Force Cambridge Researchtl‘ - EB A’,w”'
ﬁ Defense Advanced Research Projects Laboratories (OP) - -
i Agency. L. G. Hanscom Field
é' Bedford, Massachusetts 01730

13, ABSTRACT

Hydrazine and amine based fuels are shown to undergo highly exothermic
oxidation reactions which can be a major source of infrared enesgy under con-
ditions appropriate to high altitude plume afterburning. In low pressure,
high oxygen atom environments, a single step, highly exothermic mechanism

<
o 0+N2H4 - N2H2+H20

¢ t

0 +}12N2HCH3 — NZHCH3+H20
is capable of initiating the emission of infrared radiation. A specific set of
reactions and energy transfer processes which characterize _this potential emis~
sion are presented and an extensive review of the current literature related

to amine oxidation is included.

r

A flow field calculation directed toward testing the importance of chemi-~
excitation in amine afterburning is presented. The results of this calcula-
tion show that enhancement in the expected infrared signature above that due
to V-V and V-T processes could approach an order of magnitude due to the above

afterburning reactions. Repraduce s by
NATIONAT TFCHMICAI
INFORMATION SFRVICF

! U5 {npoatment of Corpme e
fi COITRTINN R IRTZ Bahed AN |
DD, v s 1472
UNCLASSIFIED £

Security Classification




i

UNCLASSIFIED

Security Classification

14,
KEY WORDS

LINK A

LINK B LINK C

ROLE

wT

ROLE WT ROLE

wT

Chemiluminescence

High Altitude Plumes
Hydrazine Chemistry

Amine Chemistry

Infrared Chemiluminescence
Reaction Kinetics

Energy Transfer

UNCLASSIFIED

Security Classification




ARPA Order No. 1856
Program Code No. 1E40

waa 1

Contractor: Physical Dynamics, Inc.
Effective Date of Contract: 1 July 1972
Contract No. F19628-72~C-0006

[ Principal Investigator and Phone No.

Mr. Frederick P. Roynton/(415)-848-3063

AFCRL Project Scientist and Phone No.
Dr. Alva 7T. Stair/(617)-861-4911

fontract Expiration Date: 31 December 1973

[ ACCSHION far P
KIS whits Section [
Lo o salin O

[CERE o
| BT AT SN

= e

BY v
DISIRIGLTION AAVAILAZILY Y4 B2288

Ok ket 2 T SRS

NI

Qualified requestors may obtain additional

‘ copies from the Defense Documentation Cen-
ter. All others should apply to the National
Technical Information Service.




' m”ﬂ@lmﬂmw o, TR 2

ABSTRACT

Hydrazine and amine based fuels are shown to undergo
highly exothermic oxidation reactions which can be a major
source of infrared energy under conditions appropriate to high
altitude plume afterburning. In low pressure, high oxygen

atom environments, a single step, highly exothermic mechanism

——
O + N2H4 N2H2+ HZO'
or

0 + H,N ,HCH, — N_HCH

o
N HCH; oHCH3 + H,0

is capable of initiating the emission of infrared radiation. A
specific set of reactions and energy transfer processes which

characterize this potential emission are presented and an ex-

tensive review of the current literature related to amine oxi-

dation is included.

A flow field calculqtion direcced toward testing the impor-
tance of chemiexcitation in amine afterburning is presented. The
results of this calculation show that enhancement in the expected
infrared signature above that due to V-V and V-T processes could
approach an order of magnitude due to the above afterburning re-

actions.
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INTRODUCTION

Hydrazine and substituted amines form an important class
of rocket fuels because they can be used with storable oxidizers
such as N,0, or fuming nitric acid. When the products of these
amine fuels interact with the atmosphere at high altitudes,
measurable infrared radiation results. Although the products
of substituted amine combustion (C02, H20, CO) can undergo
energy transfer processes leading to infrared signatures, chemi-
luminescent reactions initiated by O atom attack can appreciably
augment the available energy for infrared radiation. These
chemiluminescent reactions occur when fuel which has passed
through the main rocket engine or through auxiliary systems en-
counters O atoms as the exhaust gases mix with the atmospnere
above about 100 km. Reactions of O atoms with hydrazine or its
derivatives are strongly exothermic. Much o." the energy re-
leased in such reactions is expected to form vibrationally ex-
cited reaction products and thereby be available for conversion
to infrared radiation. Minor quantities of radiation (in terms
of available energy) are also expected to be observable ir the
vacuum ultraviolet spectral region. Either wavelength region
provides diagnostic information, but the value of the diagnos-
tic depends upon our quantitative knowledge and understanding

of the radiation mechanism,




Predictions of the radiation associatad with chemilumines-
cent processes require knowledge of the concentration of reac-
tive species, rate constants for the important reactions, and
the fraction of the energy liberated by the reaction which ends
up in a given internal mode. Although little is known directly
about unreacted fuel concentrations in rocket engine exhausts,
there is some evidence that levels of a few percent may exist
and that such levels affect engine performance only slightly.
Preliminary measurements of photon yields from some of these
reactions are now under way at Wayne State University. 1In
this report, we review what is known about the chemical kine-
tics of hydrazine and substituted amines. We include a review
of the pertinent rate constant literature which supplements
older but more exhaustive reviews (Bahn, 1968; Kondratiev, 1972).
Finally, we postulate a zeroth order mechanism and use this
mechanism in a flow field calculation to assess the production

of infrared emission levels from hydrazine-MMH fuecled vehicles.
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SUBSTITUTED HYDRAZINE CHEMISTRY

An analogous review of reactions of hydrocarbons and par-
tially oxidized hydrocarbons in high-altitude plumes has been
issued previously [Kummler, Fisher, and Boynton (1972)]. The
chemistry of RHNNR’R” compounds is expected to be quite dif-
ferent from the hydrogen and hydrocarbon chemistry because of
the characteristic strong NN bonding. In addition, the dif-

ferent chemical behavior of unsymmetriczl dimethyl hydrazine
(UDMH) ,
H2NN(CH3)2 ’
and hydrazine or monomethyl hydrazine (MMH),
HZNNHCH3 ’
precludes some of the simplicity of the generalizations inherent
in the lumped parameter approach to the hydrocarbon oxidation,
However, major radiating steps in this system appear to be as-
sociated with the initial attack of O atoms on the fuel-like

species, rather than the secondary reactions of products of the

initial atlack as in nhydrocarbon oxidation.

The results of incomplete combustion at relatively low
temperatures could provide a small but important mass fraction
of unburned amines to the plume. Saad, et al (1972) have ana-
lyzed the products of the nitrogen tetroxide oxidation of hy-

drazine under nonignition conditions, attempting to simulate

i
i
!
3
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low pressure reaction. Mass spectroscopy, gas chromatography,

and infrared absorption spectroscopy were employed to identify

the stable products of the reaction system. Oxidation products ;
which were found by Saad, et al are given in Table I. Such

products are thought to be characteristic of amine-fueled en-

gines during space ignition. For steady burn, formation of

large quantities of the more complicated partially oxidized

species appears unlikely, although such species may be present

in the exhausts of very fuel-rich turhine gases. Thus, the

oxidation products plus some fraction of unburned fuel might

provide the initial cnnditions for chemi-excitation calculations.

In the piume, oxidation by atom attack is the chain initia-
tion step. Oxygen atom attack on hydrazine has been studied using
high intensity crossed molecular k~ams [Gehring, et al, (1970)];
Foner and Hudson, (1970)] to obviate the complex kinetics of a

high pressure system. The approach permits identification of

reaction products even when the product is highly reactive.

The products of the reaction have been ‘ound to be N H, + H

28 20+

via the elementary reaction:

H H
,

0+ N-N — HN=HN + H.O .
H°  H 2

This reaction is highly exothermic (90 kcal) and forms a com-

pletely new water molecule by simultaneously abstracting two




TABLE I.
LOW TEMPERATURE OXIDAT1ON PRODUCTS OF UDMH AND MMH

WITH N204;

Methylamine (CH3)NH2

Methanol CH3OH

Dimethylamine (CH3)2NH
Mcnomethylnitrosamine CH,HNN=0

Dimethylnitrosamine (CH3)2HH=O

0
I

N-methylformamide CH3HN—CH

M
Dimethylformamide (CH3)2N-CH

Other small compounds

ROUGH ESTIMATES, mole (%)

25

20

20

20

yoMH




hydrogen atoms. The expected (from, for example, the analogous
O attack on ethylene) atom transfer reaction,

L, H

O+ _N-N — NyHy +OH,

H H
which is 26 kcal exothermic, is about 1/25 as probable (Foner
and Hudson, 1970). The identification of the N2H2 product as
HNNH rather than :mNHZ is established througbh the ionization
potentials as well as the lack of an equivalent reaction be-

tween oxygen atoms and unsymmetrical dimethyl hydrazine. In

this latter case, removal of the only two hydrogens would

give
:NN(CH3)2 '

and even if methyl rearrangement took place, azomethane

CH3NNCH3

would be formed. The actual reaction, however, is
H

“~
0o + H/N-N(CH3)2 -~ HNN(CH3)2 + OH ,

50 Foner and Hudson (1970) concluded that in the case of hydra-
zine, the hydrogens are removed from opposite ends of the mole-
cule. Moreover, it can be anticipataed that oxygen atom attack
on UDMH will be much slower than O atom attack on hydrazine or
MMH, which has at least one hydrogen available on each N. The

absolute rate constants for these processes are not well estab-
lished, but the faster double abstraction reactions probably

are about a tenth of gas kinetic (Gehring, et al (1969)].

m— e
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Once significant quantities of OH become available through

the chain reaction sequence, additional processes are possible.
Again, high intensity molecular beams [Gehring, et al (1970)]

have been used to identify the products of the reaction:

OH + N,H, — NH; + NH,O ,

which is the key reaction in severing the N-N bond. Less is
known about the details of this process, but it is likely that

a transition state like

forms so that no H migration is necessary. The structure of
H2N0 is not known, nor are its subsequent reactions. It can

be assumed in this case that UDMH and MMH undergo analogous

reactions:
OH + H2NN(CH3)2 -onNO + HN(CH3)2

OH + HzNNHCH3 -'HZNO + H2N(CH3) .

Thus, hydroxyl radical attack on any of the hydrazine based fuels

will lead to severing of the NN bond and presumably to the for-
mation of a substituted amine as a major inte-mediate. This
is, however, of most critical importance for UDMH which does
not have a rapid initial attack by O. It is important to note

that methylamine, CH3NH2, is found to be an important decompo-




sition product in MMH oxidation by N,0, as well (Table I).

Hence, partially oxidized fuel may be an important input to
the plume, The likely mechanism for oxidation of sub-
stituted hydrazine compounds is illustrated schematically in
Figure 1, and the subsequent reactions for one product (NH3)
are given in Figure 2. The reaction rate constants for the
rincipal reactions are given in Takle II. A more complete
literature review of pertinent reactions is given in Appendix

I.

Ultimately, complete combustion produces primarily HZO'

N and CO, as illustrated in Table III.

27 2
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TABLE IIIX

FINAL COMBUSTION PRODUCTS

FUEL: Unsymmetrical UDMH (50% by weight)

Hydrazine

EXHAUST (mcle pe

rcent) :

3%

50

35

10

12

(50% by weight)
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MNDEL SYSTEM

As we have discussed, oxidation of hydrazine based fuel sys-
tems leads to considerable water formation accompanied by release
of considerable enerqgy. In order to assess the potential magni-
tude of the resulting infrared emission, we have taken the mechan-
ism of Figure 1 and reduced it to the simplest form consistent
with the production and loss of vibrationally excited H20. We
have also included a number of V-~T and V-V excitation and de-
excitation reactions for H,0 in order to have a basis for com-
paring calculations with and without chemi-excitation and to pro-
vide for quenching of excited species produced by reaction.

The mechanism is presented in Table IV; rate data for the H,0
V-V and V~-T processes are the same as we have used in calcu-
lations on the Apollo system [Boynton (1973)] and follow the 7

recommendations of the Plume Chemistrxy Workshop held at Physi-

cal Dynamics, Berkeley, in January 1973 [Fisher (1973)].

The rate equations for the above mechanism were integrated
through a flow field simulating the mixing layer of a Titan II
exhause plume at 120 km. Details of the flow field calculation
will be presented in a separate report, but a brief outline is
presented here. The exit plane conditions are taken from an
unpublished nozzle flow calculation by D. Thomas (Aerospace Corp.)

who included finite-rate chemistry and film cooling effects.

13




-

T~ —

‘fABLE IV
INFRARED HYDRAZINE MODEL A

FUEL CHEMI-EXCITATION REACTIONS

Forward Rate

Constant
Reaction cc/sec
O + MMH - HN,CH, + H,O (001)
2-73 2
(100) 2x 10711
HZO (020)
(010)
0 + NH, = N,H, + H,0 (001)
(100) 1.8 x10 1
H20 (020)
(010)
O + UDMH + HN, (CH,), + OH 1x10712
=11
OH + N,H, » NH, + NH,O 2x10

14

L4

Reaction Energy
kcal/gmole

-102

-90

-25
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[ TABLE IV
(cont'd)
| |
REACTIONS OF OH AND H,0 g
Rate Constant
Reaction cc/molecule-sec
O+ OH = 0, + i 4.0 x 10"
H, + 0 > OH + H 2.9 w10 1L 74725/
OH + H + Hy, + O 1.22 x 10711 ¢73650/T 4
H,2* + 0 > OH + H 0.65 x 10710 i
OH + H » Hy*+ O 2,75 x Lo~ L1 o74925/T
H2* + O » OH* + H 0.65 x 10710
OH* + H + Hy* + O 2.75 x 10711 &213/T
OH + H, + H,0 + H 3.8 x 10711 72600/T
H,0 + H > OH + Hy 1.5x 10710 ¢~10075/T
OH + H)* » HO* + H 1.5x 10710
H20* + H > OH + H,* 5.8 x 10710 e13475/T
AH* + 1l + OH + H, 1.5 x 1071t 1
H20* + H + OH* + H, 5.8 x 1071t e~12475/T "
OH + OH » H,0 + O 9.6 x10712 o7 390/T
H,0 + 0 > OH + OH 9.5x10 1L ¢"%000/T
O + Ol » 0, + H 4x107H
0, + 1 > O + O 6.9 x 1070 o 8400/T %
0 + OH* » 0, + U a4 x10” %t
0, + H >0+ oi* 6.9 x 10710 o 13400/T

15 |




TABLE IV
(cont'd)

RELAXATION PROCESSES OF OH AND H.,O

2

Reaction

OH* + M Z OH

H20(010) + M

H20(100) + M

H20(001) + M

-3
-~

H20(000) + M

H,O + M

H,0 + M

Forward Rate
Constant
(cc/molecule-sec)

M=H 3x10"
M=0 3x107%
M=H, 1 %1011
M = H,0 3 x10" %2
M=H 2 x10710
M=0 1x10”tL
M=H, 1x107 11
M =H,0 1x10”%t
M=H 1x107tL
M=0 1x107tt
M=H, 2 x 10713
M=H,0 1x107%?
M=H 1 x107 1t
M=0 1 x10” L2
M=H, 2 x 10713
M=H,0 1 x10712

le




HZO(OOl)

HZO(lOO)

H20(010)

H20(020)

H + N2H4

H + N2H3

H + N2H2

M - H20(020) + M

H20(010) > H20(020)

M- H20(010) + M

N,H

2

2NH

+ N, H

2

o + NH3 - NH2

OH + NH3 > NH2

3

2

3

4o

+ H

OH

2

(*)
+ H,0

TABLE IV
{cont'd)

M=H

M=0

M=H

M=H

M=0

M=H

M=H,O

17

0

1x1
1x1

1x10

1x1

1x1

1x10

1x1

1x1
1x1

2x1
1x1
1x1

1x1

2.2x10"

1x1
2.5x10

6.6 x10

0-11
O-ll
11

U-ll

O—ll
11

O—ll

0—11
0~L12a

0-10
O—ll
O—ll

O—ll

11 -1260/T
e

0—10

12 e—3000/T

14 e—560/T

(T)'68




TABLE IV
(cont'd)

O + NH, - HNO + H

2
OH + HNO - Hzo(*) + NO

+
v

Hy

+ M~ H2 + M M=H

H + H,0 ~ H

2 5 2 + H20(100)

H + H20 + H, + H20(001}

2

* *
H2 4+ OH - H2 + OH

N, + HZO(PlO) > N, + H20(100)

% -
N + HZO(OlO) -* N2 + H20(001)

N + H,0 = N

2 2 + H20(010)

18

1 x107 4

3x10" M

3.9 x10-L1 g-1400/T

4.4 <1013 7

_ - 1/3
1.5 x 10 7 e 139/T

-5 x10—7 e—l39/Tl/3

o —ongspl/3
6.7 x1077 ¢ 208/T

- _ 1/3
1.2 x107 13 ¢723/T

o g ml/3
3.9 x10°8 o 184/T

I 2
3.9 x10"8 o 164/T

- -3 1/3
) 5y 1014 5/6 ,=30.1/T

14 5/6 e-30.l/Tl/3

m
i

2.5 %10

1x10712

3x10" %3

3 x10_13

L el/3
9.4 x 10" 11 o764/T

sacachaliibie:

an i
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TABLE 1V
(cont?’d)

2 -+ HNO + H

OH + HNO + HZO(*) + NO

H,

*
+ M > H2 + M

+ H,O - H

2 2 + Hzo(lOO)

+ uzo - Hz + 520(001)

+ OH > H., + OH¥

2
+ H20(010) -+ N2 + Hz?(loo)

+ H20(010) - N, + H20(001)

2

+ H,O0 = N

5 2 + H20(010)

18

3.
Lax107d A

4

1.

l.

6.

1.

3.

3.

2.

2.

9.

1x10" 11

3x10 11

2 xlo—ll e-l400/T

1/3
5 Xl0-7 e—l39/T

7 e-l39 1/3

5x10 /T

o 1/3
7x1079 ¢7208/7

13 ‘3-23/1‘1/3
3

2x10°

-8 - 1/
o x10~8 o=+64/T

1/3
9 x10—8 e 164/T

1/3
5 x10-L4 5/6 o30.1/T

_ 1/3
5 x 10”14 5/6 ¢730.1/T

1x10"12

3x10" 13

3x10° 13

_oasml/3
4x10"1 64/T

¢
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TABLE IV
(cont'ad)
) 1/3
co* + M > CO + M M=H 6.7 x1578 o72C8/T
3 1/3
" M=o 1 x1078 o-96/T
1/3
: " M=H, 9 x1079  L19/T
! 1/3
, " M =H,0 1x1078 ¢™96/T
Il
; _ _ 1/3
= C0,(010) + M » CO, + M M=H 3.8 x107 1 ¢~7/T
; -0 1/3
. " M=0 2.3x1072 ¢ 77/T
! 1/3
" M=H, 7.6 x 10”11 =7/T
i
s . M=H,0 1x107%
s . 1/3
| " M =co. 4.6 x1077 7 71/T
i ) 1/3
s CO,(001) + M > CO, + M M=H 6.7x1078 ¢7208/T
f RV
| " M=0 1x1078 796 "
PRV
" M;HZ 9x10 e A a8
! . 1/3
" n M=H,0 9x1072 ¢ 119/T

19




c02(001) + M > c02(030) + M

TABLE IV
(cont'd)

M=H

C02(001) + H20 > CO2(010) + H20(010)

N.* + CO

2 5 N2 + C02(001)

20

2.

4.

4l

4.

9.

6'

6.

l.

6 x10

13x 2017 ¢34 oyh (30131
1/3

- 378.7/7Y3 £ 1416/7%/3)

24

6 X 10 T—5.89

exp(-4223/T

1/3

- 672.7/7%3 1+ 2683/, 2/3)

27 x 1017 77634 b (“3013/7

1/3

- 378.7/7Y3 1 1416/7%/3)

71 x 10740 2434 (b (2081 /7

3 3)

+ 454/7%/3 _ 172902/

16 x 1023 17589 o0 (—a223 /1
- 672.7/7%3 4 26837273,

87 x 1023 073489 yp (~a229/7

1/3

- 672.7/1%/3 4 2683/72/3)

87 x 1023 773+89 oy (~4223/1
Lo

- 672.7/£Y/3 4 2683/7%/3)

1x107 13

-6 - 1/3
72 x 10 6 e 175/

14 815.3/'1'1/3

largest

s
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+ CO

0, (001)
Co, (101)
Co,, (101)
o, (021)
o, (021)
CO,(101)

c02(020)

C0,(100)

C02(101)

N. + co¥

Co -+ CO2

HZO + CO

H,O0 + Cu

H,0 » CO

=
O
+

Cco

Q
o
+

Co

Q
o
¥

Cco

2

CO, (

TABLE IV
(cont'd)

+ co¥

2 + H20(100)

5 + H20(001)
2 + H20(100)

5 + H20(001)

2(001) + C02(100)

2(010) + COZ(OlO)

co, + M M=H

100) + M M=H

21

1.78 x10

7 %1013

1.57 x10

2 x10713

2x 1043

2 x 10713

2 x107 13

2 x10 1

2 x10°13

3.8 x10

2.3x10°
7.6x10°
3x10 t3
6.7 x10"
1.0x10°

9.0x10

9.0 x10~

-~

-6 -210/7%/3
e
_ 1/3
-25.6/T

11 e—3o.1/rrl/3

/T

VT

/T
/T
/T
/T
12 e—l7.6/Tl/3

9 e—l94/Tl/3

12 e—l7.6/T1/3

8 e-208/Tl/3

Car ml/3
8 ,-96/T

9 e-ll9/Tl/3

9 9-119/'rl/3

largest

|
i
i
|




C02(101) + M~ C02(001)

002(021) + M

+

+
=

C02(010) + M

C02(011) + M

TABLE IV
(cont'd)

22

w

w

gy 10-12 17.6/71/3
31079 loasrt/3
6 %1070 o194/t
x 10713

8x107lt g7/
3x107° e'77/Tl/3
.6 x 10711 e'7/Tl/3
.0 x 10711

6x107° e"77/Tl/3
a1l g7/
w1070 T/
6 x 10711 /17
.0 x 107t

Gx1070 o T/




TABLE 1V
(cont'd)

C02(Oll) + M > C02(001) + M M=H

23

4.6

6

9

9.0 x10~

3.8 x10

.7

.0

.0

- ~7/pL/3
«10-11 o~7/T

-9 - 1/3
w10~ &~ 77/T

- _7qL/3
«10-11 o=7/T

xlo—ll

-9 - 1/3
x10-0 o~77/T

e 1/3
«10-8 o=208/T

o _qesml/3
10~ o~96/T

9 - 1/3
1079 o~L19/T

9 e-119/T1/3

1 -1/r3

9 -77/7+/3

2.3x10 ° e

7.6 x10

1.0 x10

11 e—?/Tl/3

il




External flow calculations were performed with the MULTITUBE

and BOW codes {Boynton (1971)]. Unburned fuel concentrations
of 5% in the film cooling layer and 1% in the interior exhaust
gases were assumed; reactions of N2H4 and UDMH with O were
included in the flow field calculation, so that depletion of
these species would be properly accounted for in a subsequent
(overlay) chemistry calculation. The rate equations were ihen
integrated along mean flow streamlines in the mixing layer
using a separate chemistry (NONEQ) which accepts the taped out-

put of the flow field calculation.

Results of these exploratory calculations are shown in
Figure 3. We show cumulative radiant intensity as a function
of distance behind the vehicle for the sum of the HZO vy and

vy bands and the OH band (which is negligible in this calcula-

tion because important because important formation mechanisms

such as Hz-ko-*OH-+H have not been included). The lower curve

is for the H,O0 excitation processes alone, and the upper curve

2

includes the effects of the simplified chemi-excitation mechan-
ism. The assuwed production of excited H,0 by O~+N2H4 is as

follows:

. 2H,0 (001)

2
2H,0 (100)
0+ N,H, = + N, H

274 21,0 (020) 272

25150 (010)
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FIGURE 3.

The effect of chemi-excitation on predicted
cunulative radiant intensity.
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This puts about 40% of the reaction 2nergy into the stretching

modes of product H,0. (For purposes of computational conven-

'
1
)
|
1
'
!
|
H
|
P
'

ience, we have treated a molecule excited to the second level
as two singly-excited molecules; the quenching is thus somewhat
more efficient than it should be.) With this assumption of
product energy distribution, together with those about initial
fuel concentrations, there is a substantial difference in cal-
culated radiant intensity with and without ch iluminescent

reaction. .

These calcu..tions may overestimate the contribution of
chemiluminescence to the plume signature for any or all of the

following reasons:

1) The exhaust-gas concentrations of N2H4 and UDMH may be
too high. In that connection, note that N,H, (tha
majos reacting species in this system) is a good mono-
propellant and decomposes spontaneously at elevated
temperatures to give less reactive NHs, N,, and H,.
The amoung of external reaction may depend on the ex-
tent of such decomposition as well as the overall un-
burned fuel level. This should not be the case with
MMH, which is more stable.

2) The photon yields may be optimistic, although a rather
drastic decrease would still allow substantial chemi-
excitation relative to V-7 and V-V excitation.

3) Unburned fuel could be ejected from the engine or tur-
bine exhaust in the form of droplets which would ..ave
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to be vaporized in the plume before reacting. [Webber,

et al (1972), wusing a detailed combustion code to

evaluate the external surface contamination potential

due to unburned propellants from two small engines,

calculate that essentially all unburned propellant

leaving these engines is in the form of small droplets.]
However, even with these qualifications, it is evident that there
is a distinct rossibility that external chemiluminescence of
unburned fuel species comprises a substantial fraction of amine-
fueled missile plume signatures. This possibility should not

be ignored in studies aimed at elucidating plume emission mech-

anisms.
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APPENDIX I
REACTIONS OF HYDRAZINE AND AMINE COMPOUNDS
WITH O AND OH

4, Reactions of Methyl Hydrazines

Reaction Rate Constant AH

298

0+ HZNN(CH -+ HNN(CH3)2 + OH (Fast)

3)2

-l NN
> Cu3wNLH3 + H20 (Slow)

> NN(CH3)2 + H20 (Slow)

" e

0+ HZNNHCH3 -+ HNZCH3 + HZO -102.5

H + HZNZ(CHB)Z > HNZ(CH3)2 + H2

28

Reference

Foner and Hudson
(1970)

Foner and Hudson
(1970)

Foner and Hudson
(1970)

Foner and Hudson
(1970)

Foner and Hudson
(1970}




4
: B. Reactions of Hydrazine and Derivatives
Reaction Rate Constant AL298 Reference
- - *
1 N2H4 + 0 N2H2 + H20 1.1x10 10 e 600/T Gehring, g&_gl_(1969)
F‘ ’ 1.8x107 (300°K) Gehring, et al (1969)
%
1 N,H, + O + products (3 :.‘.l.S)xlO—12 Shane and Brennen
274
! (1971)
a. NJH, + 0> NH, + H,0 product identification -90 Foner and Hudson ?
274 272 2
(1970) ]
1 K
b. N.H, + 0 > N H, + OH k, = 2=k -26 Foner and Hudson
274 273 b 25 a (1970)
f’
N,H, + OH -+ N,H, + H,0 Sawyer and Glassman
i 274 23 2 (1967)
NoH, + OH - NH, + NH,0 product identification Gehring, et al (1970)
N,H, + NH, - N, H, + NH Sawyer and Glassman
274 2 273 3 (1967)
-13 o K
N,H, + NH, > NH, + NH, 5.2x10 - (300°K) Gehring, et al (1971)
i
NpH, FH > NH o+ H 2.2x107L ¢71260/T (513 4730k) Gehring, et al (1971) ]
%
N,H, + D > NH, + HD 6x 10713 (251-315°K) Gehring, et al (1969) ;
N,H, + N + products 1.4 x107+3 (203°K) Gehring, et al (1969)

% Note there is a 33% error in the rate constant reported in the original
reference (corrected by the authors in a private communication).
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N2H3 + OH - N2H2 + H20

N2H3 + H -+ ZNH2

N H, + 0

olg =+ NH,NO + OH

2 2

®
N2H2 + 0 > N2 + HZO

N2H2 + H =+ N2H3

N,H, + NO -+ NH

) 2 + N0

2.7 x10712 (300°K)

-169

2,372 19:3 (9)

30
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Sawyer and Glassman
(1967)

Gehring, et al (1971)

Sawyer and Glassman
(1967)

Becker and Bayes
{1967)

Bahn (1968)

Gehring, et al (i9/1)
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C. Reactions of N and NH Compounds

Y,
Reaction Rate Constant AH298 Reference p
- k.
N+ N> Ny (') (3>13) (v' =6) Goldr and Thrush
(1972a) !
{
N+ O - H + NO > 107H Garvin and Broida ]
(1963) :
~-11 . b
6x10 Miller and Permagent
(1965)
5.8 %107 (320°K) Wilson (1972) Rec.
N + H02 -+ NH + 02 > 1.7 ><10"13 Kretschmer and
Paterson (1963) i
g
4

NH, + O » NH, + OH

3 2
(main channel) 2.5x10712 &73000/T L5 743 Albers, et al (1969)

1.7 XlO-lB e~2450/T Wong and Potter 5
(1965, 1963) ¢
2><l()"14 (360—460°K)* Avramenko, et al (1962) %
!
NH3 + 0D ~ lm’L3 Exp. Est. at 500°K Albers, et al (1969) %
]
NH, + OH - Ni, + H,0 Maclean and Wagner :
(1967) !

6.6x10 14 10+68 ;=360/T 1, Yondratiev (Ref. 1288)

(1972)

3.3x107° & 1920077 (1760-2037°K)* k

Fenimore and Jones
(1961) °

—
Al

* Probably wrong or applicable only at high temperatures.
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NH3 + H - NH2 + H2

NH2 + 02 =+ HNO + OH

NH2 + 0 - HNO + H

-+ NH + OH ?

NH2 + OH -+ HNO -+ HZ

NH + 0 =+ N + OH

-+ H + NO

NH + OH = NO + H2

< 2x10°Y 500%K)

< 2xld¢°(8mrx)

> 107 (320°1)

2.6x10 11

1.7x10

E = 5000 kcal

2.7 %10

32

-12 T1/2 e-SO/T

-15.7

-11.0

-25.7

—l6c5

- [ -4 -
12 TO.J6 . 760/T

Albers, ct al (1969)

Sawyer and Glassman

(1967)

Albers, et al (1969)

Bahn (1968)

Bahn (3:968)

Mayer and Schieler
(1966)

Mayer, Schieler and
Johnston (1966)
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1 D. Reactions of H-N-O Systems

A it

Reaction Rate Constant AH298 Reference
! -11
: NO, + H - OH + NO 4.8x107°" (298°K) E_ <2 kcal NBS CIAP Eval.
N0, + 0> NO + 0, 7.5x10 L (£3) Cvetanovic (1972)
: 9.1x10 k2 ¢0/1 Davis (L972)
: -12
{ 4x10 Stuhl and Niki (1970)
“ (wall?) 13
o + NO2 > HNO3 3.3410 Mulcahy and Smith
(1971)
NO, + 0 + M NO, + M 5.8 x 10732 NBS CIAP Eval.
NO, + 0, NO_ + O, 6.1 x 10 ~25 45 NBS CIAP Eval.
{ NO + 0, + NO, + O, 9x10713 o1200/T 4y 5 NBS CIAP Eval.
.;.
b}
. HNO,, + I > N,0 + NO -69.3
X
S 1 i -
NO, + 1 > H, + HO, 25.2
] HNO, + O - OH + NO, -23.5
HNO,, + Ol > 1,0 + NO, 712 e'mOO/T -40.2 Est.— NBS CTAP Eval.

14

HNO. + O -+ OH + NO <€1.5%x10 NBS CIAP Eval.

3 3
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HNO3 + H =+ products

OH + HNO2

H2 + NO3

H20 + NO2

HNO3 + OH =+ H20 + NO3

HNO + H -+ HZ + NO

HNO + O = OH + NO

HNO + OH -+ H20 + NO

HNO + H + H2 + NO

HNO + OH -+ HZG + NO

<1x10713
-29.5
-3%5
-6907
-12 -1000/T
1.4%x10 " ¢ 185
> 5x107%4 -53.3
g x 10713 p1/2 53
1.5x10 %0 -69.4

107 (1600-2000°K)

5x10° (300°K)

13

2x10713 2 2x107 (300°%)

11

~3x10 -69.3

1.5x10720 (1600-2000°K)

34

Morris and Niki
(1971)

Est. - NBS CIAP Eval.

NBS CIAP Eval.

Kondratiev (1972)

NBS CIAP Eval.

Bulewicz and Sugden
(1964)

Thrush (1965)
Kohout and Lampe
(1967)

Sawyer and Glassman

(1967)

Bulewicz and Sugden

(1964)




Ladhnadc

E. Energy Transfer and Energy Pooling

Reaction

Nz(alng) +CO > N, + CO(A]‘II, v'< 8)
by level

Nz(alng) + €O -+ N, + CO(Iriplet)

NY 4+ No* -+ NF* 4 e

2 2
13 )
N2 + 6 (X) + NZ(X) + Cc0(A)

NO + CO(A)
+C0

NO

Ny
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Reference

Golde and Thrush
(1971)

Golde and Thrush
(1972a)

Golde and Thrush
(1972b)

Golde and Thrush
(1972b)

Fontijn, et al (1970)

Fontijn and Ellison
(1971)

Fontijn, et al (1970)

Fontijn and Ellison
(1971)




F. Radiative Lifetimes

Reaction Radiative Lifetime, sec

coalm » coxtr™y + hv 1078

(Fourth Positive)

Reference

Hesser (1968)

CO(a3H) + CO (le.) + hv (4.4 %1,1) % 10—3 Slanger and Black
(Cameron System) (1971)
1 -4
Nz(a Hg) > NZX + hv 1.4 %10 Shemansky (1969)
G. Nitrogen Chemistry: Quenching
N((’S) + N2(33]ig) -+ N(Z‘S) + N,,(alng) 3.3 % 10-11 Golde and Thrush
- (1971)
Preceding page blank
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APPENDIX II
THERMODYNAMIC PROPERTIES

HEATS OF FORMATION EMPLOYED
BY BAHN (1968)

Wherever available, JANAF Thermochemical Tables have

been used. The values are in kcal/mcle.

H, 0. NJH,  50.9
H 52.102 NJH,  36.8
OH 9.432 Np, 2279
HO, 5

NO 21.58
H0 57,798 o, _—
)0, -32.33 O, i7.
0, 0. N,0 19.61

59.559 4.0, 19.8

0, 34.1 “

N,0, 2.17
N, 0

N0, 2.7
N 112.965
" 9.9 HNO 23.8

HNO. -18.34 &
NH,  40.07 2 lsa
NH, -10.79 HNO,  -32.1
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FONER AND HUDSON (L970)
HEATS OF FORMATION, kcal/mole

N2H2 48.7 5 Foner and Hudson
(1958)
HNNCH3 37.4 *3 Foner and Hudson
) (1970)
HZNNHCH3 22.55 Foner and Hudson
(1970)
CH,NNCH, 43,2%2 Page, et al (1953)

Bond Dissociation

H—HNZ(CH3)2 85 %5 Foner and Hudson
(1970)

H-HNZHCH3 66 £5 Foner and Hudson
(1970)

H—NZH,3 76 £5 Foner and lludson
) (1970)

H-HNZH S4 7 Foner and Hudson
(1970)

H—(CH3)N2H 53%6 Foner and Hudson
{(157y)

MMH Vapor Pressure zoglol?=-7.88 zoglo'r— 3'#46 + 31.746

Aston, et al (1951)
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i APPENDIX III
F OBSERVED CHEMILUMINESCENCE

5 Spectra Observed

[
: A3Z ~ X2H
: Transition / NH2 (4000 A) NH 3360-3370 OH NO Y Band HNO Reference
: 3 -3 3066  225-2850 7600
t
; Reaction
)
. 0 + NH, M  Kreiger and
s v Fummler, un-
1 L published work
4
: 0+ NZH/ S S S S Becker and
* Bayes (1967)
Hall and Wolf-
hard (1956)
1 H + NH3 - - - - Moore, et al
§ (1956)
i
! Moore, et al
i Becker and
Bayes (1967)
W = Weak

M = Moderate

S = Strong
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