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SUMMARY

‘The results of initial calculations to determine the total amount of
NOx deposited in the stratosphere by the Space Shuttle Solid Rocket Motors
(SRM) are presented. Detailed calculations of the flow properties and chem-
ical composition in the exhaust nozzle and plume were performed, accounting
for such effects as gas/particle nonequilibrium and nonequilibrium chemistry
in the nozzle, plume shocks (including the Mach disc) and nonequilibrium
~ chemistry in the mixing/afterburning region and downstream of the Mach
disc.

The nozzle calculations show that, to within a 'fa.c_tor of two, about
4.5 lbm/sec of NOx leaves the two- SRM's. The total amount of NOx depos-
ited in the stratosphere is related to the amount leaving the nozzle via an
Overall Plume Enhancement Factor (OPEF), whose value depends upon the
influence of afterburning and shocks in enhancing the exit plane NOyx mole
fraction. Initial calculations show that the OPEF =2, indicating the mass
flow of NO, in the plume to be =10 lbm/sec at 30 km altitude with a possi-
ble error factor of ¥ 4. The error bounds account for possible errors in
input data (e.g. reaction rate coefficients), and the neglect of several phe-
nomena (e.g. recirculating flow in the shuttle base region and intersecting
plumes from the two SRM' ) which may prove to be important.

T T ier V2

For a vehlcle;velomty of- 3750»ftt/sec, therefore ;the NOy deposition
rate in the stratosphere is about 2.7 x 1073 lbm/ft (4 g/meter), to within a
factor of 4.
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I. INTRODUCTION

An accurate determination of the total amount of NO4 deposited in the
stratosphere by the Space Shuttle Solid-Rocket Motors (SRM) requires that de-
tailed exhaust plume [NOX] .distributions be calculated, -accounting for the
effects of afterburning and plume shocks. These effects will increase the
amount of NOx in the plume over its.value at the nozzle exit plafe, the amount
of the increase being defined as the Overall Plume Enhancement Factor (OPEF).
The total amount of NOy deposited in the stratospheref is, then, the amount.
"leaving" the exhaust plume. Figure | shows a schematic of the variation of
Local Plume Enhancement Factor (LPEF)I ‘as a function of distance from the

T AW FHer e 5 e e

75-504A

OPEF

. DISTANCE FROM NOZZLE EXIT _—;.

- — - y - - -

FIG. 1 SCHEMATIC SHOWING DEFINITIONS OF LOCAL PLUME ENH.ANCEMENT FACTOR (LPEF)'
AND OVERALL PLUME ENHANCEMENT FACTOR (OPEF)

. e awhae e s A ami e e . - i h

[NOx] is defined as a local concentratioi{'{qf NO,.
.T - NOx consists of NO, NO, and N,O.

i The LPEF .is defined as the mass flow of NOX at any axial statron (m NO)
divided by the mass flow of. NOX leaving the: nozzle, (mNO ) mNOx

is calculated from mNOx < 'S.ﬁ pu YNO r dr, where p, u and YNO are

gas density, veloc1ty and mass fraction of NOg, respectlvely and r is rad1a1
distance-from. the: axis..- '

. ‘f"'* I PR S SR PR SR N NP
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nozzle exit. . Note tha t the 1 LPEF mcreases " to an asy'rnptotlc value, the OPEF,

which Jefines the end offthe "NOx plume'. There are no plume reactions Whlc.h
will decrease local v,alues of [NOX], plume reactions involving NO, far frorn _
the nozzle exit, incthe «cooler regions of:the. flow, convert NO to_NOz.

The procedure followed in thé present study has been to obtain initial
estimates of [NOx] at the nozzle exit Plane and in the plume via a series of
simplified calculations which neglect: ‘the effects of (i) two=dimensional flow
and gas/particle interactions in the nozzle and (ii) shocks in the plume. These
results give both an order.of magnitude-estimate. of, [NOX] ‘in the nozzle and plume
and the, dependence of the pred1ct1ons on- uncerta1nt1es in some’of the mput data, :
e.g. reaction rate: coefficients and turbulent /mixing rates. Next, a more de= .,
tailed ana1y51s was, performed in which the effects noted above were: accounted
for and the OPEF calculatlons made. Th1s report presents the pr1nc1pa1 re-.
sults of both the simplified and detailed calculatmns and conclude,s..,\mtha f1rst
determination .of the total amount of NOy deposited in the stratosphe
Space Shuttle Solid Rocket Motors. ~

RS :',I_v,' »"

II. INITIAL NOZZLE AND PLUME CALCULATIONS

A. Nozzle

The nozzle exit plane [NOy] was initially determined via one-dimen-
sional kinetic calculations. These calculations were made using nozzle
pressure, temperature and velocity distributions calculated via a standard"
nogzzle thermochemical equilibrium ‘code (fronm. AFRPL)as mput to an Aero-
Chem- developed nonequilibrium streamline code> (NEQSLINE).! Additional input
to the code were the equilibrium composition in the combustion chamber
(Table I) and a suitable chemical reaction mechanism and rate coefficients
(Table II). The upper and lower bounds of the rate coefficients given in- -
Table II are our best estimates based on the available experimental dat_a.;._"
Figure 2 shows that the calculated NOyx mole fraction* freezes near the -throat
at a level about an order of magnitude greater than that predicted by the
equilibrium calculation at the exit. (Thel-D EQUIL. curve was computed by
the standard thermochemical equilibrium program.) The "STD. RATES (FULL)"
curve was computed via NEQSLINE using all the reactions listed in Table II
except Reactions D1-D6. A detailed examination of the reaction rates for
individual reactions showed that reactions NO2, NO4, NO5, NO8, NOl10, P3,

N 3 - : . . e o 2
e e e o - . s a= - - o -

* In the nozzle NO is the dominant constituent of NOg; NZO and NO, mole

- fractions are orders of magmtude less than that-of NO.-
) \}, W» -

“* LT e T - - . . L yee e e e g g m e -
- L .

—g———
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One-dimensional kinetic calculations assuming
gas/particle equilibrium

P5, P6, P10 and P11 could probably be eliminated with little effect on [NOX] .
The "STD. RATES (REDUCED)" curve shows that, indeed, eliminating the above
reactions does not significantly influence the results. Additional nozzle calcu-
lations were made with the remaining NO, Production/Depletion and NOy
Precursor reactions set to their estimated maximum and minimum rates re-



TABLE I. SPACE SHUTTLE SRM NOZZLE PROPERTIES

Propellant Composition

NH,C10,
Al

Cs. 884 Hio.089 ©g, 218 No. 264
Ce.15 He.97 O1.17

FezO3

Pressure, atm

No.o03

Wt. %
69.6
16.0
12.0
2.0
0.4

Equilibrium Calculations

Temperature,. OK

A/A*

Mass Fraction Al,Ojrparticles

(kcal/mole)

Chamber

41.6
3400

-70.69
0.0

-12.0

-28.3

-197.3

wxit Plane

1.08
2330

0.30

Gas Composition, Mole Fraction

CcO
co,
HCl1
H
H,
OH
H,0
Nz
N
NO
O
O,
Cl

HNO-

N,O
NH

NH,

2.49(-1
1.74(-2
1.43(-1
3.80(-2
2.77(-1
9.11(-3
1.52(-1
9.92(-2
6.19(-6

7.05(-4
7.45(-4
1.62(-4
1.30(-2
1.15(-6
7.93(-8
2.78(-6
1.07(-5

Nt Nl Nt Nl Nl ot e Nl Nl Nt e e ) vl e v “mrg

6.7
0.30
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HR1
HR2
HR3
HR4
HR5
HR6
HR7
HRS8
HR9
HR10
HR11
HR12
HR13
HR14

GroN
ot

NO1

NO2
NO3
NO4
NO5
NO6
NO7
NO8
NO9
NOlo

TABLE II.

SPACE SHUTTLE SRM NOZZLE/PLUME
REACTION MECHANISM

k,=ATN exp(B/RT)

cm-molecule-sec units

coefficient

divide A by lower error bound to get minimum possible value of rate

coefficient

(continued)

f
Upperb Lower"
a B Error Error
Heat Release A N (cal/mole) Bound Bound
O+0+M = O,+M . 1.0(-29) 1.0 0 30 30
O+H+M > OH+M 1.0(-29) 1.0 0 30 30
H+H+M > H,+M 2.8(-30) 1.0 0 30 30
H+OH+M=> HO+M 2.0(-28) 1.0 0 10 10
CO+0+Mz= CO,+M 1.0(-29) 1.0 -2500 3 30
OH+OH = H,0+O 1.0(-11) o -1000 5 5
OH + H, > H,O0+H 5.0(-11) 0 -5200 3 3
O + Hy > OH+ H 5.0(-11) © -8460 3 3
H+ O, = OH+ O 3.0(-10) O -16500 3 3
CO+OH =+ CO,+H 5.0(-13) 0 -600 3 3
H+Cl+M = HCl+ M 5.5(-31) 1.0 0 30 30
HC1+OH 2> H,O+Cl T7.2(<12) 0 -3250 30 30
H + HC1 > Cl +H, 8.8(-11) 0 -4620 10 10
OH + Cl = HC1+O0O 3.0(-11) o -5000 30 30
-NO Production/Depletion
O+ N, >+ NO + N 1.3(-10) o -76000 3 3
N+ 0O, = NO +0 2.2(-11) o© -6250 3 3
NO + H . = N+ OH 1.5(-10) O -47000 5 5
N + CO, = NO+CO 3.0(-13) 0 -34000 30 10
NO+NO = N,O+O 2.1(-12) o ~64000 5 5
NO + H, = HNO+H 1.0(-11) O -54600 10 30
HNO + Cl1 = HC1+NO 3.0(-11) 0 -1600 10 100
NH+NO =+ N,O+H 1:0(-12) o0 -4200 100 100
NO+H+Mz> HNO+ M 5.5(-29) 1.0 600 3 10
NO + M = O+N+M 8.3(-29) 1.0 -149000 30 30

multiply A by upper error bound to get maximum possible value of rate
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TABLE II
(continued)
Upperb Lower"

: a B Error Error

NO Precursor A N (cal/mole) Bound Bound

Pl N,O + H = N, + OH 1.3(-10) 0 -15200 3 10
P2 N,O + H, z H,O+N, 1.0(-13) 0 0 100 100
P3 N, O+ CO = N; + CO, 3.3(-13) 0 -17400 10 10
P4 N,O + M .—:NZ+O+M67(11) 0 ' 0 30 30
"P5 NH + C1 = HC1 + N .0(-11) o© -4200 10 100
P6 NH + H = H, + N 1 O( 11) O -4200 30 100
P7 NH + OH +z HO+N 2.3(-10) o© -2000 3 3
P8 NH, + Cl = NH+ HC1 1.0(-10) O 0 3 100
P9 NH, + H = NH + H, 5.0(-11) 0 0 3 100
P10 NH+H+ Mz NH, + M 3.0(-30) 1.0 0 100 . 10
Pl1 N+N+M:. = N +M 5.6(-30) 1.0 0 10 10

_NO/NO,

D1 NO, + NO, = NO+NO+O,. 4.0(-12) O -27000 3 3
D2 NO+O+Mz NO,+M 3.0(-33) o© 2000 3 3
D3 NO, + O = NO+0O, 1.7(-11) 0 -600 3 3
D4 NO, + H + NO + OH 5.8(-10) O -1480 3 3
D5 NO + CO, = NO; + CO 3.3(-12) O -81600 30 30
D6 NO + O = NO, + ht 6.6(-12) 2.0 0 3 3
’specti,vely. “These results, also shown in F1g. 2,serve to g1ve a prelmnnary

estimate of the probable error bounds on the calculated [NOX] at the nozzle
exit plane.

B. Afterburning Plume

In order to get a 'feeling! for the potential increase of [NOx] in the
plume due to afterburning, a series of calculations were made with the Aero-

" Chem Apar'allel mixing/chemistry (LAPP). code?
boundary .as the dividing streamline.

ustng an. expanded ‘plume
Initial conditions for the afterburnmg‘~ ’ -

calculatmns (glven in Ta_bler_III) were obta1ned by assuming a chemically- frozen

- %

*C‘

“The expanded plume boundary is defined here as the radlus tof the mv1sc1d

boundary (d1v1d1ng streamlme) at Wthh amblent pressure 1s reached AR

. *:d__._zu - A —

Q,__, o
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INPUT DATA FOR SPACE SHUTTLE SRM PLUME

TABLE III. , s
AFTERBURNING CALCULATIONS ALONG
EXPANDED PLUME BOUNDARY AT 30 km
Free Stream
Initial Conditions Conditions
. b
Radius, ft 47.1
Velocity, ft/sec 1.04(4)° | 3.52(3)
Temperature, °K 1130. 229.
Pressure, atm 0.0118 0.0118
Composition, Mole Fraction
co 2.33(-1)
CO, 2.09(-2)
HC1 -1:54(-1)
H _ 5.47(-3)
H, 2.79(-1)
OH 4.57(-4)
- H,0 1.41(-1)
N, 8.41(-2) 7.90(-1)
N 1.44(-8)
NO 1.44(-5)
NO, 5.35(-12)
O 6.20(-6)
0, 1.32(-6) 2.10(-1)
Cl 2.16(-3) '
Al,0,4 7.99(-2)

Using the LAPP code?

Actual expanded radius is 33.4 ft. The radius used for these calculations

is an 'equivalent’ radius that accounts for the mass flow from both SRM

nozzles.

¢ A(B)=Ax10

B



one-dimensional expanswn from the nozzle exit plane to the ambient pressure
at 30 kmm, and solvmg simultaneously the. continuity, momentum and energy
equations. The initial’ 'equlvalent' radms used in th&plme calculatlons is
N'Z larger than the calculated’ radlus to account for the total mass flow from -

the two SRM's.

The reaction mechanism used in“the afterburning calculations.includes

the HR!-HR14, NOl, NO2, NO3, P11 and D1-D6 reactions of Table II. Typmal )

results are shown in Fig. 3, which plots the ratio of the local [NOy] to the frozen
[NOx] (i.e. if afterburning were neglected) throughout the;plume.f This demon-_

Space shuttle SRM; 30 km altitude; T,y = 47.1 ft; initial temperature = 1130°K

, [NO;] / [NO"]FROZEN

|_or‘-} : :
J ] ] |

o I 2 3 <4 5

DISTANCE FROM AXIS r/r,x

FIG. 3 INFLUENCE OF AFTERBURNING ON PLUME NO CONCENTRATIONS

R i s T s R W o T T 4l Eu KRR TS L e enoiee N

. P e eemns - - e —— S ——

T Note that.the- Local Plume Enhancement Fa.ctor (LPEF) is related to the o

;area.under the ¢urve at each ax1a1 station. (See def1n1t1on on p. -'»1)

A R . 3 i

Cheaus 3
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strates the direct effect of -afterburning in enhancmg plume [NOx] concentrations,
the maximum increase bemg a factor:of.about 2.4. If we arbitrarily increase

the 1n1t1a1 temperature from 1130°K (used to obtain« the results in’ Fig.. 3) to
2000°K (to account for gross uncerta1nt1es din: thA .,s:.rnphfled ana1y51s)* the .
maxunu.rn 1ncrease in NOx ‘over. its frozen value is a. factor ofabout 35‘ Th1s
result 1nd1cates the u'nportance of-accurately" estabhshmg the' initial tempera-.

» ' ture in th1s type of ”expanded plume boundar«y" calculation. Add1t10na1 para-
_ .__metr1c calculatmns were made ‘to. determme ,the effects, on. [NOX] , of uncer-.-;

ta1nt1es in rate coeff1c1ents for reactwns govermng the d1rect product1on of .
[NOX] .and those controllmg the radical concentrations.’ These results: will
be presernted in the final report. '

[ 1

‘ smnlar to the: pressure dlstrlbut1on~from the nozzle exit to the throat. The..

| e

C. Mach Disc
K e

The potent1a1 influence of the Mach dlSC on [NOX] inthe plume was

' determmed by us1ng the 'NEQSLINE code, starting just downstream of*the Mach
dlSC '

ith post-shock properties (assuming frozen chemistry- through: ! the shock) ‘
as- 1n1t1 Lﬁcondltlons- The Mach disc location was estimated from the: emp1r1ca1
ion of I.ewis and .Carlson, 3 modified for free-stream veloc1ty ‘effects

re' .and. Harshbarger * For the purpose.of this,calculation the; pressure
utlon;.betw«een the Mach "disc and second plume shock was assuméd to be -

temperature was then determmed from a constant y calculation.

Flgure 4 shows the results of the Mach disc calculation u51ng both the "‘;:‘
standard- set of rate coeff1c1ents (Table II) and a reat¢tion mechan1sm in wh1ch
‘the NO_andv P reaction rates (Table II) are set to their upper and. lower bounds.:
About-an order of magnitude increase in [NOx] is seen to occur as the flow '

e passes through the Mach disc (us1ng the standard rates) due primarily to the

e T B g \M_..—w‘ .'».«S-J‘_r.—-.i_s
Wl b

high temperatures (z 3000°K) in th1s reglon JFor reference, ,the charnber

value of" [N@X] is also shown. Th1s resﬂlt 1nd1cates that the Mach disc w111
make an unportant contribution to local plume [NOx] levels.

I1I. OVERALL PLUME ENHANCEMENT
FAGH{OR CALCULATLIONS o

The calculations dlscussed in Section II were directed at determmmg

local effects. and trends unportant in determlmng approx1mate levels of [NOy]

in the nozzle and:. plmne . Calculatlons al.rned at more accurately determining
the total amount, of NO “in the plu.rne are dlscussed below. '

‘5'-_*

oA

Temperature was varled SJ.nce [NO Jis strongl;& dependent on local plurne

“ temperatures A
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One—dlmen31ona1 kinetic calculatlons assuming gas/particle
equilibrlum .

A. Nozzle | o | o

.The AeroChem fully- -coupled nozzle program (FULLNOZ)® was used to
calculate gas and particle propertles in the Space Shuttle nozzle and to assess-
the effects of gas/particle nonequ1hbr1um on [NOX] Thls calculation utilized
the actual nozzle contour as input (in coritrast to the one-dimensional calcula-
tions discussed in Section II.A). The calculated pressure and temperature
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FIG. 5 -'PlK'ES",SUi{E AND. _EI:{_EERA'I!URE‘D,IS}TRLBUSIIONS" Ti SPACE SHUTTLE SRM

distributions .along the wall and centerline are given in Fig. 5, together with
the one- dunensmnal ‘equilibrium results. These .results are typical of bell-
shaped nozzles, i. e';‘ ‘the .flow near the wall, rap1d1y expands Jjust downstream of
the .throat,, g1v1ng lower wall pressufres in- -this reg1on., The. exit plane wall
pressure’ however is h1gher than the centerlme pressure, i, €. Pg = 7.2 psia
and Pwall'™ 21 ps1a"’-", Th fga.s.temperature dlstnbutlons do not~ follow the pres-
sure dlstrlbutmnsi‘because ‘of ‘the ‘influence: of solid partrcles. In fact, the
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- flow:s” results in“the; exit ,plane gas tem-
perature reachmg a. maxunum val é \(‘of 2170°K) off= ~axis: at r/r = 0.85.
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REFLECTED SHOCK

REGION |

AIR"SHOCK. .(ESTIMATED) REGION 2

. INVISCID-PLUME BOUNDARY

A O
Q..

" EXHAUST GAS :SHOCK

'DISTANCE FROM: "AXIS, t/rq,
=3

0 T 20 30 40 - 50
DISTANCE FROM NOZZLE EXIT, x/r,

FIG. 7 SPACE SHUTTLE SHOCK STRUCTURE AND MIXING REGIONS -

B. Plume

The procedure used to determine the enhancement of NOy in the plume
due to afterburnmg -and .shocks-was to (1) locate the plume shocks via the’
AeroChem underexpanded rocket plume code (the AIPP code)6 and (2) compute
the NO, productlon uvs1ng the LAPP code.? ‘The shock structure shown in ‘Fig.
7 was scaled from a’ prev1ous AIPP calculation. of a Minuteman (MM) Stage 1
plume in a §imilar flow reglon., The LAPP code was then applied to three
regions of 1mporta.nce (1) -an 1nner m1x1ng zone (Region 1) in which the high
temperature and pressure exhaust gas that has passed through the Mach disc
mixes with lower temperature exhaust products that have passed through the
reflected shock;  (2) an outercmixing zone (Region 2) where cool exhaust

products which have passed through’the éxhaust.gas shock mix with air that
has passed through the ait shock; and (3 ) the merged shear layer (Region 3)
which is initiated Where (1) ‘and (2) meét. Region | is characterized by an
axial decay in pressure,from the post-shock value to ambient. Regions 2 and
3 are treated as constant pressure mixing zones.

13
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CURVE A - INITIAL VELOCITY PROFILE,
REGION 3

INNER LAYER (I.L.)

ri/2 = 12.91 ft

ry = 7.35 ft

AU = U,/; - Uy = 1300 fps

) MIXING COEF, K = 0.0613
[ PRANDTL NO., Pr = 0.608  _|

OUTER LAYER (0.L.)

. r:fz = 37.70 fr _
i ri = 31.16 ft
-,F 30k ri(O.L) 40 = 2850 fps
! K= 0:0470 {
Pr = 0.646

CURVE B - PROFILE AT x/rgy = 19.3

RADIAL DISTANCE FROM.-AXIS, f1.

N (1000 -ft) .
! ——
r‘.'.“, . 1'1/2 = 34,2 ft ‘.F
i i = '9.2.ft
Y - * AU-=.1750 fps
IR 1 - ’ K = .0.0550
(AT A =
ok . Pr 0 636

; MIXING COEFFICIENT PRANDTL NUMBER
P AND' CURVE B ARE CALCULATED VIA THE
| SMOOT EDDY VISCOSITY FORMULATION

. (i? .

P T L T 1T T e el LIt

e —_—

1. Calculation Procedure

The calculations for Regions 1 and 2 utilized the standard version of
the LAPP code. Region:3, however; is initially characterized by two distinctly
different. sheanlayers The- turbulent Jmixing within this region cannot therefore
be adequately descr1bed by the s1ngl feddy viscosity normally provided for in the
‘code. Consequently, , the program wa's modified to calculate separate character-
istic length and veloc1ty scales for the two shear layers until the position of the
veloc1ty maximum reaches: the t:enterhne. (See Fig. 8.) At this point the pro-
gram proceeds with the v1scos1ty computatmn in-the normal manner. In addition,
the empirical formulation for eddy visc¢osity developed by Stowell and Smoot, 7
obtained by correlating data for reacting and non-reacting jets into moving sec-
ondary streams, has been added to the code. Parametric runs have been made
using both the Donaldson‘/_'Gray8 and Smoot’ eddy viscosity formulations. The
reaction mechanism employed was the HR1-14, NO1-3, P11l set given in Table
II. Thus far, NO — NO, reactions have not been considered here, but will be
treated in subsequent calculations.

14
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FIG. 9 INITIAL TEMPERATURE AND VELOCITY PROFILE

_FOR, REGIONS 1, 2 AND 3

Input data for the three regions are shown in Table IV. The input mole
fractions for the Region 1 calculat1ons were obtained by extending. the non-,
equ1113br1um nozzle »calculatlons, .usmg NEQSLINE, \to the locatlon of the Mach
disc. " The input for‘Reglon 2 was scaled from. the’ MM stage I AIPP cal
tion. The Re gion 1 I calculatmn extended from. the Mach disc-to, amb1ent pX
The extent of Regxon 2 wa's identical to that of Re gxon 1.. The. resultlng .
of temperature, veloc1ty, and compos1t1on were ‘then. uSed as 1nput to-'the Reglon ":"
3 merged shear layer caleculation. -. The velocity and. temperature prof11es used
as 1nput data for the LAPP calculatlons are shown in F1g 9. ‘

. - . .
A - - - '_ ~.re .

2. N’O : Produe,t'f._on 'Down's't'i-ie_am of"Mach Dis’-c o
., . _-54. KUEEENE . R

1ntegrat1on of the local values from the axis to the edge of the plume The
A LPEF,Was determmed by comparing the local value of [NO ] with that of an

15



TABLE IV. INITIAL CONDITIONS FOR REGIONS
~s ————l, 2, AND 3 CALCULATIONS ——-

Region 1 Region 2 Region 3
Center- ' Free- - .Center- ' Free- t Center-*' Free-’
line stream, line = stream line ‘stream
Jet Radius, ft! 17 36 52
Vel., ft/fsec | 1250 . 8800 9500 3750 5755 . 3750
Temp., K 3370 1200 1000 220 2233 220
Préss:, atm - 0.0608% " 0.0118 0.0118
Mole Fraction,
' I
co 1 2.26(-1)  1.76(-1)  .1.76(-1) . 2.11(-1) !
CO, 2.50(-2) 3.55(-2) 3.55(-2) 2.12(-2) .
HC1 1.42(-1)  1.27(-1)  1.27(-1) 9.97(-2)
H 7.32(-3) 1:59(-3) 1.59(-3) : 1.11(-1) | .
H, 2.76(-1) . 2.24(-1)  2.24(-1): 2.25(-1)
OH 6.53(-8) 2.54(-6) 2.54(-6) 8.72(-3) !
H,0 1.45(-1) 1.74(-1) 1.74(-1) - 1.23(-1)
N, 9.38(-2) . 2.60(-1) 2.60(-1) 7.9(-1) 8.70(-2) 7-9(-1)
N 2.58(-9) . 1.0(-10) 1.0(-10) 2.05(-6) -
NO 1.61(-4) 1.00(-5) 1.00(-5) 3.01(-4) |
INERT 1.61(-4) 1.00(-5) '1.00(-5) . 1.48(-4) -
o - 1.73(-8) 1.97(-8) 1.97(-8) . 3.02(-3)
0, 5.93(-7)  1.49(-7) 1.49(-7) 2.1(-1) 6.96(-4) .2.1(-1)
C1 - 5.45(-3) 1.76(-3) 1.76(-3) 3.59(-2) '
A1,0,4 7.97(-2)__ 0. 0. 7.36(-2) |
;
e L

_____ Refersito .',in'it1;a1-<'pr.é~'s;s;ujre-,";flow--ls assumed to expand in region 1
to.ambient pressure . -, ' o

16
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inert species having the same molecular weight and initial mass fraction profile.
As mentioned previously, the overall plume enhancement factor, OPEF, is the
value of the LPEF at the 'end' of the NOy plume; i.e., the point where the

chemical production of NOy is negligibly small.

on the LPEF was made using the D/G viscosity model.

The calcilation to determine the initial effect of the Mach disc (Region 1)

Because of the uncer-.

“Mf app11cayb111ty of v1sc051ty models in the merged shear layer, parametrlc
runs using both D/G and Smoot models were made to test for their effect on
afterburning, and hence, NOy'production. in-Region 3.

The OPEF results,

shown in Table-V, indicate:that the mass flow of

NO,, leaving the plume.is; 50 ;65% greater; #than that. 1eav1ng the nozzle. Figure
10 shows the axial d1str1bu on of:the’LPEF.... It is. apparent:that'most of the
NOx production in the plume ‘occurs nnmedlately behind the Mach disc; little

NOjx production oceufs ih thé afterburnmg_regmn

Indeed, the amount of

LOCAL PLUME ENHANCEMENT FACTOR

(LPEF)

! \ T | T L R T T
MACH DiSC
—END OF - 'REGION | 570G
16 . ~
SMOOT
L4 ]
)
1.2 —
_1
1.0 i ‘) Y :l_' ' L .',.,'-:11 . J 5 -1’ . | | 1
0 N Tk 3 s

et

DISTANCE FROM NOZZLE EXIT, kft,

FIG. 10 LOCAL PLUME ENHANCEMENT FACTOR FOR NOx
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K =.constant in:-eddy viscosity expression

Cre .
‘.t

o NO‘x Also the m1x1ng ra.te has sma ,effect on. the OPEFA While the Smoot

afterburnmg is, mmu’nallas seen. An the. centerlme temperature}pfdfﬂe of- ‘Fi’gl.»‘
11 Wh11e 1t had prev1ously been calculated that i o‘nc'entratlons 3

model mixes faster than the D/G model, the small amount of afterburning
that does occur prov1des too low a temperature to cause marked NOyx production.

TV, f_r@‘:rAL ’£N'®,g{ DEPOSL'HQN,; ' ’?Tﬁ*E;JSTR‘AaTG_SPHERE

. The raximum’ thass ﬂow of NOxuln the plurne is: the mass flow 1eav1ng the
the rozzle multlphed by the OPEF. The total mass flow 1eav1ng the ‘two SRM
nozzles is abeut:17, 500 lbm/sec. With a mole fraction of NO_ at the nozzle
exit of 1.8(-4) (>’_( 2), the mass flow of NOy at the exit is 4.5 1bm/sec :2).

The OPEF variation due to eddy viscosity models is relatively small (1.5- 1. 65)
An additional factor of 2 variation is pessible however because ‘of uncertainties

in cal'culating the Mach.disc size, "and because such factors.as: (1) recirculating
flow in the missile base region; (2) multiple: Mach dlSCS (3) 1nter.sect1ng plumes
were neglected m the. present xca.lcula.tlons i

18
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FIG. 11 INFLUENCE OF EDDY VISCOSITY MODEL ON PLUME
CENTERLINE TEMPERATURES

Our best estimate thus far for the NO, mass flow in the plume at 30 km
altitude is 10 1bm/sec with a possible error of X 4. For a vehicle velocity of
3750 - £ps the NOy deposition is then 2.7 (-3) lbm/ft (4 g/meter) (>f 4), Our
future efforts will be aimed at reducing the error limits on this result by
examining the effects-of the above uncertainties (see Section V).

V. PLANS

In Phase II of the present study we plan to investigate several phenomenon
that have been neglected in the calculations made to date, but which could signif-
icantly effect the predicted-amounts of NO, deposited in the stratosphe re. This
work has been divided into the following three tasks:
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A Interactmn of Exhaust Plume w1th Flow Around Shuttle Body and in the

recompressmn shock and the composx ,n:of the recu'culatmg base regmn

 flow enterlng the alr/rocket exhaust mixing reg1on Of -prime concern hereis

fo ‘the pos 51b111ty that because of - the presence of a sxgmflcantly _large base Tes .

Wlll 1gn1te in the base reg1on and ”feed" small quant1t1es of free radxe'
OH) into the mzxmg regmn, \thus cons1dera~bly speedmg up the chain- branchmg
steps in the H,/O, reaction mechanism. The overall effect is that plumé:after-

burmng would be 1n1tlated near the nozzle exit (1 e. the base would act as a

to m1x1ng between the exhaust prod" cts stratos il
tudes. The result would be: that relatnvely la\rge quantxttes of NO could be»'

produced. ifr the: plume-muchnearer thenozzleiexit plane-than was predlcted in
Section III.- The: base recirculation:region properties. will be’ mput to the AIPP

code. and a calculatuo ’h-»performed to. determme the total plume NO productmn, .

B. Intersectmg Plumes .

o
3

As the shuttle t1tude mcreases, the two sohd propellant plumes: become
greatly underexpanded and, ih. the stratospher s hey will mtersect close to: the
nozzle exit. - The present plurne calculatlons 'have been made by replacmg the
two 1ntersect1ng plumes by.a .single’ “equivalent' plume. havmg nozzle exit plane '
propertxes identical to those of a smgle nozzle, but.with the exit radius increased
by N2 to give the same total mass flow.t While this assumption is quite reason- -

* Thxs ”ﬂameholdmg" effect has’ been observed in Apollo (f1rst stage) fhghts.
, Apollo first stage (F 1 engme) 'fhowever 1s a llquld rocket asing a LOX/
RP 1 system ' «-

t 'At lower altltudes, ‘e. g about 10 km, 1t 1s . probably more reasonable to treat

each plume separately. . e
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will be compared w1th the levels achleved w1th1n the second shock cell to assess
the importance of downstream shocks.

* Some models do treat: two or more shock dlamonds, w}uch are formed for

rockets. w1th rat1os of. nozzle ex1t to amb1ent pressure less than about three.
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