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ABSTRACT

A free shear layer mixing analysis, a '"quasi-global" finite
rate oxidation model for hydrocarbon burning, and a carbon cloud
radiation analysis are herein coupled in an attempt to describe
the turbulent exhaust plume of a hydrocarbon-oxygen rocket engine.

The free shear layer mixing analysis is based on the boundary
layer equations.

The development of the "quasi-global" chemistry model is pre-
sented and comparison is made with experiments.

The radiation analysis employs the grey gas assumption, takes
into account the affects of plume curvature, and includes the

back radiation to the engine base.

-iii-




SECTION

IT
III

Iv

VI
VII

APPENDIX

TABLE OF CONTENTS

DESCRIPTION

Abstract

Introduction
Plume Flow Field Governing Equations
Plume Radiation Effects

A. Local Plume Radiation Flux

B. Radiation to the Base Region

C. Results of Radiant Base Heating Calcula-
tions

Attempted Simplification of Analysis of
Chinitz and Baurer

Improvement of the Paraffin Finite Rate
Oxidation Quasi-Global Combustion Model

A. Comparison with Experimental Results
B. Comparison of Plume Calculations with
Available Experiments

Oxidation Process for Carbon Particles

Summary and Rzcomrendations

Computer Input and Output
Plume Sample Calculations

Chemical Species & Elementary Kinetic Reactions

Bibliography

—-1vV-

PAGE NO.

iii

10

10
11
15

17

18

22
28

32
37

40
52
56

58




FIGURE NO.

W OO0 b wN -

10

11

12

13

14

15

16

17

18

19

20

21

LIST OF FIGURES

TITLE PAGE NO.
Schematic of Flow Field 62
Schematic of F-1 Engine and Plume 63
Sketch of F~1 Engine & Plume 64
Front View of Plume and Base 65
Ray Passage Through Plume Section 66
Cumulative Base Radiation Heat Flux - Case A 67
Cumulative Base Radiation Heat Flux - Case B 68
Equilibrium Products 69
Comparison of System IV with Results of Ref. 3 70

and System III for Different Temperatures
Comparison of System IV with Results of Ref..'3 71
and System III for Different Pressures

Comparison of Quasi-Global Model (System IV) 72
with Detailed Chemical Kinetic Model of Ref. 3
Ignition Delay Time Results of Burwell and 73
Olson (Ref. 24) for a Steady Flow Isooctane-Air
Comparison of Ignition Delay Time Results for 74
Stoichiometric Isooctane-Air Steady Flow Systems
Shell Shock Tube Ignition Delay Studies for 75
Propane-Oxygen Argon Mixtures (Ref. 23)

Shell Shock Tube Ignition Delay Studies for n- 76

Octant~-Oxygen-Argon and n-Dodecane-0Oxygen-
Argon Mixtures (Ref. 23)

Shell Shock Tube Ignition Delay Studies for 77
Different Forms of Octane & Heptane

Effect of Increasing Argon Dilution in Shell 78
Shock Tube Studies (Ref. 23)

Comparison of Shell Ignition Delay Time Shock 79

Studies (Ref. 23) with Theories of Chinitz &
Baurer, and System IV for Stoichiometric Propane
Mixtures at Atmospheric Pressure

Comparison of Convair Shock Tube Studies (Ref.22)80
with Theories of Chinitz and Baurer and System IV
for both Ignition Delay & Total Reaction Times

at P=1 Atmosphere

Comparison of Shock Tube & Steady Flow Ignition 81
Delay Experiments for Stoichiometric Isooctane
Systems

Case A Isotherm Map Finite Rate Combustion 82
with Carbon Burning




e g

= g H oo HEOQOD Y

o]

g
a}

N

I L~ = - B e % n wWw R Qg

n Kwet Qv EX

NOMENCLATURE

parameter defined in Eq. (14). 5

black body intensity (BTU/sec-ft -solid angle)
specific heat at constant pressure (BTU/lbm)

ith incomplete gamma function

static enthalpy (BTU/lbm)

total enthalpy (BTU/lbm) 5

plume radiation intensity (BTU/sec-ft -solid angle)
Lewis number

Mach Number

distance in the direction normal to the plume boundary
streamline (ft.)

Prandtl number

pressure (lbf/ft~ or atmosphergs)

heat transfer flux (BTU/sec-ft)

radial location of an engine base point (ft.)

local radius of curvature (ft.)

Universal gas constant: 1.986 cal/ K-gm-mole
distance along the plume boundary streamline (ft)
Schmidt number

time (seconds)

thickness of plume radiating layer (ft.)
temperature (°K)

velocity component in the s direction (£ft/sec)
velocity component in the n direction (ft/sec)
molecular weight

mass rate of species production (1/second)

distance in the axial direction (ft/sec)

distance in the direction normal to the axis (ft/sec)

mass fraction

element mass fraction

direction cosine of I with respect to the n direction
displacement thickness (ft)

direction cosine of I with respect to a normal from the
engine base

average absorption coefficient

turbulent eddy viscosity coefficient (lbf- sec/ft )
density (slugs/sec) _12 o 4
Stefan-Boltzman constant:  4.99x10 BTU/sec—ft -("K)
local inclination of plume to axial centerline

stream function defined in Egs. (5) & (6)

net asimuthal angle between a point on the base and a point
on the plume surface

plume radiation solid angle
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Subscripts

1 lowest grid point in stream function mesh
B engine base

c solid carbon

e outer edge of plume mixing region

F fuel

M highest grid point in stream function mesh
m,n Y and s index, respectively, in finite difference grid
PB plume boundary streamline

r radiation

Superscripts

i ith chemical specie
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SECTION A

PLUME FLOW FIELD
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UPON THE FLOW FIELD AND SURROUNDINGS OF THE EXHAUST PLUMES

OF ROCKET ENGINES BURNING RP1 (KEROSENE) AND LIQUID OXYGEN

O. Fortune and R. Edelman

I. INTRODUCTION

Previous work on exhaust plume afterbufning effects, Refs. 1
and 2, established (1) a free shear layer mixing analysis for fully
expanded nozzle flows, (2) a "quasi-global" finite rate oxidation
mechanism for high molecular weight hydrocarbons,and (3) a free
shear layer carbon cloud radiation analysis. The free shear
layer mixing analysis is based on the solution of the boundary
layer equations and makes use of the best available formulations for
eddy transport coefficients. The "quasi-global" oxidation mechanism
involved eight active species entering into nine elementary reactions
coupled to a global reaction involving the partial oxidation of the
high molecular weight hydrocarbon molecule. Thus, a total of nine
active (N2 inert) and ten reactions were considered. The radiation
analysis includes the affect of radiation on the flow field as
well as the back radiation to the vehicle base. The grey gas
assumption is made and the ffects of curvature are included.

In the present study the finite rate "quasi-global" chemistry
of Ref. 1 has been improved, coupled to the radiation analysis of
Ref. 2, and set in a flow field specially designed for the under-
expanded plume radiation problem. In addition, an attempt has been
made, based on experimental results, to formulate a gquasi-global
finite rate chemistry model for the burning of the very small carbon

particles that are dispersed throughout the plume.




II. PLUME FLOW FIELD GOVERNING EQUATIONS

In the F-1 engine, which is typical of rocket engines burning
hydrocarbon fuels and liquid oxygen, the plume exhaust gases are
in general fuel rich, which means that small carbon particles (with
a mean diameter of 300 to 500 A°) are dispersed throughout the rich
region. Furthermore, the temperature of the exhaust gases remains
high enough (near ZOOOOK) so that it is quite possible for the
upper layers of the plume to mix and burn with the surrounding air
in a short enough period of time so that there are radiating soot

particles at over 2OOOOK within a few nozzle exit diameters of the

base and nozzle exit, even though the plume is definitely supersonic,

or even hypersonic.

In the F-1 engine this affect will be enhanced by the fuel
rich auxiliary engine turbine exhaust gases that are dumped into the
nozzle boundary layer region, as shown in Figure 1, and are thus
the first to mix with the surrounding air, and at a lower velocity
than the main flow.

Thus it is important to analyze the amount of radiant heat
transfer that will be generated from the solid carbon to see if it

will causea significant rise in temperature on the base of the engine,
or adjacent nozzle surfaces.

Since this study is limited to radiation from the carbon, which
is significant only in the shear layer, it is assumed that the inner
boundary of this layer is adiabatic. Further, it is also assumed
that within the plume, radiation components parallel to the plume
boundary streamline are negligible compared to the components normal
to the boundary. Using curvilinear coordinates, s is the arc
distance along the boundary and n the normal to the streamline. By
definition n = 0 on the plume boundary streamline. The carbon
particle cloud is considered as a continuum in dynamic and thermal

equilibrium with the gas phase, and for a free shear layer, which

-2
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is thin compared to the plume, the parabolic boundary layer equations
that shall be used to describe the mixing in the plume ambient air
interface are exactly the same as those for a steady axisymmetric

boundary layer on a blunt, curved body (cf. Ref. 4):

Continuity:

o (puy) . 2(pvy)
n

3 =0 (1)
Momentum:
du Su_ _dp, 9 du
PY 3s T opv dn  ds + dn (n dn ) (2)
Energy:
C_ pu ST C_ pv X . u de (22)2— ; hiQi
o) PY 3s P P on ds AP pi=]_
(3)
k . i 3q
L b3 ol %o _x

Sc dn j=z1 P on dn
where q, is the radiation heat flux.

Diffusion:

i i i ]
pu ey + pv du d 1 dv <i

3ds on - SH ( EE 3n ) + pw (4)

whére y = y(s) is the radius of the dividing streamline.
The von Mises transformation is used to relate the (s,n) and

(s, ) coordinate systems, where the stream function ¥ is defined
by




—2—;’3 = puy (5)
and

S _

ds - pVY (6)

Thus if b = b (s, )

3, _ 23 3 W_3b _ B
Bs)n - Bs)w * aw)s ds as)w pvy AY’'s (7)
3, _ 3B, W _»

dn’s B¢)s dn Y’ s puy (8)

Since §§i§l= 0, it can easily be shown that the stream function

identically satisfies the continuity equation.
In addition, the equation of state is
p = p(p,W,T) (9)

It should be noted that the molecular weight of the mixture is

calculated including the contribution of the mass fraction of solid

carbon, if any. The mixture density is

- P
P VI (10)
rR? ¥ &
i=1 W'

where graphite is the thirteenth and last chemical specie.



Using the stream function. the conservation eguations may now

be written

Momentum:
du_ _1 dp, 3 2u
Energy:
3r _1dp . 3 , 2%p ar 1 foil
p-a_s ;ds+§$(Pr W)-—iflhw (12)
k 1 3q
w2 1 2 . 20 r
* a[(aw * Sc 3 ifl CE 1) Y Y
Diffusion:
i i .1
S0 _ 3 a 3, W
3s 3g {se 3! tu (13)
where
2.
a = puuy (14)

Consider the flow field to be divided up into a grid in (s, ¢)
coordinates, with Y=Y. on the s axis. Let wM be the top grid
P
point, and wl the bottom grid point. 1In general, wl > 0.




)
A n-1 n n+l n+2

wM

¥
‘pp+2 m+ 2
) +1 b m+1

P AY 1 A s [*+
m Pl

lpp ? = 3
lpp_l m-1
¢p—2 m-2

4
wl

Since the conservation equations are in the form of parabolic

differential equations they may be written using the following
explicit finite difference scheme where the derivatives of an

arbitrary independent variable, F, are evaluated by

(ég) - Fn+l,m " P (15)
ds'n+l,m AOs
JF Fn,m+l B Fn,m—l
3y )n m o ‘ (16)
! 24y
—6-



[ 9 ,_ 3F Y] = an,m+%(Fn,m+l_Fn,m n,m*%(Fn,m_Fn,m—l

|
—~
-
~J
~—

where

an,mi; - 2 (18)

Using these relations, the conservation equations become

Momentum:
-y o Bs 4R
n+l,m n,m (pu) d
(19)
£s [a (u -u )+a (u -u )]
(Aw)2 ,m+5s  n,m+l n,m’ “n,m-%' n,m-1 n,m
Energy:
, k
- bs Ls i-1
Tn+l,m_Tn,m+(pu) (ds )n+l-(uC ) gﬁ(h v )n,m
n,m P n,m
dq
A As _ 2 Yy _r
(Cp)n,m 202 Yy me1 %, me1) T AS (G 3 ’‘n,m
(20)
As 1 2 aCE
- + -
+ C 2 { (Pr )n, %(Tn,m+l Tn,m) (Pr )n,m=%(Tn,m—l Tn,m)
p (DY)
n,m
+ % (&) ];:(T T ) o Cx o ) 3
q b -
Sc 'n,m =1 n,m+l n,m-1 pn,m n,m+l n,m-1
°q,
The derivation of SE_ ;, 1s explained in Section B of this
report.




Diffusion:

. -1
i i W
”n+l,m an,m + b | u )n,m
(21)
LIS (of -t ye( ) (o8 -ot )13
(A¢)2 Sc ‘n,mt+ks %, m+1 %, m Sc ‘n,m-% %, m-1"%,m

Thus, the calculation marches forward in steps of As solving

for F in terms of F ,F F etc. ws must be kept

n+l,m n,m-1""n,m' n,m+l’
small for the solution to be stable. This is done by use of

the following criteria:

(1) For ¢2 <Y < ¢M
2
s, (&)
a a
3L (gz)n,m+%+(gz)n,m—%]
(2) For ¢ = ¥,
02
- ()
ASZ pu Sc
6 ( U )n,l
(3) As3 = minimum (A11i)

Then As = minimum (AELASZ,AS3 ) /XMPS, where XMPS is an inputted
constant.

Grid points are added at both ¢M and ¢l as the plume and ambient
air mix. The criterion for adding a grid point is that there be a

difference of more than 0.1% in u, T or & , between $M and ¢M 1+ °f

wz and wl.
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When one less than twice the initial number of grid points are
in use alternate points are discarded, and the calculation proceeds
using the original number of grid points. ‘This process is repeated
throughout the calculation. It does not introduce significant errors,
since the u, T, and wl profiles will be smooth by the time the grid
is halved, even when the initial profiles had a unit step function
difference between the plume and its surroundings.

The initial plume boundary streamline must, of course, be pre-

served throughout the length of the calculation.




SECTION B

RADIATION ANALYSIS



IITI.PLUME RADIATION EFFECTS

In Section A the term q,- the radiant heat flux, was introduced,
but not evaluated. The determination of the radiant heat flux,
both across the plume, and to the base, is one of the chief objectives
of this work. 1In Reference 2 Slutsky and Melnick presented an analysis
for the carbon radiation problem, which shall be summarized below.
This radiation analysis has now been coupled to an improved form of
the mixing and finite-rate combustion analysis of Reference 1. Also,
during the course of this work an attempt was made to formulate a
global finite-rate combustion model for the burning of the plume
carbon particles.

It appears from the work of References 2 and 5, for example, that
for the chemical composition and temperature typical of the P-1
engine plume, that the principal source of radiation is the very small
solid carbon particles that are dispersed throughout the fuel rich

regions of the plume.

A. Local Plume Radiation Flux

In Reference 2, an analysis was develdped which resulted
in the following expression for the flux across the radiating layer:
€i+£
1 ee = cosB )
q(€)=2m [ d(cosB)[ [ "B(E) e ag
o o

£. - (Cosp ! 3 - (—3)
v ['B(E) e ag - [ ¢ mgre B ar 1
© i
where
B ni ) _ ne N 0‘T4
£, = [ p_xdn, &_ = J pxdn, B = & | (23)
ny ny
-]10-



and
cosf T Lhe direclion cusine of the radiation intensity with respect to n,
the direction normal to the plume boundary streamline.
Thus,
3q,_(n,) €o
- —T =2 - + -
— mox {-2B(£)+ [ B(E) (B, (6, +6)+E (| €.-£)) 1 ag) (29)

o)

where El is the first incomplete gamma function of the form

a

-] 1 - —

B (@ =] ¢ Pap=[ e % (25)
1 o

- 1
for c= 3
Using the method of parts, and the relation

as

Ez(a) = - f El(a) da

aqr(ni)

'——SE——— is readily evaluated numerically at n. . and by Equation (8)

EEE is simpl L EEE
Y 3y Ply pu 3n

B. Radiation to the Base Region

The radiation energy flux from any point Q(x,y) of the
pPlume surface to any point P(o,r) of the base may be very simply

expressed as

q, (P) = [ I(QP) cos 64Q (26)

-11-




where 6 is the angle between the vector QP and the normal to

the base HB' I(QP) is the intensity of the radiation in the
direction QP, and O is the appropriate solid angle for the plume
surface (cf. Figure 2).

Now dQ} may be expressed as

cos PdA

— (27)
@p) 2

aqQ =
where B is the angle between QP and n, the normal to the plume
surface element dA (cf. Fig. 2).
The above may be expressed more explicitely by representing dA
as an element on the cone tangent to the plume surface at Q(x,y). Aas
shown in Figures 2, 3 and 4, it is possible using an ijk triad of

. . —_ - . d
unit vectors to write QP, n, and Ny in terms of x,y(x), aﬁ , and 1t

QP = Ix - Jy sinV¥ + k (r-y cosY)

=4
i

iy gﬁ + Jy sin ¥ + ky cos ¥ (28)
i

Here ¥ is the net asimuthal angle of pt. Q(x,y) with respect to
pt. P(O0,r).

By definition:

cosfB =|%%T;T§T cos O = 92__;_22 (29)
lop|  |ny|
- - dy
Using tan ¢ = ax

-12-



cosw(xXtann - v + r cosW)

cosf = (30)
2 2 B
x2 + vy + r - 2yr cosV¥
cosf = ple (31)
2 TN
"/x -}~y2 + r2 - 2yr cosW¥
The element surface area on the tangent cone can be expressed as
da = £—  auix (32)
coso
Using the above relations we may substitute in Equation (26)
to obtain
ay | (33)

q(P) = J v (x) xdx [f I(co;ﬁlz)(xtanw—y+;cosW)
X v (x"+y +r -2yr cosv¥)

The domain of integration for I can be restricted by
W

considering that we are only interested in cases where the integral

is positive. Hence,

X tan ¢ -y + r cos ¥ 2 0 (34)

is required.

-13-




It now remains to evaluate I(cos B,x). It was shown in Ref. 2

that, except for cos 8 ~ O

- (fe
- 5 C s A 35
I(cos B.,x) = 2 Y3 cosh( B) cos B (35)
o}

For cos B = 0 it is necessary to take into account the plume
surface curvature. As is explained in Ref. 2, Equation (35) is
modified to

€y M
I(cosB.x) =2 e f B(£) cosh £d¢ (36)
where
z
= I pcndz
o
and z is obtained for t = n_-n and tM = Rc(lésin B) and by the
transformation
(Rc-t) dt
dz = - H t =t (37)

f Eu— z ~ ~
v/(RccosB) + t(t 2RC)
as illustrated in Figure 5.

Thus, the final form of the intensity is

-£ £ B(t) cosh €p % (R -t)
I(cosB) =2e T [ S dt (38)

° J (RccosB)2+t(t—2Rc) )

where

t p (R -t)
¢(cosB,t) = [ = at (39)
t N

J[(RccosB)2+t(t—2Rc)

-14-



and

t p_n(R ~-t)
£,=E(cosB,0) = [ " — at (40)
(o}

2 \
V/(RCCOSB) +t(t—2Rc)

The above is used in the evaluation of qr(P) in Equation (26).

C. Results of Radiant Base Heating Calculations

Appendix B lists the initial conditions and nozzle and
plume geometry for two sample plume calculations. The calculations
were carried out to a downstream distance of one nozzle exit radius.
Figures 6 and 7 show the integrated radiant heat flux to several
base radii for these calculations. The conclusion based on these
conditions would be that radiant heat transfer does not cause
significant base heating within a period of time for which it is
reasonable to expect the F-1 engine to be operating, and that
convective heat transfer may be the dominant mode of base heat transfer.
The calculation could, of course, be carried out to a greater
distance.

In evaluating whether plume radiation has a significant
heating effect on the engine base it is necessary to consider both
how long the engine will be firing, and the history of the magnitude
of the radiant flux during the firing period. A maximum firing time of
several hundred seconds seems reasonable both for take-offs and in-
space maneuvering. In space, tle plume will present a far greater
total surface area to the base, but the plume gases will have
expanded to a temperature less than half of the nozzle exit tempera-
ture. If the assumption is accepted that the carbon particles are
essentially at the same temperature as the gas surrounding them, then

the lower plume temperature will at lease partially compensate for

-15-




the large surface area. Similarly, during a launching, as the
free stream pressure decreases with altitude, the reduction in
pPlume temperature due to expansion will oppose the affect of
increased plume surface area being presented to the base.

Although radiant base heating may not be significant, it
would be worthwhile to extend the present calculation to include
radiation to bodies such as other F-1 nozzles clustered near the
plume. A look at the full radiation analysis in Ref. 2, or the
summary presented in this report, will show that this is a relatively

simple and straightforward task.

-16-



SECTION C

FINITE RATE CHEMISTRY



Iv. AYIEMPTED SIMPLIFICATION OF ANALYSIS OF CHINITZ AND BAURER

In Reference 3 Chinitz and Baurer presented a chemical kinetic
analysis for the finite rate oxidation of propane with air. Thirty
gaseous species (N2 was considered as a diluent) participated in
sixty-nine chemical kinetic reactions in forming a chain of inter-
mediate hydrocarbons between C3H8 and equilibrium products such as
Co, C02, H20, etc., as is shown in Figure 8. One of the suggestions
for future work in Reference 1 was to see if this reaction chain
could be simplified sufficiently to make it economically feasible
from the point of view of computer running time in a mixing calcu-
lation on an IBM 7094. Upon investigation it was found that the
elimination of just a few of the species (and their associated
reactions) that were present only as traces during the preignition
period very significantly effected both the preignition and re-
action times. When major deletions were made, the results were
completely distorted and worthless.

The conclusion is that the analysis of Chiinitz and Baurer can-
not be further simplified in order to reduce the computer solution
time. Hence, it was concluded that at present the "quasi-global"
chemistry model remains the only practical hydrocarbon finite rate

chemistry scheme for the description of multi-dimensional flow

fields.

~17-




V. IMPROVEMENT OF THE PARAFFIN FINITE RATE OXIDATION QUAST-GLOBAL

COMBUSTION MODEL

In Reference 1 a "quasi-global" finite rate chemistry model for

paraffin oxidation was developed using the analysis of Chinitz and

Baurer as a guide. The final form of the model (system III) was

n
CnH2n+2 + > 02—“——*'nco + (n+1) H2
where
_ dYF : 1013 ['9Ti _ 5} Y%Y e—13,740/RT
dt (P)'825 1000 F O2

Here Y denotes molar concentration (moles/cm3) and P is in atmo-
spheres.

It was suggested in Reference 1 that the representation of the
preignition period might be improved by the addition of the five
chemical kinetic reactions presented in Reference 3 for formalde-
hyde (HCHO) and formyl (CHO), and to formulate the quasi-global
reaction between HCHO and the paraffin. CHO and HCHO were added
to the chemical kinetic system of reaction equations - which are
listed in full in Appendix C - and a great variety of quasi-global
models were investigated. It was found that for the preignition
period, the gquasi-global reaction betweeen the paraffin and CHO,
rather than HCHO, should be used. The probable explanation

for this is that HCHO has a far more exothermic heat of

-18~
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during its formation. Furthermore, it was found that it was not

possible to write a reaction of the form

D o snocHO + 22 g

+
CnH2n+2 2 2 2 2

but rather that CO or CO2 must also be formed by the gquasi-global
model in order to obtain a realistic ignition delay time and re-
action time. Also, it was finally concluded that the best repre-
sentation would form CO for "high" temperatures, and CO2 for "low"
temperatures. It was found that for initial mixture temperatures
above 13OOOK a model using CO was best. When the initial temper-
ature was less than 13OOOK a CO2 model was used. However, during
the reaction period it is of course necessary to change from the
CO2 model to the CO model. This switchover temperature was deter-
mined to be not l3OOOK, but lSOOOK {(unless the sum of the mass
fractions of CO and CO2 was greater than 10%, which means that the
combustion process is near completion). This variation in cutoff
temperature is associated with the fact that unless the burning
process is well into the reaction period, the forming of CO instead
of the more exothermic CO2 acts as a damper upon the combustion

process for temperatures below lSOOOK. This manipulation of the

-19-




boundary temperature between the two quasi-global models may seem to
be a bit of unnecessary fussiness. However, it is important because,
as will be discussed in detail later, the paraffin combustion process
is apparently extremely sensitive to temperature. Also, in flow
field calculations with significant turbulent mixing, there is far
less of a smooth history of combustion on each streamline than there
is for a one-dimensional calculation. Thus, it is important to have
as realistic a model as possible for local temperatures between 1300
and 1500°K.

The question of the rate of formation of CO and CO2 in the burn-
ing of hydrocarbons and graphite has received a good deal of atten-
tion (cf. Refs. 6 to 21). Unfortunately, the various theories and
experiments are contradictory. It is clear that CO is present during
the burning process in a higher concentration than at equilibrium,
and plays an important role with regards to the ignition and re-
action times. As is true with many questions for hydrocarbon com-
bustion, more experimental results are needed. The final quasi-

global model (system IV) is

EL |

¢ 4

n k n
2(l+2) 02-——>2CH0+

+
nH2n+2

n (41la)
+ 5‘(kCO2 + (1-k) coO)
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; “high® temperature zone

0
l; "low" temperature zone

_ {
where .
i i

and
- g g 1.9 - 54T * Y% v o~13.740/RT (41b)
dt -~ : 1000 F o2
where

3 x 108 ; "high" temperature zone

= 1.91 x lO8 ; "low" temperature zone

It may be noted here that the philosophy that has been de-
veloped towards formulating quasi-global models is that one can

expect to arrive at the form

F o g 14 e—E/RT (42)

- T =%k£f(T) P Y_ Y
O2

and that k, £(T), and « will vary strongly as a function of what
the products of the quasi-global model are, and of the intermediate
species included in the elementary reactions of the chemical kinet-
ic system.

A look at the rate equation for the present global model shows

that it will fail at 3520°K. Since it is impossible for a paraffin

to exist at this high a temperature, this is not a cause for concern.
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In Figures 9 through 1l systems III and IV are compared with
the analysis of Chinitz and Baurer over a range of temperatures and
pressures. It is clear that system IV is superior to system III
and provides an excellent approximation to the detailed kinetic
analysis.

System IV does not (and cannot) exhibit the peak temperature
002 overshoot of the kinetic analysis. Since it is not yet known
whether this oversoot occurs physically, this is an excusible omis-
sion. System IV in general does a better job of simulating the
ignition delay period than system III. However, it is not possible
to construct, using only a few intermediate species, a quasi-global
system that will not exhibit some temperature rise during the pre-
ignition period. It is considered satisfactory that system IV
matches the behavior of the detailed kinetic system during the re-
action period.

A. Comparison With Experimental Results

Although the amount of experimental results available for
the finite rate combustion of paraffins is limited, there is enough
available to make it possible to compare some aspects of system IV

and the analysis of Chinitz and Baurer, with experiment.
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The data consisis of three types: 1) shock tube experi-

ment reported in References 22 and 23; 2) steady flow spontaneous
ignition quenching tube data from References 24, 25, and 26, and
3) model F-1 engine tests reported in Reference 27.

1) Steady Flow Ignition Tube Apparatus

The apparatus of Burwell and Olsen was basically a
16 ft., 1 inch ID stainless steel tube. It was radiantly heated
by a 2 inch ID outer concentric tube. Both fuel and air were pre-
heated and then mixed at the tube entrance. Temperature measure-
ments and chemical samples could be taken along the length of the
tube. Chemical quenching was provided at the exit by a movable
male cylinder which formed an annulus with the female ignition tube.
The basic procedure was to establish steady flow with the quenching
rod near the entrance of the ignition tube, and then very slowly
withdraw the quencher (and thus increasing the system residence
time) until ignition occurred, upon which the system was shut-down.
An alternate procedure was to leave the position of the guencher
constant and begin with a very lean mixture, and then gradually in-
crease the fuel-air ratio.

The fuel was isooctane, and spectrometric and chro-~-
matograph analyses were made of preignition samples. Ignition
delay results are shown plotted in Figure 12 and will be discussed

below with the shock tube data.
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Burwell and Olsen found that under certain condi-
tions (increasing fuel richness) there was a temperature rise of
as much as 2800K (for an initial temperature of 8800K) during the
preignition period, and that as much as 50% of the isooctane de-
composed into lower order hydrocarbons before ignition occurred.
While these values seem very high, and cause questions to be raised
about whether the ignition tube was completely adiabatic, they do
indicate that hydrocarbon ignition may be preceded by a preignition
period in which there is a substantial rise in temperature - be-
tween 10 and 20% of the initial temperature ~ followed by a much
shorter period with an abrupt rise to the equilibrium temperature.
This is the type of result that is predicted by system IV, and
thus provides another reason for the acceptance of the gquasi-global
concept.

One explanation for this surprisingly large "pre-
ignition" temperature rise is that a higher order paraffin such as
isooctane is degraded in a much more complex manner than propane
and forms more intermediate products which potentially can liberate
thermal energy. It would be of great interest to see experimen-
tally if lower order paraffins such as propane exhibited so great

a temperature rise during the preignition period.
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Olsen, Reference 24, presented the results of Salooja, Reference

25 and Rifkin and Walcutt, Reference 26, which are shown in Figure
13. He attrikuted the longer ignition delay times of Burwell and
Olsen, compared to Salooja, to the fact that the quartz steady flow
apparatus of Salooja had a larger surface catalytic effect than the
stainless steel surface of Burwell and Olsen's apparatus. It should
also be noted that if the preignition period were to be defined in
the usual manner as the time required to obtain a five per cent
rise in initial temperature, the ignition delay times of Burwell and
Olsen would be reduced by a factor of two or three, which would
bring them closer to other experimental observations.

2) Shock Tube Experiments

Over the course of several years, Nixon, et. al.
(Ref. 23), performed a large number of shock tube ignition delay
experiments for several hydrocarbons including propane and octane.
The hydrocarbon-oxygen mixtures were diluted by from 80 to 99%
argon.

A dgreat deal of useful material is contained in
these reports. Information on the ignition of propane-oxygen and

n-octane-oxygen systems is presented for initial temperatures of
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from 900 to 13OOOK, pressures from 0.6 to 1.9 atmospheres, and stoi-

chiometric ratios from 0.1 to 1.0. The ignition delay times are
shown in Figures 14 and 15 for propane, and octane.and dodecane.
A comparison of the two figures will show that the ignition delay
times are essentially the same for propane and octane, thus vali-
dating the assumption that our quasi-global model, based on a pro-
pane analysis is useful for the description of kerosene combustion.
Furthermore, Figure 16 shows that there is little difference in the
ignition delay times of different types of octane.

It is regrettable, however, that most of the shock
tube experiments were performed with concentrations of 95 and 99%
of argon diluent, for fear of shock tube detonation. Chinitz and
Baurer in Reference 3 have previously pointed out that it is not
completely realistic to substitute monatomic argon for diatomic
nitrogen as a diluent, because, in addition to having a different
molecular weight and specific heat capacity, the monatomic molecule
will behave differently from the diatomic molecule in participating
as a third body in the many elementary chemical kinetic reactions
which occur during the burning of the paraffin. Furthermore, when
the degree of dilution is so extreme that the total combustion
temperature rise is at most a few per cent of the initial temper-

ature, it is not felt that great worth can be attached to the data,
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regardless of the nature of the diluent. Indeed, Hawthorne and

Nixon in Reference 29 reported the degree to which increasing di-
lution retarded ignition delay, as shown in Figure 17 for a pro-
pane-oxygen—-argon misture.

The criterion adopted towards the use of the data
of Reference 23 was to use the results of 80% argon dilution tests
wherever possible, and 90% argon data where 80% was not available.
This means confining ourselves to stoichiometric and lean data.

A comparison of ignition delay times for the quasi-global model
and the Chinitz-Baurer model is made with the Shell, and Convair
data of Reference 22, for propane mixtures at approximately 1 atm.
on Figures 18 and 19. In general, the agreement is quite good.

3) Comparison of Steady Flow Data and Shock Tube Data

Ignition delay data for stoichiometric isooctane-
air and isooctane-oxygen-argon systems are presented on Figure 20.
There is clearly a sharp break between the Shell shock tube data
at 1 atm., and the data of Salooja, and Burwell and Olsen at 1 and
1.47 atms., respectively. For the shock tube and steady flow sys-
tem data to be consistent there would have to be a very rapid
change in the ignition delay period between 900 and lOOOOK, as
would be indicated by path A. Only further experiments with the

shock tube at lower temperatures, or the steady flow system at
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higher temperatures can resolve whether the two types of experi-
ments yield consistent results. Fortunately, ignition delay times
of greater than 1 x 10—2 seconds are not of great interest for
this plume analysis since the flow field velocities will typically
be at least several thousand feet per second, and hence a particle
would be a minimum of several diameters downstream of the exit lip
before .01 seconds have elapsed. It may also be noted that the
reaction rates for some of the elementary kinetic reactions are
not applicable below 8OOOK to lOOOOK, and that in this low temper-

ature region other kinetic reactions may be required and should be

added to the ones used in the quasi-global model and in Reference 3.

B- Comparison of Plume Calculations with Available
Experiments

There is still a paucity of experimental data involving
measurements of the temperature and chemical concentrations in the
F-1 engine plume. Reference 27 reports experimental results that
were obtained from static test firings of (a) an F-1 engine (b) a
scale model F-1 engine and (c¢) various small auxiliary rocket en-
gines. Chemical samples could be taken at only one position in the
flow field during each test. A spectral radiometer, a photographic
pyrometer, and a spectrograph were used to measure radiation from

the plume, and thus calculate a temperature map of the plume.
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Due to the fact that a structurally strong single-position
sampling probe had to be used, the amount of data presented in Ref-
erence 27 1is by no means comprehensive, since each run provided only
one data point as far as chemical composition was concerned. 1In
making use of the experimental data to provide initial conditions
for plume calculations, it was decided to average the chemical com-
positions of the actual F-1 nozzle tests (Runs 74, 76 and 103) and
use them as typical of the boundary layer and turbine exhaust gas
region, since the probe made a maximum penetration of only .06 r,
into the flow field at the exit plane. Run 30 from the scale model
F-1 tests was used to provide the composition of the bulk of the
nozzle exhaust. In both cases the values of trace species were
taken as that given by the equilibrium calculations presented in
Reference 33. The initial values of T, u and mass fractions for
the F-1 plume calculation are tabulated in Appendix B. It should
be noted that (a) experimentally the intermediate species only
amounted to a few percent in the main exhaust flow (b) that the
solid carbon mass fraction was less than .02 even in the turbine
exhaust region, and (c) that all of the RP1l had been burned or

cracked before the exit plane. The intermediate species detected

in the flow field were lumped together and considered to be HCHO.

-29-




If the concentration of intermediates had been larger and if they
had been heavier, higher order hydrocarbons, it would have been

more appropriate to represent them as C_H Figures 48 and 49 of

920"
Reference 27 present temperature maps made from radiation measure-
ments of 3100 and 44OOOA wavelengths, from F-1 model engine runs
168 and 36, respectively. The 3lOOoA temperature map has an initial
temperature of about 22500K, and shows little change in a distance
of one radius from the nozzle exit. The 44OOOA map begins with a
temperature of 18500K and reaches 19OOOK at one radius, but is rap-
idly rising at this point. These results may be compared with the
case A isotherm map shown in Figure 21, where case A is a sea level
calculation with finite rate chemistry. The numerical calculation
shows a more rapid rise in temperature, but it is necessary to run
the calculation out to a greater distance to be able to fully com-
pare it with the F-1 model engine test results.

The conclusions that the authors of Reference 27 come to
regarding the history of carbon formation and burning in the plume
are interesting. However, the fact that they are based on many
radiation measurements, but relatively few chemical samples, makes

it hard to evaluate how well founded these conclusions are. Ad-

mittedly, it would be quite expensive to accumulate a large number
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of chemical sample data points even using the scale F-1 engine con-
figurations. However, this merely indicates the need of more ana-

lytic and basic experimental work for the plume problem rather than

specifically hardware oriented tests.
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VI. OXIDATION PROCESS FOR CARBON PARTICLES

Since in this analysis it is assumed that the carbon particles
in the plume are the source of the radiant energy reaching the base
it would be of the greatest interest to be able to predict the rate
at which the carbon particles (soot) are formed in the fuel rich
layers of the flow field, and the rate at which they are burned off
in the leaner regions.

The graphite combustion process has been investigated experi-
mentally and analytically for at least forty years, but there is
almost a complete lack of quantitative experiments or theory that
is applicable to the description of the formati on process and
combustion process of carbon particles with a mean diameter as
small as 300 to SOOOA. Most of the experimental and analytical
work that has been performed has dealt with either carbon spheres
with diameters of the order of one centimeter, or else ablative
surfaces (cf. Refs. 6 to 18). 1In either case there is a laminar
diffusion layer about the particle, or surface, which, according
to Scala (cf. Refs. 7 to 10), dominates the oxidation process
throughout most of the temperature range that is of interest to
us. However, for particles 4 x 10-8m. in diameter, this diffusive

layer is most definitely not the rate controlling factor, and hence
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the above analyses and experiments are of little use to us.

Some qualitative work has been done in formulating theories to
analyze the soot formation process in fuel rich hydrocarbon flames.
Tesner (cf. Refs. 19 and 20) and Homann (Ref. 21) have summarized
and correlated much of the work that has been done in the U.S.S.R.,
Europe, and the U.S.A. on the process of soot formation in hydro-
carbon flames, but neither author was able to advance a theory for
predicting the rate at which soot formation would occur. Indeed,
it is not clear whether the dominant mode of soot formation is
through a kinetic chain process where progressively heavier and
heavier hydrocarbon polymers, which become more and more unsaturated,
are formed until they join in aggregates of thousands of "molecules",
each containing hundreds of atoms, which are almost all carbon, or

whether carbon atoms are "freed" in simple reactions such as

—> 2a CO + ILI'H + (n-2a) C (43)

CnHm + aO2 5 Hy

and then form aggregates without further chemical reaction. The
former view seems to be supported by the recent experimental work

of Echigo, Nishiwake, and Hirata (Ref. 31).
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It is quite clear that a great deal more experimental work must
be done before any successful quantitative theories for soot forma-
tion can be developed.

The finite - rate oxidation process for soot particles already
present in hydrocarbon flames also is not well understood. However,
Lee, Thring, and Beer (Ref. 32) have performed a set of experiments
which make it possible to form a global reaction for the combustion
of the carbon particles. This global rate equation should not be
thought of as a firmly established analysis, but rather as a useful
first estimate which will probably be modified and extended by fu-
ture experimental work.

The basic experimental apparatus was a laminar diffusion flame
inside a quartz tube. The fuel was predominantly propane, with some
propylene and ethylene, and was burned with oxygen-enriched, pre-
heated air. Solid and gas samples were taken starting at the axial
position at which soot particles were formed in the flow field.

The gas samples were analyzed by a chromatographic method, and by an
Orsat apparatus. An electron microscope was used in determining

the size of the soot particles. A series of runs was made for dif-
ferent overall stoichiometric ratios. Temperatures of from 12000K

o
to almost 1700 K occurred in the sampling region. The authors were
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able to correlate the experimental results for the soot combustion

by the relation

dmc_ 6(1.085) x 10~ 173 :2/3 PO, =39, 300/RT (44)
- d

at pc c Cinitial © ~ T

which is readily transformed to
da ac : i/3
c 12 initial P -39, 300/RT
— = .81 0
It 8138 x 1 a, doz ac / i e (45)

by assuming that the soot density pc, is 2 gm/cm3 and that the mean
particle diameter, dc, is 4OOOA.

The authors state that they did not detect CO in their sampling.
Considering the temperature range of the flow, this is amazing. As
far as can be determined from Reference 32, the sampling probe was
a simple .5 mm constant diameter stainless steel tube. A standard
reference, such as Fristrom and Westenberg (Ref. 30), indicates
that a probe must be far more sophisticated in design to chemically
freeze the sample. So it appears possible that whatever CO was

present in the flow field became CO2 in the sampling tube as the

flow cooled.
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Nevertheless, it was decided to tentatively accept the authors'
assumption that the soot burning formed CO2 exclusively. The exper-
imental results of References 27 and 28 indicate that the initial
plume carbon mass fractions are low enough so that the amount of
CO2 added to the flow by the soot burning model will not signifi-
cantly affect the overall plume combustion process. Hence, we shall
use the model of Reference 32 as a preliminary analysis in seeing
how the soot oxidation process affects the magnitude of the plume
radiation.

Equation (45) assumes a one-dimensional flow. To employ it in
a multi-dimensional mixing analysis, it is necessary to treat the
solid carbon as though it were a separate element whose species are
burnt and unburnt carbon. Then (aCinitial/ac) is the ratio of the
"element" mass fraction to the unburnt carbon specie mass fraction
on each streamline.

The results of using the carbon burning model are compared with
the assumption of frozen carbon flow for the data of case A, as
shown in Figure 22. It is clear that within one radius downstream
of the nozzle exit there has already been significant carbon burning

in the hotter poritions of the flow field. And this, of course,

will affect the amount of radiation emitted by the plume.
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VII. SUMMARY AND RECOMMENDATIONS

The coupling of the base radiation analysis to the turbulent
mixing program, with hydrocarbon-air finite rate, quasi-global chem-
istry has shown that plume radiation does not cause significant base
heating for a F-1 engine nozzle configuration. It would be of in-
terest to extend the analysis to consider bodies other than a per-
pendicular base heat shield, such as other nozzles clustered near
the plume.

The paraffin-air quasi-global finite rate chemistry analysis
of Reference 1 has been improved, particularly with regard to the
preignition period. Comparison with shock tube experiments shows
that it yields results, at least with respect to ignition times,
that are well within an order of magnitude. Also the quasi-global

model compares very well (except regarding the CO_ temperature

2

overshoot) with the more complex and far more time consuming pro-
Pane-air kinetic chemical model of Chinitz and Baurer. And, of
course the quasi-global model can be used to analyse the burning
of more complex paraffins than propane, since, as has been shown
by the experiments of References 23 and 29, the ignition delay

times of the paraffin family vary little with increasing molecular

weight.
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In order to accurately predict the amount of solid carbon in
the plume for the purposes of the radiation analysis, a thorough
investigation was made of the experimental and analytical work that
has been done on the formation and burning of carbon soot particles
in high speed flow. It was found that useful quantitative results
were almost completely lacking. However, the work of Lee, Thring,
and Beér (Ref. 32) provided a basis for the construction of a ten-
tative global model for the burning of the soot particles.

In general, it may be said that the state of the art with re-
gards to understanding and predicting the presence of solid carbon
soot particles in fuel-rich hydrocarbon flames, is at a very low
level. It seems clear that the process is not an equilibrium one,
since experimental results, such as those presented in References
27 and 28 show solid carbon concentrations an order of magnitude
less than the predictions of equilibrium calculations. Hence it
is necessary to gather far more experimental data on the problem,
and then develop finite-rate chemical models from the experiments.
Fortunately, diffusion flame tests should shed light on this prob-
lem, and would be relatively inexpensive.

It is also true that more experimental data is needed for hy-

drocarbon flames in general, for the purpose of evaluating the
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variocus finite-rate chemical mechanisms. The high velocities that

the exhaust gases have in the plume require that finite-rate rather
than equilibrium chemistry models be used, particularly in the re-
gion near the nozzle exit which is the prime source of base radiation.
For instance, the experimental results shown in Figure 20 seem to
show that there is an extremely rapid increase in ignition delay

time as the temperature drops below lOOOOK. This could be verified
through either more steady flow quenching tube tests, or more shock
tube tests. The cost of building a guenching tube rig would not be
expensive as experimental facilities go, and even a series of shock

tube studies should be less expensive than F-1 engine firings, or

possibly even scale model F-1 engine tests.
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APPENDIX A

COMPUTER INPUT AND OUTPUT

In Reference 1 the input requirements and output of the
computer program for free mixing and system III finite rate
chemistry were described in great detail. However, since the
flow field has been recast in curvilinear coordinates, and
since inputs have been added for the radiation calculation,
the preparation of inputs for the computer program will again
be discussed in detail.

The program is in Fortran IV (Ibsys 13) language and has
been compiled on the IBM 7094 computer. The input format is
given below in Table A-I. The turbulent eddy viscosity models

are the same as in Reference 1l:

(x + 0% )

-4 exit
Model A: p=10  + 556 Lew) .+ (pw) . ]
(t.. + O* . )
_ -4 M exit
Model B: g =10  + 500 [(Pu)max - (pu) .. ]
2
where the dimensions of p are lbf-sec/ft”. and AY are in-

PB
puts that must be supplied to the program. It is obviously

vital to calculate wPB (the plume boundary streamline) cor-
rectly, since the entire flow field is constructed about it.

From Equation (8)
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) % b
dp = vy j pudn (A-1)
n
a

a

P

For the F-1 engine, the flow field at the nozzle exit may be
thought of as consisting of a central main flow core and an
outer boundary layer and turbine exhaust gas region. At the

nozzle exit (s=0) y and n coordinates are parallel (before ex-

pansion occurs). Hence
wPB - rw(pu)outer (rw - rcore) * zbcore
(A-2)
= - + -
¢PB rw (pu)outer (rw rcore) rw(pu)core(rcore 0)

In general, the outer exhaust gas region will be thinner and
have less mass flow than the core region. Hence, initially choose
AY such that there will be, for instance, ten points in the outer
region and two points in the core region and the surrounding air.
Thus, the wPB grid point would be specified as being the twelfth
grid point in this case. As given below in the input format,wa,
AY , and the number of the ¢PB grid point are inputted to specify
the setup of the finite difference grid.

The base radiant heat flux will be calculated to as many
radial positions on the base as specified; However, since the

base radiation calculation is a very time consuming process (of
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the same order of magnitude as the finite rate chemistry), the
number of radial locations should be kept to a minimum.

This program is not in any way a characteristics program.
Hence, the physical coordinates of the plume boundary streamline
and the static pressure axial distribution must be found either
analytically or experimentally and supplied as inputs to the
program. Similarly the change in the physical condition of the
nozzle gases as they expand around the exit lip, and the physical
state of the free stream air after it passes through the lip shock,
must be calculated externally and supplied as inputs to the program.

It may be noted that the radiant base heat flux is negative
in the computer output. This has no significance other than that

the radiation is in the minus x direction.
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TABLE A-I

INPUT FORMAT

card Column Description ' Format
1 2=-72 Title Card; information inputted here 12a6
' will be printed on every page of out-
-put -
2 1-5 Initial number of ¥ grid points (M) I5

at starting s.

6-10 Initial number of grid points at s=0 "
(must be less than 50)

11-15 = 0 - Finite rate chemistry employed "
= 1 - Flow is chemically frozen

16-20 = 7 - Viscosity model A used "
— 8 - ” n B n

21-25 Number of grid point at s=0 "

26-30 MJ; the number of points on base for "
which radiant heat transfer rate will
be calculated. This input may be zero,
and must be less than 101.

31-35 = 0 - Mass fractions of solid carbon are "
chemically frozen
= 1 - Solid carbon will burn according
to the appropriate global com-
bustion model.

3 1-10 Printout interval on plume bouhdary E10.8
(As) (ft.)
11-20 Maximum axial (x) distance (ft.)-mea- "

sured from engine base.
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Card

Column

21-30

31-40

1-10

11-20

21-30

31-40

41-50

51-60

1-10

11-20

21-30

31-40
41-50

51-60

Description

Starting plume boundary (s) position
(ft.)-measured from nozzle exit.

Starting axial (x) location (ft.) -
measured from engine base.

Lewis Number

‘Prandtl Number

AY; distance between grid points
(slugs/sec.)

XMPS; As = As/XMPS. Usually set equal
to 1.

Format

El0.8

*
6 T boundary layer thickness at "
ex1 nozzle exit (ft.)
wa - Value of stream function on the "
plume boundary (slugs/sec.)
Xpl 11}
End points of domains of pressure
Xp2 .
polynomials
Xp3 xpl xXp2 Xp3 "
L (X)—f=—P (x)—~——1>3 (x)—= g
R e
i Ypp1 ¥V ¥¥L ypp, (%) xy2 ypp4(x)
Blank "
xyl

End points of domains plume bound-"

Xy2 ary coordinate polynomials

=44~
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10

11

12

31-40
41-50
51-60

61-70
1-70
1-70
1-70

1-70

1-70

1-70

Description
~ 6 . J-1 (lbf)
a, Pl(x)= .E aj (x-x ) .ft2
J=1 '
2 Coefficients of first pressure
a, 5 polynomial.
%4
%5
%6
*
X

Second pressure polynomial
Third pressure polynomial
Fourth pressure polynomial

First plume boundary coordinate poly-
nomial,

6 . 3-1
(x)= I Dbj (x-x) (ft.)

Yy
PB1 j=1

Second plume boundary polynomial

Third plume boundary polynomial

-5 -
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Card Column
13a 1-10
11-20
60-70
13b 1-10
l4a 1-10
11-20
14b 1-10
15a 1-10
11-20
61-70
15b 1-10

Description

1| Radial locations (ft.) on engine
|base for which radiant heat trans-
| fer flux is calculated. If MJ=0
__il (card 2 - cCc30) Cards 13i and 14i
&are completely omitted.

7
s
My
—
9
q2 Values of radiant heat flux
L (BTU/ft2sec) at local s. They
will, of course, be zero at
S=0.
dg
QMJ_,
T(¥,)
T($,)
------ > Static temperature (°K) at
each grid point.
T($.,)
T (4g)
T ()
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Description

>-Velocity (ft/sec) at each
grid point

. 7
16b 1-10 u ()
u (¥,
/
\
17a1 1-10 aH
. Species mass fractions at ¥._.
11-20 ao Two cards of mass fractions
trst be inputted for each grid
21_ a i . ’
30 1,0 oint
31-40
_ %,
41-50 qo _
2 |Note that « _, is only needed
51-60 aOH when the '~ solid carbon is
allowed to participate in the
61-70 aCO urning process. At s=0,
= . i >0,
aE—F ab For restarts with s>0
17B1 1-10 aco o is taken from the output
' 2 lat the end of the previous run.
11-20 aCHO
21-30 aHCHO
31-40 o
' Co20
41-50 o
N,
- o
51-60 .
- i
61-70 aC-F
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APPENDIX B

PLUME SAMPLE CALCULATIONS

As was described in section Vc, by using the data in Reference
27, with a littie help from the equilibrium calculations of Refer-
ence 33, it was possible to determine what is hoped to be a reason-
able approximation of the chemical composition of the plume core
and turbine exhaust gas-boundary layer region, at the nozzle exit.
The mass fractions are given below in Table B-I.

It was decided to run two basic test cases. Case A was at sea
level pressure, with the plume exhausting into essentially quie-

scent air (u, = 100 ft./sec.).

Since photographs in Reference 27 of sea level tests of various

rocket engine exhausts did not show any pronounced pluming for
several diameters downstream of the exit, it was decided to arbi-
trarily incline the plume boundary streamline at 1° to the axis,
Since no definite temperature or velocity distributions were avail-
able it was necessary to make what seemed to be reasonable approx-
imations. The values of T, M, and u are given below in Table B-IT.
Case A was run with both finite-rate chemistry (including the
solid carbon global oxidation model) and frozen chemistry, and the

results presented in Figures 6, 21, and 22. The fact that the
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radiation base heat transfer levels of the chemically frozen cal-
culation were near those of the reacting calculation shows that the
solid carbon was being burnt quickly enough to almost compensate
for the radiation increase due to higher temperatures in the chem-
ically reacting flow field.

/P_ = 100. Reference 34 could

Case B was designed to have P -

exit
be used to describe the plume boundary streamline coordinates, pro-
vided that the air was again considered to be quiescent. The ini-
tial plume angle ( ¢ ) was 710, and the temperature and velocity

of case A were adjusted to turn through this angle. The resulting
temperatures were low enough so that the plume would be chemically
frozen until far downstream of the exit. Thus, it was not neces-

sary to make a finite rate chemistry run for case B. The base

heat transfer flux is shown in Figure 7 for this case.
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TABLE B-I

PLUME CHEMICAL COMPOSITION (MASS FRACTIONS)

Flow Region

Specie Core T.E.G. - B.L. Air
H 4.4 x 1072 1 x 1074 0
0 3.5 x 1074 1 x 10°° 0
H,0 .20 .24 0
H, .026 .026 0
o, .016 1 x 10712 .232
OH .0056 1 x 10712 0
co .58 .50 0
co, .15 .13 0
CHO 1 x 10712 1 x 10712 0
HCHO .02 .087 0
CoH, o 0 0 0
N, 0 0 .768
€ (solid) .0017 .017 0
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Case A

P=2116 psfa

Case B

P=35.4 psfa

TABLE B-IT

CALCULATION INITIAL CONDITIONS

T (°K)

Core T.E.G. - B.L. Alr
1900 1500 289
3.55 .96 .09
11,640 2820 100
600 890 224
7.36 2.60 .10
14, 000 6000 100
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APPENDIX C

CHEMICAIL SPECIES AND ELEMENTARY KINETIC REACTIONS

There are 12 gaseous and 1 solid specie in the chemical system:

H, 0, H O, B, O, OH, CO, CO,_,, CHO, HCHO, CnH N and C

2 2 2 2 2n+2" T2’

The global reactions involving CnH and have already

2n+2 C(solid)
been described in detail. The global reactions are used in con-
junction with the elementary chemical kinetic reactions of Refer-
ence g, which are tabulated below in Table C-I. The chemical re-
actions were linearized in the manner described in References 35

and 36, and the resulting system of equations is solved using the

technique of Reference 37.
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FIGURE 4 - FRONT VIEW OF PLUME AND BASE
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-(Rc-.'t)dt
(Rc-t)2=zz+RZ'sinZB dz = 2 5
| /(R -t)-R_ sin”B
-2(R.-t)dt = 2zdz ¢ ¢
(R —t)dt - (R _-t)dt
dz = ¢ dz = 2 \
z V/(RccosB) —(2Rc+t)t

FIGURE 5 - RAY PASSAGE THROUGH PLUME SECTION
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FIGURE 22 - DISTRIBUTION OF SOLID CARBON IN FLOW FIELD WITH
AND WITHOUT CARBON BURNING
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