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INTRODUCTTION

During the third quarter progress continued along two fronts,
the fluid dynamic model and the flame model of droplet combustion.
This quarterly report describes some of the effort that is being
generated in these two model building areas.

The first section describes some numerical experiments
carried out with the fluid dynamic pancake model of the combustor
The experiments include both non-reacting and reacting flow con-
ditions. The status of program COMB is also discussed.

The second section describes recent work in producing a
simplified droplet evaporation and combustion analysis. éome
recent results towards completing the Peskin-Wise model relating
to the modified flame surface analysis are presented.

The authors Would‘like to again acknowledge the creative
programming effort that Harold Schechter has provided during the.

course of this research program.



I, Fluid Dynamic Model

A, Finite Amplitude Transverse Waves in a Cylindrical Chamber

We have continued exploring and analyzing the nonlinear motion
of finite amplitude waves in the transverse plane of a cylindrical
channel. In the last quarterly report (number 2) we reported on
a calculation which exhibited continuous behavior of the fluid
properties for all time. The initial data is prescribed by rela-
tions (traveling wave solution to the wave equation in cylindrical
cooxdinates)which are presented on page 19 of guarterly report
number 2. The initial pressure field and velocity field are shown
in figures 1 and 2 and correspond to finite values for the ampli-
tude parameter in the above equations. It should be noted that to
obtain the dimensional value of pressure the nondimensional pressure
is to be multiplied by yp,. In this test case, however, the maxi-
mum value of the pressure is 590 psia while the minimum value is
10 psia (here p, = 300 psia and y = 1.2}. The numerical values
shown in figures 1 and 2 correspond to this case. For the previous
reported calculation the maximum (minimum) pressure was 450 (250)
while p_ = 300 psia, and there the solution remained continuous
for all time._

As figure 3 shows, for the present calculation, a shock wave
has formed after about 1.22 units of nondimensional time (time is
normalized by R/a, -~ .131 millisec). The wave is strongest at the
wall and decreases in strength as it curves inward into the chamber.

Swirls seen behind the wave are due to numerical oscillations, a



feature inherent in these finite difference equations. Figure 4
shows the strong discontinuous behavior of the velocity field in
the neighborhood of the shock. Now figure 5, taken at 400 cfcles
of computation, is an intermediate stage of the flow field develop-
ment. Two pressure peaks are evident at a nondimensional radius

of R = 1 of the combustion chamber. There is also a vast region

of the chamber where the pressure is approximately uniform and it
is clear that figure 6 shows a strong induced velocity field which
is predominently tangential in direction. The pressure field

shown in figure 7 shows clearly a symmetric comﬁression/rarefaction
wave with a peak pressure of about 1120 psia. The associated
velocity field, shown in figure 8, is also.locally symmetric about
the pressure wave. Velocities increase and then decrease uniformly
in the direction of motion while the maximum velocity is at the
boundary.

One also notices that the velocity vectors on the leading edge
of the wave point towards the wall while those at the trailing edge
tend to point away from the wall.

Figures 9 and 10 show essentially-the same picture as in the
two previous plots; here the peak pressure is 1250 psia while the
minimum pressure is 160 psia. The uniform portion of the flow
field has a mean pressure level of about 220 psia. The wave has
now undergone about one and two thirds rotations in 0.694 milli-

' seconds. Figures 11 through 14 again show that the wave has the
same basic structure as seen before, however, the peak pressure is

decreasing to 1018 psia.



Figures 15 and 16 show the pressure field with multiple
waves, waves which then seem to coalesce and lead to the flow
field given by the next three figures.

It should be noted that the 'rev' counter value given at the
bottom of the accompanying figures is computed from the relative
position of the velocity vector at r = 0 from its starting posi-
tion. For small values of the amplitude of the pressure wave,
the vector rotates in phase with the wave. However, for large
values of the amplitude, the fluid motion no longer is locked onto
thig convenient measure, but rather, there is in general a varia-
tion in phase between the rotation of the wave aﬁd the velocity
vector at r = 0. At 2200 cycles (figure 18 corresponds to a
physical time of 1.94 millisec) the wave has rotated about 4.8
times and the maximum amplitude has gone back up to 1350 psia. It
is striking that the picture of the whole flow field again looks
guite like that in figure 9. Apparently the fluid exhibits time
wise dependent periodic behavior with waves of finite amplitude.
The average period can be computed and is found to be 405 u-sec.

Figures 20 and 21 give the dimensional pressure on the wall
of the combustion chamber for selected values of time corresponding
to some of the previous figures. The curves are labeled with three
numbers. The first is the nondimensional time; the second is the
rotation counter enclosed in parenthesis; and the third is the

computation cycle count.
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B. Energy Release in a Fluid with Finite Amplitude Waves,
Simple Energy Source

We have carried out to completion the calculation started in
the second guarterly report and described on page 26 of that re-
port.

The calculation consists of adding an enerqgy source term to
the energy equation. There is no associated mass source term in
the continulty equation. The energy term is dependent on the local

pressure via

E = const| (p-1)|Y"u, v=% if p=<l
v=1l otherwise
It is also assumed that a velocity effect can be included by
allowing p to depend on the magnitude of the velocity |ﬁ| = (u2+v2)%

via
pw=1 if |4 z 6

u = 0 otherwise
We chose § to be large enough so that the energy release occurred
within the region of the pressure wave and nowhere else.

Finally, with the experience gained with the calculation des-
cribed in section E of the second guarterly, we turn on the energy
source slowly, i.e., the actual term used in the difference equation
is wE where u is monitonically increasing and satisfies Osw<l. We
take w to be the value of the 'rev' counter during the first rotation
of the wave, it is taken as unity for all subsequent rotations.

The calculation starts off exactly as in the last section.
Figures 22 and 23 show the extent of the development of the wave

after about 1.8 rotations of the wave (note the velocity vector
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at r = 0, the rev counter, has just passed the starting position

8 = -n/2 for the second time) and it is clear that the structure

is guite similar to the non-reactive case. However, the peak
pressure is 4350 psia. The velocity field is also similar to the
non-reactive case. The maximum velocity in the wave corresponds

to 9800 ft/sec. Of course, as the calculation proceeds, the
pressure amplitude continues to grow reaching a value approximately
thirty times the reference pressure while the maximum velocity
reaches a value six times the reference sound speed after just

four hundred more cycles of calculation.
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C. Energy Release in a Fluid with Finite Amplitude Waves
(Including the Axial Flux Calculation)

It is clear from the last section that unless energy is allowed
to leave the system convectively, the pressure (as well as the
specific internal energy) will continue to increase monotonically.
Program COMB was then modified to include, in an approximate way,

a value for the axial flux of energy.

Several approximations were tried. The first method, and
perhaps the most obvious, involved in essentially finding the total
energy (and mass) contained in the r-6 plane for each cycle of
computation. The excess due to accumulation is parceled equally
so that at each mesh point thefe exists a contribution to outflow
which will exceed the inflow by just the amount that is accumulated.
It was found that this procedure seems to work for small amplitude
waves where only slight spatial variations in the energy release
exist. However, for finite amplitude waves which initiate locally
large influxes of mass and energy (due to increased transport proc-
esses on the droplet spray) this procedure fails to work. Some
regions of .the flow field where little reaction occurs see,
according to this procedure, a relatively large outflow of energy
(or mass). 1If this occurs for a sufficient number of time steps,
the flow pressure (or density) can become negative locally and
indeed this has been our observation. It is clear that a weighting of
the outflow according to the inflow would be more desirable.

This was done for the simple ene?gy release model given in
the last section; the results being given below. The energy that

was input due to combustion was allowed to reside in the r, ©
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plane for one time step and then it was immediately considered to
contribute to the axial flux. The following table gives a quick
comparison of the value of ppax/YP. Of three calculations., The
first column is an inert calculation with no energy term, the
second with the simple energy model including an energy flux in
the axial direction, and finally the third calculation is with the
simple energy model but no convective flux in the z direction,

i.e., the energy is locked in.

Wave Amplitude (Ppayx/YP_)

Cycle Inert Case With Axial Flux Trapped Case
0 1.63 1,63 1.63
600 3.25 3.73 7.18
1000 3.21 3.53 19.57
1200 3.05 3.45 29.65
1400 2.84 3.91 I

The final row of data corresponds to approximately 3.27
rotations of the wave and it is clear that by including the axial
flux, the rapid growth of the wave is controlled while the energy
source itself supplies energy to the wave.

It was found that for values of ten times the constant in
the energy law in section B, the solution could not be continued
beyoend 300 cycles, This value is consistent with a physically
real energy release near the injector. It is clear that the eval-
uation of the axial flux is quite critical and indeed, the problem
really requires a third dimension so as to mathematically pose the

calculation correctly.
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D. Finite Amplitude Waves and Simplified Modified Godsave
Analysis

In ‘this section we show the results of a tangential pressure wave
interacting with a system of droplets (mean diameter = 75;) which
evaporates and burns according to the simplified Godsave analysis
presented in Section II of this report. Hence, there is both an
energy .source for the energy equation as well as a'mass source
included in the continuity equation. However, there is no axial
flux calculation included in this section.

The calcglation cénsisted in specifying the flow field at
t = 0. It is similiar to that given in figures 1 and 2 except
that the maximum (minimum) pressure is 550 psia (50 psia). The
calculation proceeds without energy addition for gg long as it
takes the wave to make one complete rotation. Then the calculation
incorporates the relations developed in Section IT of this report
for the evaporation and combustion of the droplets. The energy
and -mass source is turned on completely just as the wave is
starting its second period of rotation. Figures 24 and 25 give
the fluid dynamic f£field just before the droplets start interacting
{excuse the extraneous hash for this series of pictures which is
due to a malfunctioning solenoid valve hooked onto the pen on the
Calcomp Plotter). For this series of pictures the pressure is
normalized with peo (rather than yp, as before). Figure 26 gives
the dimensional pressure p(R,8) at t = 3.3259 units at the outer
wall of the chamber (r = R), again just before the energy is

switched on. The wave is moving from right to left.
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The next two figures, 27 and 28} show the initial transient
as the energy is switched on. Due to large radial components,
figure 28, the pressure pulse moves inward, but still undergoing
rotation as the next four figures indicate (figures 29-32). The
next sequence of figures (figures 33-38) show the transition to
the compression/rarefaction pulse traveling along the chamber
wall (except that strong radial motion flattens the pulse against
the wall). This is’seen from figure 39 to the final figure 44.
As can be seen from figures 28 and 30, strong radial motion is
generated by the large release of energy and persists as transverse
motion is interacting with tﬁe tangential motion. The resultant
'steady’ or time periodic pattern would require additional cal-

culation.
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E. Program COMB Status

As is shown by figure 26, we have incorporated the ability
to selectively plot the tangential pressure distribution at any
value of radius and at any time. This feature adds flexibility to
the program for ease in interpretation of the computed results.

It is anticipated that the final report will contain some
instantaneous streakline pictures of 'particles' moving in the
r-8 plane. The resultant motion is shown plotted as separate
pidtures after, say, one complete rotation of the wave. It is
hoped that correlations can be made with these computed results
and photographic techniques to be attempted by the JPL rocket
combustion group.

The toroidal motor model is almost debugged. Tests are now
being run to establish a steady state flow in the 8-z direétion
with given arbitrary initial data. A simple approach has been
taken so as to simulate a converging diverging nozzle. That it
is necessary to incorporate a supersonic boundary condition at
the outflow plane of this toroidal geometry is evident. For a
liquid propellant motor the only other required boundary condition

is that the normal component of velocity shall vanish on the injec-
tor face. Plotting routines have been written which will be used
to see isobars and vector fields in this geometry. Some preliminary
results have been obtained at this time but are too incomplete in

nature to present.
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II. Droplet Evaporation and Combustion Analyses*

A. The Rate of the NoH4/N»04 Reaction

It will be recalled that in order to utilize the modified
flame surface analfsis of Peskin and Wise (Ref. 1), some estimate
is required of the overall (i.e., 'global') reaction rate constant
for the N5Hy/N50y ?eaction (Ref. 2). That is,'assuming the reaction

proceeds according to

k 3 ,
£, 5N .
NoH, + NO, —== 2%2 + 2H30 (1)
some estimate of k¢ is required. (NO, is considered the oxidant

rather than Ny04 as a result of the high level of dissociation of
the latter under most engine operating conditions.)

This estimate can be obtained from the streamtube analysis
developed in Ref. 2, wherein the relevant equations and assumptions
are detailed. For reference purposes, the streamtube equations
are .summarized here as well:

Energy Conservation

dh _ g

at , h = constant (2)

Species Conservation

ayj _ Fi
dt  p (3}

Equation of State

= pM
° = &7 (4)

* Figures in this section again start with the number 1.

56



Auxiliary Equations

h = }Yibj ' (5)
M= ZYi -1

iMi (6)
hj = 83+ Tp; (T-Tppp) (7)

)
=
o
]
®
o
'—l.
Il

enthalpy (sensible plus chemical) of species i
r; = rate of appearance (or disappearance) of species i
Y; = mass fraction of species i
M; = molecular weight of species i
p = mass density of the gas mixture
p = pressure of the mixture
T = temperatufe of the mixture
A; = reference enthalpy of species i
Cp; = average specific heat of species i
Tgrer = reference temperature (1000°K)
t = time
Preliminary results were shown in Ref. 2. More complete
results are presented in figure 1. Defining the ignition delay
time (typ) qualitatively as the time reqaired for the principal
oxidation reactions to occur, figure 1 yields the anticipated
result that typ is a strong function of the initial mixture tem--
perature. On the other hand, these results indicafe that in the
range examined, typ is nearly independent of the pressure. As
can be seen, at the higher pressures, the second-order rggctions
{which become more significant at higher pressures} produce an
initial partial oxidation which results in a slight temperature

increase. However, a leveling-off périod is seen to subsequently
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occur, followed by the principal, first-order oxidation processes

which drive the reaction to completion.
As a result, the reaction may be said to be first-order, with
ignition delay times (taken from figure 1) as shown in figure 2.

In this latter figure, T.

; is the initial mixture temperature. The

approximate straight line behavior of 1ln typ when plotted against
reciprocal initial temperature is in accordance with elementary

chemical kinetic thoery which predicts a function of the form

where ¢ is a constant and E is an overall activation energy.

From figure 2, E was determined to be about 26,800 calories/mole.
As an initial estimate, the pre-exponential factor in the

overall reaction rate constant was chosen to be the average of

the prewegponential factors for the N,H, oxidation reactions as

deduced by Sawyer (see Ref. 2, Table I). From this and the result

oﬂtained above, the initial estimate of the overall reaction rate

constant was

ke = 1.2 x 100 exp (-26,800/RT) (9)

To check this estimate, results using eg. 9 were checked
against results obtained using the complete streamtube analysis.
The comparison was made at high pressure (20 atm), where the
" first—order approximation and eg. 9 would be least accurate. The
results are shown in figure 3, with the streamtube result labeled
'exact'. The global model does not, of course, predict the. initial

reactions or the leveling off period after the initial second-order
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reactions have occurred, but the general behavior and the delay
time appears to be reasonable. Although the result for this par-
ticular case could have been improved by adjustment of the pre-
exponential factor in eq. 92, this was felt to be unwarranted, and
eqg. 9 was selected as a suitably accurate overall reaction rate

constant for inclusion in the modified flame surface analysis.
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B. The Modified Flame Surface Analysis

Under the assumptions inherent in the modified flame surface
analysis, as detailed in Refs. 2 and 3, the species conservation

and energy equations were shown to reduce to

dayj - d 2 day; \_ _ . 2. Np N

dw @ (" aw )T Tt b Yy Y° (10)
Np N

a9t _d  fn2g¢ ) - n¥byp Yo

dn n an (11)

. + 1 » O
where a = dimensionless mass burning rate = mF/(4ner/cp)
mF = mass burning rate in stagnant surrounding
¥y = fuel droplet radius

k = thermal conductivity

n = t/rp,
1i; = \)iMi/VFM.F
v; = stoichiometric coefficient of species i

Né,No = reaction orders with respect to fuel and oxidizer

b = ker/D

D = binary diffusion coefficient

t = (T-Tm)/(Q/Cp)

Q = heat of reaction

T = temperature in the ambiFnt gas mixture

On the basis of the conclusions drawn in the previous section,

No = 0 and kg is given by eq. 9. When eq. 10 is written first for

the fuel and then for the oxidizer, and the resulting equations

subtracted, an integrable ordinary differential equation results
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subject to the following boundary conditions:

d
an YF] n=1

YF] =0 .
N0

When eg. 10 written for the fuel is added to eqg. 11, another

li
o
&y
3
&

Q1Q
3

i}
o
,.4
LA
|
]
|_.J
|
1)

integrable ordinary differential equation results subject to these

boundary conditions:

dt =L a
dn n=1 0

ﬂn-m =0

The resulting eguations can be manipulated to yield the

following expression for the dimensionless mass burning rate:

1L,
a = ln
1 - % - YF’S | (12)
where L = latent heat of vaporization of the fuel
tg = dimensionless droplet surface temperature
YF,s = mass fraction of fuel at the droplet surface

We now introduce the additional assumption that the flame
zone of finite thickness can be replaced by an infinitessimal one
represented by a Driac-delta function lccated such that the fuel
and oxidant react stoichiometrically. As a consequence, the right-

hand-sides of egs. 10 (written for the fuel) and 11 become
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*
%y ¥p * 8(n-n*)

where the asterisks refer to the values at the hypothetical flame
surface, and § is the delta function. (Note that the fact that
No = 0 has been used in writing this term.)

Peskin (Ref. 1) shows that a solution to equation 10 with
this right-hand-side is given by geﬁeralized function theory as

1-ed/"  fornsn*

= * *2 -a/n -~
a l-e forn<n*
(13)
Therefore, for n=n%*, Yp=Yp and eg. 13 becomes
Y; = (l_e—a/n*)
1+ 25 42 (1-e-a/n*)
el (14)

Now when eq. 13 is solved for n=l, Yp=Ypg, and eq. 14 is used,

the result is

&
p* x2  ema (1-e¥"7) (1-e72/1%) B}

1+ ]-;i n*2 (l-e—a/n*)

(15)

From the difference between eg. 10 written for the fuel and
the oxidizer, and using the appropriate boundary conditions, the

following expression is obtained for n*:

ig Ypg + Yo (=) (16)
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From the sum of equations 10 (written for the fuel) and 11,
again subject to the appropriate boundary conditions, the following

expression can be derived for t*:

t* = (Yrs * t5) (em@/0*l1) - (1-e73/n%)
—a_ B¥ 2 (17)
e -1 1+ 3= n*" (_e-a/n¥ ,

in which equation 14 was also used.
Finally, using the result of the previous section, b* can

be written

b* = [}.2 x 1010 - exP(—26,800/RT*)J (18)

H
U'Uh)

Equations 12, 15, 16, 17, and 18 constitute five equations
in the five unknowns a, Ypg, n*, T%, and b*. (Unlike Peskin
(Refs, 1, 4, 5), we are not interested here in species and tem-
perature profiles surrcunding the droplet, but in the mass burning
rate é; as a consequence, the equations developed above are
particularly suited to this purpose.)

Results using this analysis have been obtained for the
following values of the parameters:

Yo(») = 0.25

D =10"% g2

secC

iol= 22 (see eq. 1)

|

[

Q was calculated from the enthalpies obtained from eq. 7;
L was obtained from the Clausius-Clapeyron equation using the
.0
vapor pressure data in Ref. 6; 1in going from a to Mg, k was

obtained from Ref. 6 and Cp from Ref. 7.
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Results are shown in figures 4, 5, and 6. In figure 4, the
results are compared with the previous results obtained from the
Godsav analysis (Ref. 2) and the experimental results of Ref. 8.
As can be seen, the current analysis yields results which are
aboqt 80% higher over most of the range of r, than the corresponding
Godsav value. This is due, at least -in part, to the wvalues chosen
for ¥Yo(») and D, as well as the differences inherent in the two
approaches. It is interestiné to note, however, that the line
corresponding to T = 1035°K, p = 300 psia (Curve B) passes right
through the experimental points of Ref. 8. Unfortunately, Ref. 8
does not indicate the level of pressure at which these experiments
were conducted, leaving this possible correlation unresolved.
However, the linear dependence of the burning rate on droplet
diameter is retained by fhe modified flame surface analysis, in
accordance with the experimental results.

Figure 5 contrasts the ambient temperature dependence of this
analysis and the Godsav analysis for the particular conditions
noted. It was pointed out in Ref. 2, and can be seen in figure 5,
that the Godsav analysis yields a very weak, almost linear ambient
temperature dependence. Most experimental work indicates a
stronger, non-linear dependence. The modified flame surface
analysis does yield this latter type of dependence. It may be
justifiably said, however, that the differences between the two

analyses at these particular conditions are not sufficiently great

to warrant using the current analysis in the fluid dynamics pro-

gram. In particular, no evidence of extinction can be seen down
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to ambient temperatures near the beoiling point of the fuel. If
this same result is discovered at other values of the ambient
pressure as well, this will constitute ample justification for
the use of the simpler Godsav analysis.

The effect of ambient temperature on the values of Yog: n*
and T* are shown in figure 6. The value of Ypg*l as T, increases,
in accordance with the assumption of the Godsav; diffusion-flame
approximation (YFS=1)' The hypothetical flame surface moves away
from the droplet as T, increases; this steﬁs from the fact that
in order-to sustain a stoichiometric combustion process, the flame
location must move away from tﬂe flame surface where a larger

quantity of fuel vapor (Y¥pg) is being produced. Finally, T* ex-

hibits a linear dependence on T,.
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C. The Reduced Godsav Analysis

Preliminary runs which coupled the complete Godsav analysis
to the fluid dynamics program indicated that the running times
were excessively long. (Roughly, five times slower than with the
elementary energy term previously used.) As a consequence, the
results obtained to date from the Godsav analysis (Ref. 2} were
used to formulate the following simplified version of this analysis:
The weak, almost linear, temperature dependence of the dimen-

sionless mass burning rate can be approximately expressed as
aszgg = (3.73 x 1079) (T_) + 1.855 (19)

where ajg3g is the dimensionless burning rate at a chamber pressure
dependence is approximately given by

a
8300 300

_fpe \ 0.0108
B0 = ) (20)

Once ap is computed, the burning rate in stationary surroundings

is obtained from

ng = 21k d; a (21)
where d; is the drop diameter, and the thermal conductivity and
specific heat are functions of the liquid drop temperature.

The drop temperature, Ty, which is the boiling temperature
at the chamber pressure, can be obtained to a good approximation

from the integrated Clausius-Clapeyron equation
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In p = (8.7 x 103)(1_ -1 ) (22)

2131 1176 Ty,

where p is in psia, Ty is in OR, and the critical point conditions
are 2131 psia, 1176 °Rr.
Knowing T;, K is obtained from a linear curve fit of the

data in Ref. 6:

K= 1 [0-8.33 x 10™3) (T;-460) + 0.2107] (23)
3600
and cp is obtained frqm Ref. 7:
c. = 0.138 + 0.527 x 1073 7. - 0.120 x 1075 1.2 (24)
p - - L L ] L

From mg, the burning rate in the convective environment is
then obtained from (see Ref. 3, eg. 21):

Ty

o
mp

1/3

=1 + 0.276 (Re)% (Pr) (25)

Under the engine conditions of interest, the following con-

stant values are reasonable:

Prl/3 = 0.6
_ Btu
Lp = 540 2X8
L, = 178.2 Btu
1bm

Q0 = 12,400 Btu
l1bm

where Lp is the latent heat of the fuel, L, is the latent heat of
the oxidizer, and Q is the heat of reaction. The appropriate terms
in the w-vector of the fluid dynamics program may now be obtained
as shown in Ref. 3 (eq. 22). Results obtained using this approxi-

mate formulation are shown elsewhere in this report.
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INTRODUCTION

During the third guarter progress continued along two fronts,
the fluid dynamic model and the flame model of droplet combustion.
This quarterly report describes some of the effort that is being
generated in these two model building areas.

The first section describes some numerical experiments
carried out with the fluid dynamic pancake model of the combustor.
The experiments include both non-reacting and reacting flow con-
ditions. The status of program COMB.is‘also discussed.

The second section describes recent work in producing a
simplified droplet evaporation and combustion analysis. Some
recent results towards completing the Peskin-Wise model relating
to the modified flame surface analysis are presented.

The authors would like to again acknowledge the creative
programming effort that Harold Schechter has provided during the

course of this research program.



I. Fluid Dynamic Model

A, Finite Amplitude Transverse Waves in a Cylindrical Chamber

We have continued exploring and analyzing the nonlinear motion
of finite amplitude waves in the transverse plane of a cylindrical
channel. In the last quarterly report (number 2) we reported on )
a calculation which exhibited continuocus behavior of the fluid
properties for all time. The initial data is prescribed by rela-
tions (traveling wave solution to the wave equation in cylind&ical
coordinates)which are presented on page 19 of quarterly report
number 2. The initial pressure field and velocity field are éhown
in figures 1 and 2 and correspond to finite values for the ampli-
tude parameter in the above equations. It should be noted that to
obtain the dimensional value of pressure the nondimensional pressure
is to be multiplied by yp,. In this test case, however, the maxi-
mum value of the pressure is 590 psia while the minimum value is
10 psia (here p, = 300 psia and vy = 1.2). The numerical values
shown in figures 1 and 2 correspond to this case. For the previous
reported calculation the maximum (minimum) pressure was 450 (250)
while p_ = 300 psia, and there the solution remained continuous
for all time,

As figure 3 shows, for the present calculation, a shock wave
has formed after about 1.22 units of nondimensional time (time is
normalized by R/a, ~ .13l millisec). The wave is strongest at the
wall and decreases in strength as it curves inward into the chamber.

" Swirls seen behind the wave are due to numerical oscillations, a



feature inherent in these finite difference equations. Figure 4
shows the strong discontinuous behavior of the velocity field in
the neighborhood of the shock. Now figure 5, taken at 400 cycles
of computation, is an intermediate stage of the flow field develop~
ment. Tw6 pressure peaks are evident at a nondimensional radius

of R = 1 of the combustion chamber. There is also a vast region

of the chamber where the pressure is approximately uniform and it
is clear that figure 6 shows a strong induced velocity field which
is predpminently tangential in direction. The pressuré field

shown in figure 7 shows clearly a symmetric compression/rarefaction
wave with a peak pressure of about 1120 psia. The associated
velocity field, shown in figure 8, is also locally symmetric about
the pressure wave. Velocities increase and then decrease uniformly
in the direction of motion while the maximum velocity is at the
boundary.

One also notices that the velocity vectors on the leading edge
of the wave point towards the wall while those at the trailing edge
tend to point away from the wall.

Figures 9 and 10 show essentially the same picture as in the
two pre&ious plots; here the peak pressure is 1250 psia while the
minimum pressure is 160 psia. The uniform portion of the flow
field has a mean pressure level of about 220 psia. The wave has
now undergone about one and two thirds rotations in 0.694 milli-
seconds. Figures 11 through 14 again show that the wave has the
same basic structure as seen before, however, the peak pressure is

decreasing to 1018 psia.



Figures 15 and 16 show the pressure field with multiple
waves, waves which then seem to coalesce and lead to the flow
field given by the next three figures.

It should be noted that the ‘'rev' counter wvalue given at the
bottom of the accompanying figures is computed from the relative
position of the velocity vector at r = 0 from its starting posi-
tion. For small values of the amplitude of the pressure wave, .
the vector rotates in phase with the wave. However, for large
values of the amplitude, the fluid motion no longer is locked onto
this convenient measure, but rather, thefe is in general a varia-
tion in phase between the rotation of the wave and the velocity
vector at r = 0. At 2200 cycles (figure 18 corresponds to a
physical time of 1.94 millisec) the wave has rotated about 4.8
times and the maximum amplitude has gone back up to 1350 psia. It
is striking that the picture of the whole flow field again looks
guite like that in figure 9. Apparently the fluid exhibits time
wise dependent periodic behavior with waves of finite amplitude.
The average period can be computed and is found to be 405 u-sec.

Figures 20 and 21 give the dimensional pressure on the wall
of the combustion chamber for selected values of time corresponding
to some of the previous figures. The curves are labeled with three
numbers. The first is the nondimensional time; the second is the

rotation counter enclosed in parenthesis; and the third is the

computation cycle count.
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B. Energy Release in a Fluid with Finite Amplitude Waves,
Simple Energy Source

We have carried out to completion the calculation started in
the second guarterly report and described on page 26 of that re-
port. '

The calculation consists of adding an energy source term to
the energy equation. There is no assoclated mass source term in

the continuity equation. The energy term is dependent on the local

pressure via

E = const| (p-1) |-y, v=% if p<l
v=1 otherwise
It is also assumed that a velocity effect can be included by
allowing p to depend on the magnitude of the velocity |3| = (u2+v2)%

via
=1 if!ﬁ|>_6

p = 0 otherwise
We chose § to be large enough so that the enexgy fézgase occurred
within the region of the pressure wave and nowhere else.

Finally, with the experience gained with the calculation des-
criEed in section E of the second quarterly, we turn on the energy
source slowly, i.e., the actual term used in the difference equation
is wE where yu is monitonically increasing and satisfies Oswsgl., We
take w to be the value of the 'rev' counter during the first rotation
of the wave, it is taken as unity for all subsequent rotations.

The calculation starts off exactly as in the last section.

Figures 22 and 23 show the extent of the development of the wave

after about 1.8 rotations of the wave (note the velocity vector
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at r = 0, the rev counter, has just passed the starting position

8 = ~n/2 for the seccnd time) and it is clear that the structure

is guite similar to the non-reactive case. However, the peak
pressure is 4350 psia. The velocity field is also similar to the
non-reactive case. The maximum velocity in the wave corresponds

to 9800 ft/sec. Of course, as the calculation proceeds, the
pressure amplitude continues to grow reaching a value approximately
thirty times the reference pressure while the maximum velocity
reaches a value six times the reference sound speed after just

four hundred more cycles of calculation.
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2.  Energy Release in a Fluid with Finite Amplitude Waves
(Including the Axial Flux Calculation)

It is clear from the last section that unless energy is allowed
Eo leave the system convectively, the pressure (as well as the
specific internal energy) will continue to increase monotonically.
Program COMB was then modified to include, in an approximate way,
a2 value for the axial flux of energy.

Several approximations were tried. The first method, and
perhaps the most obvious, involve@ in essentially finding the total
snergy (and mass) contained in the r-6 plane for each cycle of
computation. The excess due to accumulation is parceled equally
so that at each mesh point there exists a contribution to outflow
which will exceed the inflow by just the amount that is accumulated.
It was found that this procedure seems to work for small amplitude
waves where only slight spatial variations in the. energy release
sxist. However, for finite amplitude waves which initiate locally
large influxes of mass and enerqgy (due to increased transport proc-
2sses on the droplet spray) this procedure fails to work. Some
regions of the flow field where little reaction occurs see,
according to this procedure, a relatively large outflow of energy
(or mass). If this occurs for. a sufficient number of time steps,
the flow pressure (or density) can become negative locally and
indeed this has been our observation. It is clear that a weighting of
the outflow according to the inflow would be more desirable.

This was done for the simple energy release model given in
the last section; the results being given below. The eneréy that

#as input due to combustion was allowed to reside in the r, ©
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plane for one time step and then it was immediately considered to
contribute to the axial flux. The following table gives a gquick
comparison of the value of ppayx/YP. ©f three calculations. The
first column is an inert calculation with no energy term, the
second with the simple energy model including’ an energy flux in
the axial direction, and finally the third calculation is with the
simple energy model but no convective flux in the z direction,

i.e., the energy is locked in.

Wave Amplitude (Ppgax/YP_ )

Cycle Inert Case With Axial Flux Trapped Case
0 1.63 1.63 1.63
600 3.25 3.73 7.18
1000 3.21 3.53 19.57
1200 3.05 ' 3.45 29.65
1400 2.84 ' 3.9 e

The final row of data corresponds to approximately 3.27
rotations of the wave and it is clear that by including the axial
flux, the rapid growth of the wave is controlled while the enerqy
source itself supplies energy to the wave.

Tt was found that for values of ten times the constant in
the energy law in section B, the solution could not be continued
beyond 300 cycles. This value is consistent with a physically
real energy release near the injector. It is clear that the eval- -
uation of the axial flux is quite critical and indeed, the prcblem
really requires a third dimension so as to mathematically pose the

calculation correctly,
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D. Finite Amplitude Waves and Simplified Modified Godsave
Analysis

In this section we show the results of a tangential pressure wave
interacting with a system of droplets (mean diameter = 75y4) which
evaporates and burns according to the simplified Godsave anal&sis
presented in Section IT of this report. Hence, there is both an
energy source for the energy equation as well as a mass source
included in the continuity equation. However, there is no axial.
flux calculation included in this section.

. The calculation consisted in specifying the flow fie;d'at
t = 0. It is similiar to that given in figures 1 and 2 except
that the maximum (minimum) pressure is 550 psia (50 psia). The
calculation proceeds without energy addition for as long as it
takes the wave to make one complete rotation. Then the calculation
incorporates the relations developed in Section II of this report
for the evaporation and combustion of the droplets. The energy
and mass source is turned on completely just as the wave is
starting its second period of rotation. Figures 24 and 25 give
the fluid dynamic field just before the droplets start interacting
(excuse the extraneous hash for this series of pictures which is
due to a malfunctioning‘solenoid valve hooked onto the pen on the
Calcomp Plotter). For this series of pictures the pressure is
normalized with pe (rather than yp. as before). Figure 26 gives
the dimensional pressure p(R,8) at t = 3.3259 units at the outer
wall of the chamber (r = R), again just before the energy is

switched on. The wave is moving from right to left.
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The next two figures, 27 and 28, show the initial transient
as the energy is switched on. Due to large radial components;
figure 28, the pressure pulse moves inward, but still undergoing
rotation as the next four figures indicate (figures 29-32). The
next sequence of figures (figures 33-38) show the transition to
the compression/rarefaction pulse traveling along the chamber
wall (except that strong radial motion flattens the pulse against
the wall). This is seen from figure 39 to the final figure 44,
As can be seen from figures 28 and 30, strong radial motion is
generated by the large release of energy and persists gs transverse
motion is interacting with the tangential motion. The resultant
'steady' or time periodic pattern would require additional cal- -

culation.

33



m : i Py _g . ch o ole oodiciolnid elolo _!_ piend b
SR R Ee _ P .-mmmw_w.nw&abwﬂ el g gt b iy rad i P e ke el i et A T
.m . ' _.r.n_ A 4;#.._3 NN ﬁuu....w.L ..L.. _.ﬁ. .f , ot —..ﬁn .:_ .__ (] l- - 1 “ -y
11_....,.1!..!. T R A v M e e ~ U./n_ T P 1
R kR ARAEE G d R AR B L b L
.* | P i & ! & Ty @) & e um_ﬁﬁi/mm&, R0 ﬁ; _
S F R G IR SRR R R R R EEE L 1R TR R LR R b {
e S el ﬂrﬂafﬁzqwﬁﬁﬂqaﬁﬁﬁ%aﬁf. -
S T R
IO ) A O T [ 0 G ble ww\m Y lierhy S v -3 |1t B _FT”.,W,L.. O L
T ¥ N S I I IO B At I A e !
En I 3 N A T _ e N - : -
L 31 O O O S P T S Il SN S O A O I AL
RENEESENED T = %
: : RGN S A i

.. . fu/. /Nﬁ//A = .\\ v (. i
3! - 1 N BN BN
m..v.iﬁa 4] L= JL| I e \ bt - v. f . . m

11t
. Py Ty
Eiis Y e a e frt
H e

o

t

t
..

|08 REVE |

g
\
X

NE
. o u
P Sepvam e M /| \\..\Htlﬂw\\ \u
—
P

=
1

Locels me.th

g

IR RANNNNN N

|l
N

be g

34

s

3150w

T e ok
'--.SgagtchE_ -

]
i
-1
]

\

306

-1

Brip-t
§.32%
-
1

- —
T

: : [
SIS ST SV S
(A A R R
.

T
— ...“ —
% I
g i’
Lo N PR g
= I8 i
¢ H
1. 1
< R VORI N I
g s 1 : I
[ . [
— 2 . P PR
Pt i
: Yo !
P S - IS NI
¥ "1 1
H ; |
] Po. v _
B A e R
. | ' _ : _.. !



SR T B
I — .

-95

]
4
E3

106 JINEHES T LGNG |

z
H
™ 4
T
i
Lo 54, ¢
i
T
:
Il
]

=

AR

O1LAR
-
.35

i

0L

i
e

el =S (e A P

.98 REVS

b [ § | 5
crpbeae
14
:

3
LT

—:- Iv“BE".

3

$i3
500 CYCLES—ro

1

*

o,

|

s

-.13

R

-.36

3.3259

_‘lsj

T

_.88

113




— 3.0

it

i,

I
1

byr

I
srbbles

PR

Yt —¢.'0 —2.50

1

2.08

3.3 50— N Y Fe

T-



! A i ' _ 1 [ ) w ! 1 H 1 H i
P SR Y U O D O By O O P00 PO 0 T T O V% I N O
bl Bagsbbedabiddabhdaali | - =t
P rﬂ IR nw. 2 .._r,m_.w L DR R ARE) DO { K N FE TR
U R SR E RS RN E R e T RO A ERE , ! T
! _mmu.BD.._JJ.u_,..bQ_l QR Ll n e Y =gl L S - - o L
T B R R R N R T E R T NS G NE Co
w \nwﬁa.ﬁ{ﬁmnra .&38?41.&:1 Ll im0 - e
R o B ok A e e e R Kol i e v Pl e poEY i chdow
B I it S B AP O ERE I R IEEE R PO i : T = b
Rl I H R S T R IR L O R O SR -
Ty R R A R R R B G ' t
MY A o N s NI P2 43R M el W B L) W) T AR DUt ol Y FEall PROG SRS S —) I
' n.‘l_w o, 3 - PR Y MB . ! Ty
. i N B LR N : i
R o T SNHE - z ar _
e otk i | o L
i L O N N — & b4 .
. - 7 4 ' ,
" AR MR 2
i - L T - '
LT s forrder 2 B JOCE 1. S S ..i---_.l.u-
.mn “_:_ "Jlkm.. ) “. . " ..— .
‘ I oo 3 LI DR P
', MM . SN [N » ... . 1 “
e, L R AP N Dl - lm.- i
T SHETE R T I R > i b
L . bty L 7 .
L PP PRI S FIEY 031 13 01 B (< D N B
St i - s oapbe T oAb y L RS J A
G ] RS TR crabe g S vEl o= -
i |1 [0 ot EETE ol LN 1 1 TS Coren| [
v I R ) D CEN Y M ot A A
o] B NG Bisb, P s B e ) Bl o L
I~ i ooy T i E T ¥ [ ! N
RN .{_\»/ B e s a0 . 7
] SRR ,,u T L N
K /flv ;-n-l#llh. ..v“l(-w‘-uwu AM- .-u \L ' ) . ?!-.
-~ R L g : oy
L N F e i T 0 K O
" R LT A VA T W == :
NN PIAT N ety bl b el
Al L1 e N . ! R
v.m_ . ' - CH o
[
. LLgF

S P S L
Rt
i

1

......

-
e
n

~k

-
=
A\
i

ot

i

J
EANAR A

=
Tt

LA f/_,.

—
i h
vk &

7

R

AL

03
7

A
!
i
!

iS"u:

¥
P
H -

N /',’ N

N

O Pt SRS ol
[y 2

AT

p
3

b

1,
]

i
JR_N— kel dh

1
ol

T
F-

]

1

i

rA
Lk
v

1

i

'

1

i
|
l

It

kS

i

i
-1}?;'——?!',—:‘8- ..' y:
- - '--

1

B2 G
SRR ANE

—

®
i
i
i
t
: :_..‘;.'.'-: R
A
!
]
]
1
1
i

. i

X ..L:... TLET

|
]
t
'J____" IS
e
'

saen

i
T ..‘.._..... T ..w . | R . m:"
t.||| [".. . ..L_al_lv“.‘_....l..m-pﬁ_.limli._,-‘. - ._wi A@W.H.ngluﬂmw

L b e b

00 T

f
—F I
3
. i '} *
P
;_ I
i
Qe IR
|

/
7
i
u
3
\
[ S
R S Y 55

- - t
L....;...;.- aeta 0
H T ¥ =

3

e
P L
¢

§
!
1
i
!
!.
5,




e I
e e e T : A R I T,
o “ Lo _ﬁ .-
L . I PR R R I T, n ;

A SNERRER AR o N [
i u M ..I!.I..r:..-." Il-.|.||H|G.
KE= RN D DR DS I dosob e l :

EHE R O i B g: g P | N f
E e EE S Lodo
.,“... NS I M....“ 4 M. el .-M| . 2!!1..1
e g = T .
. | {ERE T AR PR S S e -
'3 SR S SRS vt P P

]
/

3

3
Q7 REVCG

1

N

e
e

1

YL
5

A

T

¥

>
ol <

B
of

-3
S o £

e

S

$E

B3

f

g & =

THEHES|L

1|

5

P Ty

R

tEEVED]

4an

aefliy




T 1T LY A i . .
, . cm.u ] ._. A _ .r.; L I I . i O i R
J— 3 N -5 A el et & e | UL S L L VO SPLE SR I e I R A S
ARk E ARG RS SRR o
P DT St 154+ 47 o A et e b ik L
A I f&.ﬂaﬁﬁq e s O i N
R T s ! o0 O s bR &8 o) e 2 il it b ]
e GBI R A SO R B R SR B ] S e
1 K , . . . — I~ 53, “{Fyrty Hiorm] s 1
TR WAL 4 5.0 i R b R s I R Sl e b : L e
] iRl f e} {an i o) ) am. s oS SRR .
ey LT S S EEN R S FER o T T :
i e i . . oy _
O RN S R : - =
Y T D 4 N
- o Nia £ a &
n i " I
. L
AR
N RNIEN .
- o el e -
Y Tt I - b I B
altat H
i T T ATl P4 L Ny
) I A ST S LA NI I Tt
T A e PR ey - : ’
i B 2 ot £ o Rt 1 ot I o
7 i I e T o S
% - i ‘ T S 0 e o 2 O s
= : RN T TR Y et~ et ) TR T T
3 : f/\\hﬁ m iy i ] JE R IO et
T L RS o b e e
/ m ™y e
\“\\M. W K.. s ....ﬁm._

N

E&

it
;

: [.fﬂ

NN
TR
S

C e A ﬁ)[u
AL x
ST T
TATE 2
i
N/_ ﬁ,_. e ALl
//Jf//; : +I_;||| _ ... . ...l
s ].. . _/ X “lr...
G o N B . s
1 e ST T
RIER: L5 0 R A i i
AR . g R sluch, 407
S N SR A N A AT e m._ A
SN EEY WOt CHN SO T S - ] 3 o d g e
: BN ./.“,E_H.,_.muw....u il m P




"

-85

E3

ENEAET ARG i

|

e
4
a

.38

fo ) sl - ;
e ' H j

LjxLeTErca eRE

ks
O
e
-1 *
BRLLREES
-

1.87 REVE

e T
S )

«13

40

~e13

800 CYCLES

LR NN o e
i
: :::."\ \,\\\\\ S o

~.38

5.025!

-.B3

T

oA L
P=% & : '
| .”, R
| E3 »
i i
r.oo | i
|ﬁw..._ . . .
plE L S BiRF
et H Y
A=t i e
P o S 8
Mﬂdmm 2 W“ﬁ.
~tlas) b . )
[ = o
R o 4
: Sl : = R
. SR . .
1 v R O B e s
S o [ ol i K -2 LI W
veetd ™ e B - .t | !, s Ll H
et T- ' Wt o oL - . ..Ln.ul,
. o IV W I T O M e g ki o
1 e | BN | .
e 1 ! Treid, “ertde see | 7 e . oM e [ O m-m..c
AL o1 5 OOV I A - shgteefed tede 0 dere | lgeE | 9. t o
T P b NGO EOLABWON _*WL .




| 1 : tiood 3 . . . 0o . SR .
S e A e .M,!...L. 3 ot A “%.I st len g E PR R UUE NS SR S S W .i.ul-_
! L ; 4o SR n_uﬁ% 3 TR ‘ i
o ) e me g Bt S — = Tipien frF-ot L/ i L AL :
T . . T i 3 U oh e ey [T : _ 1 : i
! . .06 C5 2 AR U] FIED JS L : i
1 R R el R Rt e 15 e S R e Bt o R i
! FE TY S (R VLR OO S vk Al . P
z b s 4 i S
I I P mwﬁ ] wh o R A R
T He a5 ™ S A K I A N AT
3 . . N A R Rl
D N A . TN
LD ok S e : !
s _.. il s o N
T . e :
.al-.._-. .
=1
5H et
T = I AT
17 N
if T
= S CII S Y
B T
44 . _ -
i
i
=
=
e
aad
L
)

NS

¥
b
[

N

&

LI

b,

LR T taY;

|

”-%u.u

T oaa

41



RN : AR NN
S . : 4B _ T _ e
I .

I

%N
7.7R RFVS

Eers |
[ Py
IR Py
T -

I
Py by S
R el A

L 9% 5y

13

Tile
vt f i s

kit

Jf -

CYCLFS

oy
=13

s

1enn

fa 11

i

|5
=

SEEY ruyny
LER34 bS
ey

3

brer
[ b,

fg

SLEENE

=.9085

T=




. | 1 b i
R ] . P.mu . ' s ' “ R __ , 1.T |M. L : - T “.
B L3P EERRRRERRRRRRLGE ] -1 ] P
\ R 0 T o [ L A IR L | ]
- . et © B noies Ly urmd 6g b od T wow' s Ol GyUhITLIig Wt oo N ! O ;
Rl CL . DEBESEBEUSURSEREASMEG 4 b L
TR _ A = ay 1 iy = = uL.W..,.mw_:- Jpﬁ\ﬁ.ﬁfa ﬁ._wnmk R L | . o
oS o i e Bead REE L SR RRS B L EABE Lo e e
Ol et gl p b mwdadangaaenn | L L d L
O R ot o ot TR s o e T A
b __ _ m.l.ssllwl(..._. “_....iw...l_l.nmik..um.. .. e S e m — — T = M - |..1......_m ﬁ m . b
_.. i . : M e Pl ., c H ™~ - ..... R B i ) , , N L.. X .m
g s b ) Qg gl a4 e 3 xz.wlr. | =L RS ool SRt ST SR
. Pyt . I 4o ! d b e de . PR
: IS ISV TE A VIR PR SRR = IO JSOER M JESS: S L . : :
T ot Rt oy . i ] I ! ! m w _ | ! “.m L P
r ..”1.. L. ." o R L ooy e i P B s e I 4. 5 Bl e N iy -1 ...
E L TR e fnd SN AL S OO LA BRI S S R O VO RIS S
R ART _ . P AR S T T T g ) S
1. G f . A_ a = 1. B S S - - 4 1oL
L N R RERNR U S S AU PRV - gt i s :
Bl N N T L ~ k . N T S
. f—— ...:.l..m.“l.h R . _ . : - : < _ ; " 4" | _“
R e N e e N T R N I RN IR O O U
- ' - i R w.. T TR T I A ! 1. - _.. . I 1 vur\.nv. ! H i
- ot : i s.) _ ' R /" A AN g\ ST Rl R S I .
=  invint s S B " L 2L 3 RN -1 h i “
B o 3 H . i ' . B L . N S AR S N , ol
= T et ~tnt o ._--.ﬁ.flr:. O A et Y N B B /./ " EJI._\ . ...fr// | : __mzlu ! 3 ..
S T Rk o R A SEL I W LR I S S b e
A 7 -t ¢ ke o 1 N - el T IRt ; |
[ LLdl el . rlrl.,/w/,.../f.,v.f:wu - - EO e .,-.i_,"mmﬁ - L Ll ..w..r.l
IR SR R ) . 4 R . ; z . .
B IR A e M NS P TS
ERE oL R " — = LAk o e Lo- =t ety e - - 2 o
. Srj/i () /- | X 1 oo D
N e i " :
Py S R ' . : i T 1 !
e e et 2 {52 e AN el : ¢ .
ST O B =00 BV Bt 4 P 5 T
ol ol " oot AT /!. o \.\ﬂ.i_nu . _ O S S
o e e LI Bt L A THOYS T . AT BHE 2 :
BBt 2z AT 8 e
o AR = : AR i | .
T ENINS=NSZ = I I A
R . S e T
) ! "l i i - N L= N JEUY. FENUS SRR SN FUP A,
[ 2] e . of - . - i
o B cLuv.L.w -1 a«w _ . : b E b
H P l. ' o b . . .l‘_l.. o . |a_ b
LN AU TR A S b o Z e b e~ 1L ol LT
H ! | TR { N e AUPMUR S S SR
N ] e B e gFh 4, b
m SR o b e NG I A S A IR L
SRR NN SR I
b e RuaAERE
; i S R . : 55 SN S 0 | VTR S NORR B R
U DU P DRUOUNS U0 DO DD JUNROE S O et . b et s ST
' i t R H H 1 N v ! [x v : :
o L S S S R S . A S AR N S
ped -t o d L R : ! m CUE L
" _..lr .u LA oo B - !.“ - .:-Mfi H K - - P SRR 4 ] Toms “ R !
ol I SN S i 2l - R . o UM O R
: ! ° " A Yol _ - d. g -ﬂ.; B “
S I S A - g T N N SN
i g : : : 2 . JRUUIR L. O L U TR JONL SR QS JOVOS] PRI S . .|
—-cpeng L_! N e ) m - w,iﬂa, ! T N « _H H .m : ._.m Lo ! :
S S b holiosi g bl = |
1 ' ! . ' r ' . .



.95

0B INCHES LD

MBS
ot 01| ARt

no)a .t

y »
. W '
c—||I|.|

o0

13

dodAeEs

3
!

-
<

L3P

i K

SCTiER |80 INGHES |

4y

1
i
1.7
!
:

e

t

TR TR

-t

.
L

T
.1

1
H
L

e

i

i
H

1.1:

35 -
2.70 REVS

.
s

200 CYCL

‘in

~.B3
6.7485

T=

B S

wia
1

Y
j ¢

] — B

PR IE ._.w.l [, B

A

e
[l

RSP I | SRR

PR T



}

i

:
"
P

3

P

t
T
n

_ , h ] S RN SR { L oo ;
. Bl e 1 e _.......JZ g —md et s et | _.I. A —t 1.r..|~”o..i1m...1”l.rn ! m|| _..,~ Ly i e e '
i ! [y G i B oo m o [ W s e [ | N ! ;
: ! oy nw+ RN LR PSR L S P P L A o R R L | P ool
_ P e R R R R A R e R TR N . T fi
- M - r = ! " L * b il L, . H '
4k B A E T m R B Bl A e Pl . e e et b el !
VT T T T Ty My E TR RO | R i=lysys s .E-L_r..c.«:uTr_ s | i I H
il ! el i gt £y G- [0 =0 10 of Ao |5 el . I i
kS ol e P e dien:a o a0y S Y T St ol O Y M : : ;
b s T PR N o S P W IR AT IHE - R . t
el @ R e e Qi e wepip i hl g - S
i . Tiafarinly e ad s i 13 i R e iy el (pug Y i iy gty Bady G IR LR T ”I o T
AEp T e L R R L R B e L il
ST T L o I L e T o 1 R
SR Bl G e bR e S e e | AN EER =S :
@ R i S M sl B it X I
NSEREA RIS TN TS I : L. .
J. H et N . | _ et
. - : SRS FEUOR SN P
v . - " - . { 1
v ot R P e . 1,
: : T ) !
Akt 5 I
B D) I : % _ T
o vl e K b 1yt
[ ] : . N iy
A )w./.,/.“ A |
e i e PR e s lne T
- . N g b
- A .Mr.fl. B
\Fy - }Llnl!

G
i

)

B AN N \;-..:'--
/
7

i
sy

- .L-- :3

'

i

b

AR

IS

s

RN
~11406 FGYCLES

i
4
ol

e
e
2

—PRES R
PERME .
/“““—.
>
~
]
\“‘HJ
R it
’é -
L]

MM
I
\"-. =

R R NN
-;':_l

FEE ot B ] S . “:.&...\.ﬂ.“. e .
o T LT Aty P L .
- B s el s R e A M =3
S «_uu\.\n)/u ke N e é:z..UMc‘\..\ﬁ\\n \nu : i -.W s
ew v " - L it R ..I-u\n‘\n‘. .- AL N Pred ——e— —
Ul.. abas ..mf = R P P ,...EL\....,AWWM ok .a.}m . i
: 0 I e G R e o e % SR AEX RS
..”a H..I.l ” /,.1 ”}.fr“.wr “\ , i - nﬂ‘\)\/..m. .m :" . . ﬁ .\.»\N\\.\”\x. . %ﬂ
I ] = = : - N ; . I
e et L ,/l,...,. I BN ™ !p../,/.r H.,m ] o e \....Il .nm.:J . T I BN TS
R PP —P AR RRER S
i : S U R ot Y Ht T
g - - . R .I./ 4.”...4?...”... ..lZ| 3 \.\\ : ,\ - J T

i
i \\i_.E; )
2y
t
_
]
]
]

7
P

i
1
1
L]
i

Iy ..: ;\.\
i i
1
1
A

AN

Y
i
i
B
§
1
1

-y
H
i

!"'“'i'-'
3
1
I}
1}
1
1]

n
"1_._:; S
1
i
i
i
-6
f
H
1
Jr
-C}
—a}.
—_
i
L}
At
/--L'-é :- ;.- . ':I
b

” " ) . ] o~ ] ol \l\. N.\t\.‘ . l..\m. N m1 _ |...-|”| .....ux....n.
I % : - togh e Yo ;
S RIS COIPR U IR L e e et R R SRR T
PN I i m. i g ' ] : ! B &P [ WM oo ! ;

: : : P~ SV SUSERE YOUORS U . AN J LS JRUNIS £ 3 S0 SO N EIE SRR SURUE SO ML | SULINNK UL SUOUY SNV UUND [PRG SO
P ) [ A B A P w1 . ™ TR
g ' b s } e LIRS S L WETTR L mu- SR A » FUPIRLINA P | - L

EARES SRR T ot sl Sl Bt e W RSl reul s (05 1 11 i 0 0 -2 s A Wl A M S B .



'11—-‘ ;

IR .G
=
,.“_. T
Tre il MY
R EI I kv
. - -
it priik}
. z
idaq )
ol
il | @
BNE Tir
' |

1=

FaF=nT AR
.38

3.29 REVS

[
=

)=

hd §

=
1w

"

5

P =)
fars
(=

iLE

’_";ﬁ

o Tl T Bkt B oot Folh Bk etk ot o B Bd

o]
= L5
T
i D

prantey g oy ()
B ed
R et For ol
B oy
NGRS

LG

=¥

{.tg"zmrés

N 4
= s Lamesd
o P N W 1
o i B : SRS [ B ha
: - i b - L I I (e !
ENEInEN “ | L 0 R o
= v - T TR e On e i
NV o S LT I _ ) doy I N : 2| I
tu — L N b b S E Dot EN I T
o ” .T. v " f ) B > _T
IR N .} 3
=i - _ .-rlwl —— -} - f-w L LI Al .ll.l o juin aformmin] tmmd — e M!.i
: . . e Jossond i e - m e e e L it gt At & e
h [ A A I i ' .y .
apmims dem Y [PV SR ST IR SUVIR UV AN UL SN QRSN NI PIE FEPUR. S SIS (R S - . -
AR A P | N ;
U5 SRS S UELAA .h...._....! P m.............i el DO P SN uzrteins B L _ : -
AR N s E AP . oo - p . ™ - .
Lo g L P e : ' ) . w. |, VR Lis i . HE- ..Pm 1
A0 0 TR TERE: SN Y= IS U OO OO AR O 0 N o P o A T

58 1.1

E3

13

-.13

1400 CYCLES

—~«38

7.6366

~53
T=



sy e g e g T T T T R T S Ch g e g e e I R
H P _ ' i i ! i .n.ll_l._l.l_..l..l;ni Pl el [l = o Y . = : | !
b i en 1 e an ..?Emw_, Jtalog e e o e ey 365 a0 e [ R e I : . I LR L
i nw.e._l.++,“+,¢++.+ s+ F+ |+ R i - B I
iy s .Lvmm..t,rL_E_LE.tEE L ot ) | L3 g ) t _ ]
R S IR H P M YIS - R QT AR Y i B SN o e R T N LR LG T ) F T Y w ot
[ T A T _839508284.517_2_ LD Iew @ } N
. ] § ookl S e S e ep 2 ) o o o [ 24} 4 ) .
v s fer ] e At R et T B 51 L) il 143 (3 wren s } e
(8wt | R e R AR L T R s R | i
e it I e it o " s : , ! N
Tl el Rl ol R RS L et S S iyl ol b o et : - ol
.o I [ U A EHE i | .
¥l ry . H T, fie ( .
. - 0] T, .
A i .
.MJF!‘
red
3]

H
"
'
T4
-

4o

-
5=

A

N

-

I

A
-

: .."-J'

e
Y

,;7::

-

4
i
i

%

b

. AT Ay
A : m AR T RRT
H " [=~) + [~
T S TET TR
= Ms... - JE (S 2 S -+.«w SIS EUVU S 5.2 e} 2 ‘
S S B _.,ZD_H.SJJQ A3 ] HAWIN o -]
| T ! “ : : P h 5




] ; _ _
-t . LN o'
SN N JU, SR B S : ,A it
[N f w ! i “
H . { T Rt -~
fnmri = e wd r ln - — a -_
; ol _ L
s R s s e i Sl | .
- 1 "1 H _—. s ) l . .I-...
e fl« 4 .}.mlJm...i_ T . 8 ;
. ' H ' ' . -
K T - D mnt:
iy e M Sl I
SET ) -, .
22 il .
R SNE - [X
E O RS B iR
e = - U
Hape oy itbin

i
£

o
i
i
:
;

103

i
THaT (=} - il
ey -y
H B bt B o
TrYieT o] 5
Exi B = A
e h ; U
;

Y

38
C

Tl ARE
|
3.65 Ri

M
£

izl
T

. "E—-}‘

48

L

13|

13

¥

48

-.13
1600 CYCLES

.38

8.4373

.63

T

-.a3

1

L.

-



i 1 H . i f '
L e -y . - i e o
[ - =, . i |
T ||r|” - I.-.-q_ICIOQ- .-J.I-h ¥ .— ‘I. U I'._II .a — ——— s
.1 i [ ~ g Bt U 1y 18] . '
e fomn iy - .- By V- o | B Gl e S S DU
SRR i 4'pr 2 g - !
. ¥ r -r B . t
’ + —L-l%dl T v -1
-l Er i iein 9= . :

q ;
i SN
N e R L B & T I i XL -+ ww.. e "gl-g -
AR B 200 N 1 ERIE ML R R A ‘ 2
] T 3] ' . € i LN | B I L Lt .
R T U SO S A - RO N N SO Y% AU S LA S TUIN AT TN SRUURUE RS FORS s 1.
i A T R B I | _ _md s | ! P i
s gt L LIRS T RANAN e |
. ' ‘ H [ f . ! ! i H ! B v. 1 E

49



-.i_"

[

r

[ S

1 13E§i-[3{:'. N

NG =

.38

BI'IREHES L

= 0 ] ]
- el -

s i

=RE i -

BT H -

SRR N .

e s

H

..m“ |

o I _ i M |

e o m.ﬂ.._. | ..n.r” 1

T g

.38
E

43 R

A3

~3

00 CYCLES

E3
VS

u

18

4108

.63
9.

T=

--.85

-1.13

an



L

'
Pt

i ' i ) i ' ' .
.Ov d . cede ]. . .un_. -L e e . o] o
1 T3 e N = N ol ] SR L L = i
0¥ ol W s N B i e M e L W o e B o B my ey
! T RTE TR R F A F R e FE i '
[T IR TR TR I TS IR PR R TR IR TV 4 b LA La mrL ] iad H H ,.
el gfed Aol e D e G- E3] U N B R Lodfeon O - ‘o m .
| = el m o il e S e o g il fr I i
.4%7Ebw,|521. A st WA e o L6 ) : i
- kv blee v § pivchy PRl i anr il kg il b L1 e ot B a1 o= ¥ H
il R Tl nm.na y M SG rpE T .mz 0 =, 1 e -
- B - L] - o+ - v . e - LN T * - -
™ .%.}n—! = .ﬂ..u...;.l,..n..u...ah.. T I T T It JB'I_QMI.—..U T
R I A T : o S - 3
el | HO4 LY : b 2 L
B ol . I TEa 1 o =,
- - “ - . e o
G <y e .
P prag i F s 0 = T
AL N B i
N A

[.

g

3

£an O

T

]

RO X

H
{

RN R —<

13 M ]

i
ot

I'-\t‘

en

()

S

l

an .

...:..-:;:.E

B

f

[ USRI NSNS ENPUI SrI: -

.....

b B s bl ol g 5 I




. 1 f by - . 1 . 1 b P v y R . : , .
H ! i H E N , .P ' , . ; _ N _ r H H 1 1 . H . . ﬁ. | \_ ' e 1
|T| .. r...m R A T R L I it Sans R ll.“ S IR r..l.m.. vl - —— - - w:! . e - ‘nluw b * ~ . ml.
! oy L . H ' S i Ny ! . i
SUFR E I "..... P Ll _..us._.l..o. d - - ._ JOUUR S S SN S e B s B il el R .- 1
i . L] “ _ “ _ ' _ _ r " b 4 H ! " _- N _
b fot e , B Bt o e R o
| Lo . ; RN
. - i .Ju_-| ] o R N By
Xl m She f Voo s o ”
- ) L + — K ; 0
N i - 3 &
N ’ - ao I
AR S O P
P e = ' e
postios Rl L= .
E a1 [l )
F s - )
I it K m -
P Pad . Hlu BIETH
N [ad] kPN iy |
E 1S TEK
ey -d b b g
AT S 3 -
] e R e fu =
e pret e 7 Pow
F Hhht T AT 1 =
[t B p\ - .
o F._L....HQ. i S_D_HL
N ] b I :
iy FA R e
Fiineds R T M
Hi = ! e
i o
i .
Ih —%
b b N =0
il i

-

-
=

&

7

UE

)

xh riaid

-
I
L

L1
.YH

£
t

£

b

e

3
1:3
E

—_1

567~ 2000 CYCL

F417E:0

T

-.38

VE

I»]
C

-.E3
10

T

.”.l.l - l-.irll.-......ll._...l [N .L/tu.

i
_ - : B
RS T I T O T O T T O U U o0t O TN N SR 4%
= copn Al S I Sy e A A R It M T L .._. .
i L R - ! TR T IS0 SRR IO NY BLA .
NI B w - 1_ i K | P m TRy FOLTT T
A f ol ede dhed s 4l g ST L
S R O R A T -
sz efl . ] . : e mtes dom s raferistes Sramimn 5w ] b om e o] ~
_... - o _r . ” ._ T _ ; i . )
i : N } 4 L i -

H
-r
e

LINAPS

. = rTe o _ i



- P , - . ,
i | m _ | b _ H 1 . |
—te o UV S A Y PR Ny e Y R F e 1 - bo-]oe afowd ISP U (I (VR IO R
H i . D B, .1"1_.1.._.["1 [ el Il el el _ ! o *
! | st SCUNEIERIE P PR L2 W S0 0 v - JH PRIEE WL PR :
; [ ol TR I TS N S T . :
: i i cHN Li ub fdl L Ind ) wf LAB) R ) | ' .
LA U B L AT NI ot o B s Wi SO = N S T SN S -
: : fed o i @ D o em| o e g _ nh- -
> " i R R o et =B LK TR B
. u.l.“i . _D\. S 3 g3 burm [ .,_n.m"_un. .W.ﬂ rn:l“. 2 .Jw “v. A
AR X P R AR IR TR R TR B R P L] . _
o S Jc. L -Fib= i e i s B g ¥ 1 B T 4 ¢ g o T K =
o &P 0 FIrSS FOURHIEET RS DS DR I . :
B —I.IE ' R AT vEfy i
T T = : L3
i M el
v o _r...u m.v .
R \l.n.“« i
T R R T
Hity| -ulE fEH g
g > o T

,.

s

\N
N
=S —
SN
IR SR P weotvn SN A
] e
| AR R S~
LR m _Jx -_m b "m&. et “ m 3
e e o s y e e T
-t 4. __ LN A S R R -+ | - Y AN .!m!n,..i.._”. o R N RlE
3 i At __/_E.,.f I #m A T
' ‘ R ‘1 H fr i P I ! 3 R i P
Gy v g . Pl : P B T A UV N RS FRLY S N A w i I REST1 DUCTS [E £ NI B C

53



e e
i .. 1]
. ' |
cate o Lot
H
..
o
i
——
R H
P i
— X2
e
i
e

.85

63

1 FRE |0 ENCHES foNG:

.38

LB

A

i[F FANE
o : Ny A

Bl ALY
: . .

g e6H-01 . WALUE

k3
e

-.348

LR |

Ll |
RENE ud
51 541 T
el d Ly
[ IR =

i o = .
e >
H- P o1}
<A L
-
FE4 Al .
e
ACH LURE =

et ST E2 BETN 3: o B
T {ewar] ¢ T
N s
Sl =
HTEERE IO
e iy
i .
I "l
3 ,
S T

13

-3
2200 CYCLES

-.E3

S.38 REVS

=11.1030

T

-.58

-1.13



E. Program COMB Status

As is' shown by figure 26, we have incorporated the ability
to selectively plot the tangential pressure distribution at any
value of radius and at any time. This feature adds flexibility to
the program for ease in interpretation of the computed results.

It is anticipated that the final report will contain soﬁe
instantaneous streakline pictures of 'particles! moving in the
r-6 plane. The resultant motion is shown plotted as separate
pictures after, say, one complete rotation of the wave. It is
hoped that correlations can be made with these computed results
and photographic technigues to be attempted by the JPL rocket
combustion group.

The toroidal motor model is almost debugged. Tests are now
being run to establish a steady state flow in the 8-z direction
with given arbitrary initial data. 2 simple approach has been
taken so as to simulate a converging diverging nozzle. That it
is necessary to incorporate a supersonic boundary condition at
the outflow plane of this torcidal geometry is évident. For a
liquid propellant motor the only other required boundary condition

is that the normal component of velocity shall vanish on the injec-
tor face. Plotting routines have been written which will be used
to see isobars and vector fields in this geometry. Some preliminary
results have been obtained at this time but are too incomplete in

" nature to present.
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II. Droplet Evaporation and Combustion Analyses*

A. The Rate of the N9oH4/N7204 Reaction

It will be recalled that in order to utilize the modified
flame surface analysis of Peskin and Wise (Ref. 1), some estimate
is required of the overall (i.e., ‘global') reaction rate constant

for the NoH,/N,04 reaction (Ref. 2). That is, assuming the reaction

proceeds according to

ke 32y
some estimate of kg is required. (NO, is considered the oxidanf

rather than NpO04 as a result of the high level of dissociation of
the latter under most engine operating conditions.)

This estimate can be obtained from the streamtube analysis
developed in Ref. 2, wherein the relevant equatiocns and assumptioné
are detailed. For feference purposes, the streamtube equations
are summarized here as well:

Energy Conservation

dh - 0, h = constant (2)
dt

Species Conservaticn

dy; _ Yi

dt p (3)

Equation of State

= pM
° = &7 (4)

* Figures in this section again start with the number 1.
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Auxiliary EBguations

h = }Yihy (5)
a ( - (6)
iMi
hy = A;+ Epi (T—TREF) (7)
where h; = enthalpy (sensible plus chemical) of species i
¥; = rate of appearance (or disappearance) of species i

Yj = mass fraction of species i
M; = molecular weight of species i
p = mass density of the gas mixture
P = pressure of the mixture
T = temperature of the mixture
43 = reference enthalpy of species 1
EPi = average specific heat of species i
Trpr = reference temperature (1000°K)

t time

1l

Preliminary results were shown in Ref. 2. Mofe complete
results are presented in figure 1., Defining the ignition delay
time (typ) gualitatively as the time reguired for the principal
oxidation reactions to occur, figure 1 vields the anticipated
resulththat typ is a strong functicn of the initial mixture tem-
perature. On the other hand, these results indicate that in the
range examined, tgp is nearly independent of the pressure. As
can be seen, at the higher pressures, the second-order rggctions
{which become more significant at higher pressures) produce an
initial partial oxidation which results in a slight temperature

increase. However, z leveling-off period is seen to subsequently
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occur, followed by the principal, first-order .oxidation processes
which drive the reaction to coﬁpleéion.

As a result, the reaction may be said to be first-order, with
ignition delay times (faken from figure 1) as shown in figure 2.

In this latter figure, T; is the -initial mixture temperature. The

i
approximate straight‘line behavior of 1ln th when plotted against
reciprocal initial temperature is in accordance with elementary

chemical kinetic thoery which predicts a £ i1cticn of the form .
typ = @-exp (E/RTi) (8)

where ¢ is a constant and E is an-overall activation energy.

From figure 2, E was determined to be about 26,800 calpries/mole'
As an initial estimate, the pre-exponential facteor in the

overall reaction rate constant was chosen to be the average of

the pre-exponential factors for the N,H, oxidation reactions as

deduced by Sawyer (see Reéf. 2, Table I). From this and the result

obtained above, the initial estimate of the overall reaction rate

qonstant was

ke = 1.2 x 1010 exp (-26,800/RT) (9)

To check this estimate, results using eg. 9 were checked
against results obtained using the complete streamtube analysis.
fhe qomparison was made at high pressure (20 atn), where the
‘first-order approximation and eg. 9 would be least accurate. The
results are shown in figure 3, with the streamtube result labeled
‘exact'. The global model does not: of course, predict the initial

reactions -or the leveling off period after the initial second-order.
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reactions have occurred, but - the general behavior and the delay
time appears to be reasonable. Although the result for this par-
ticular case could have been improved by adjustment of the pre-
exponential factor in eq. 9, this was felt to be unwarranted, and
eq. 9 was selécted as a sulitably accurate overéll reaction rate

constant for inclusion in the modified flame surface analysis.



The Modified Flame Surface Analysis

Under the assumptions inherent in the wouri.ed flame surface
analysis, as detailed in Refs. 2 and 3, the species conservation

and energy equations were shown to reduce to

dy; d le 3 . 2. Np _Ng ‘

aar T an (: =T h ThY¥p Y, (10)
2 M No

ad_t - nZ gt = n°b YF Yo

dn n an (11)

Q
vhere a = dimensionless mass burning rate = ﬁF/(4ﬂer/cp)
o)
mp = mass burning rate in stagnant surrounding

rp = fuel droplet radius
kX = thermal cénductivity
n = r/rD
i = viMi/vFMF
v: = stoichiometric coefficient of species i
Np,N, = reaction orders with respect to fuel and oxidizer
b = kfr§/D
D = binary diffusion coefficient
t = (T-T,)/(0/cy)
Q = heat of reaction
T = temperature in the amblent gas mixture
On the basis of the conclusions drawn in the previous section,
No = 0 and kg is given by eq. 9. When eq. 10 is written first for
the fuel and then for the oxidizexr, and the resﬁlting equations

éubtracted, an integrable ordinary differential equation results
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subject to the following boundary conditions:

d ’ = & Y;
an Yol n=1 n=1

d
dn Yé] n=1

] -
n-+re

When eg. 10 written for the fuel is added to eq. 11, another

ol

I
o
e
L=
for
i
l.—l
1
o

integrable ordinary differential equation results subject to these

boundary conditions:

dt -
dn n=1

0l

gnw =0

The resulting equations can be manipulated to yield the

following expression for the dimensionless mass burning rate:

[
1
+
+

=
H
1
|<:

QI Ol
o 0
n

(12)

where L = latent heat of vaporization of the fuel

r'-
il

s dimensionless droplet surface temperature

Yp s mass fraction of fuel at the droplet surface

We ncw introduce the additional assumption that the flame
zone of finite thickness can be replaced by an infinitessimal on
represented by a Driac-delta function located such thaF the fuel
and oxidant react stoichiometrically. As a consequence, the rig

hand-sides of egs. 10 (written for the fuel) and 11 become
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*
n2b YF *

§ (n~n*}
where the asterisks refer to the values at the hypotheticél flame
surface, and § is the delta function: (Note that the fact that
No = 0 has been used in writing this term.)

ﬁeskin-(Ref. 1) shows that a solution to equation 10 with

this right-hand~side is given by generalized function theory as

1-ea/"n forn>n*

Y, = bx v¥ %2 o "3/n + l-e”@/n
F = *
a F l—ea/n forn<n*
(13)-
Therefore, for n=n%, Yp=Yp and eq.. 13 becomes
* -
YF = (l-e a/n*)
b* 2 _a—a n*
1+ 2— n*? (1-e™3/n%) (14)

Now when eq. 13 is solved for n=l, Yp=Ypg, and eq. 14 is used,
the result is

* A
b* n*2 e~ (1_ea/n ) (1-e”2/0%)

' b* _ * ’
1+ — n*2 (l-e”d/n*)

(15)

From the difference between eqg. 10 written for the fuel and
"the oxidizer, and using the appropriate boundary conditions, the

following expression is obtained for n*:

n¥* = a

iO YFS + YO () (16) '
1n Yo (=) e™@ + ig Yoo :
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From the sum of equationé 10 (written for the fuel) and 11,
again subject to the appropriate boundary conditions, the following

expression can be derived for t*:

t* = (YFS + t5) (em@/n¥_1) - (l—e"a/“*j
—-a b* 2 (17)
e -1 W g 0% (1-ema/n¥) _

in which eguation 14 was also used.
Finally, using the result of the previous section, b* can

be written

b* = .2 x 10%° + exp(-26,800/m1%) | (18)

=
UlUro

Eguations 12, 15, 16, 17, and 18 constitute five equations
in the five unknowns a, Ypg, n*, T*, and b¥. (Unlike Peskin
(Refs. 1, 4, 5), we are not interested here in species and tem-
perature profiles surrounding the droplet, but in the mass burning
rate é; as a consequence, the equations developed above are
particularly suited to this purpose.)

Results using this analysis have been obtained for the
following values of the parameters:

Yo(=) = 0.25

D= 10”4 g2

secC

i, = 23 (see eq. 1)
i6

Q was calculated from the enthalpies obtained from eq. T3
I, was obtained from the Clausius-Clapeyron equation using the
L] L3 - lo
vapor pressure data in Ref. 6; in going from a to mg, k was

obtained from Ref. 6 and Cp from Ref. 7.
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Results are shown in figures 4, 5, and 6. 1In figure 4, the
results are compared with the previous results obtained from the
Godsav analysis (Ref. 2) and the experimental results of Ref. 8.
As can be seen, the current analysis yields results which are
about 80% higher over most of the range of Ty éhan the corresponding
Godsav value. This is due, at least in part, to the values chosen
for Yo(») and D, as well as the differences inherent in the two
approaches. It is interesting to note, however, that the line
corresponding to T = 10359k, p = 300.psia (Curve B) passes right
through the experimental points of Ref. 8. Unfortunately, Ref. 8
does not indicate the level of pressure at which these experiments
were conducted, leaving this possible correlation unresolved.
However, the linear dependence of the burning rate on droplet
diameter is retained by the modified flame surface analysis, in
accordance with the experimental results.

Figure 5 contrasts the ambient temperature dependence of this
analysis and the Godsav analysis for the particular conditions
noted. It was pointed out in Ref. 2, and can be seen in figure 5,
that the Godsav analysis yields a very weak, almost linear ambient
temperature dependence. Most experimental work indicates a .
stronger, non-linear dependence. The modified flame surface
analysis does yield this latter type of dependence. It may be
justifiably said, however, that the differences between the two

analyses at these particular conditions are not sufficiently great

to warrant using the current analysis in the fluid dynamics pro-

gram. In particular, no evidence of extinction can be seen down

67



1 LEILFY : IREE AR ARE N R Y]
T L T e e T : .
o s MR K ] Ak ¢ .
T 3 T TIiTaET + pludn ]
£ . 2
f3 ) i) 1 -
1 ) L. PR L P
- It nY IR, i 1 T — ]
e ¥ s 7 T
-+ i : B ook free o)
r T N BN T -+t
1 L) EJE ) 13 337 Y oty
v T T it 1ttt T gl
13 i e
) T il 24 TN 1 L)
T iEatan Aot e
! T - ¥ 1 3 '
Xf I}
] 1o
T3 3 L1
.’m + i L Y .}
proveg : T Tt
== i, e Eo
™, + 3 “ M u._ ” um.l. § P . - e el R
— i s L L - LT S §; | S B boect LR
L ; MR L 3 MR el P .
- 5% 1w e ; i {
g ] p ety | iy ]
3 = Py T Fat
) L) h ) 1 ir]l f oy
o - e o L Dot a5 o1y}
P, y Tis ! L Mt
3. IS i T T -
F X TEN x 1
;) ) b1 Fl .
i L T 1
i 1 . RS iy
203 T RN by it iy
1. 1 1Y :
¥ i Ty T
3 t A V) TRt T
T i3 # T 3
rar) il L T O
Tl [N WY o TN TR )
) T Ty IR
. 1 ot IOPEICN K
3 Tt Y
3 RN B HRW A i
LIS e i ki L
.o ¢ 3 3 e} T y
T I ENE} T3 KT
= (W EN] L) i AN Y
T o4 N R i 308 RO Y
i3 A LA i LT 0 A0 AT, |
T 3 H
) T ; n L T T
L A 1S 3 LA T il i)
O ) 1Ty S L
I NN Ty M
T oY FRME}
G SR ) i
i Nt E R ke PG, 1 i
T S i RN kY i I
L s . s 1 T ) -
T : AT I T W T )
T 7 b AN S TTRYITT )
Y= T A 3 LN R S
- r H 3 |3 3 1 ¥ .
> I M h bt K
1 it 1 b i e b
LK G M T 4 L
KIAWN s i 1 T NS, S S 3
T T T o N S P e _ T Py - PN i
T M E MOk MJW + s e i e 153
< Ll Ll Y e ERSRY TR
3 iy e I = 3 bl poibintog PO o XL} deone fort |
TLrr iy w.«..t.}‘: .4.4_ _” DU I Nehs v asfiraan
] L > MM 3 .ﬁ.ﬂv - ny 13 = o et b Joepr s bue s
4 £ 1 ) HE S b - N R
AL N i -t Yy RN R T L e
T iy =t 2t 0 P Kk TIDOMMN i; +: 3 ey A
r -nuﬂ.» r a I 0 3 t m } [ d L AT
T ) T + T T i+ - ot W
T ot “ Y T 1 pguiver: H DN JU
WA (1.7 S § Vi W B 1 e _ﬂ._ g —s- 1o
auwg P b 3 T I
T s i I y z 3 [ S Sy
T T ¥ ¥ ) IR} i - oy
L T e - ) 1) L~ 1~ t ET 4 Ex i Rt -
S %) i 3 - s T L e < ) syt oo
b " L) ERRR it LELL I L3I o
NN o s 1 % it T T P
fu - ™t 1
T ¥} . Eh oy )
et + ¥ ) £ ) 3
13 1 N i
£ T v I, LI )
i i3 a T
L) T 0 a A
oy T ‘s
b ' T
1 b T
+ + EI A 43 e
o } -t : e
T ) 8 o Iy %
v e g 1 T v L) bt
oy ) 5 + T "t
i T 3 ) * T T + "
[ 30 IR M ) (W RS T T
i 3 TS ¥ [ L ] 3
(Y L4 131 . 4 , H
it Ll
1 T Pt X T
1 3 LA T
Jnm I 13 ¥ LIl 3
o ¥ I 7
: T
TR R 3
' 3
T LAY 1
A ) ST
£ i
I 13 i H
Pt B W -y S
. . e E .
S I . '
edivaafe T
-k
- POUED P P
- PR Sai - P
W rhae e v v
e M O P
wabafr o2 deeaies 4
g P
-4 dane
1+ ‘i
G g+ 3
e
iyt .
3 el —rw g e




13 1T TT 1 T T + HY T as fowckafona
SN e T i 1 11 : -} 4] g 4 dpbafbgee o ebiy s - - .nmqu et B i
11.-._ L I i i Tfarit EE LAY [DOTE I8 ot S T S S MG TR el R
- I s o ol = o i o SRS R
ARE b oy H I 1T gt facgs- R Bl ¥ R e e
* 1 i A% 1 i 1.:.Ww 133 et Ll By pinons Suuind Sdebd
ru it T “ i 3 1] il! He P AR A - B Lk o (Do oy SN
+ 7 x4 F LR IS ¥ DS IIDUMI WIS D TR
1 A ids H il b 1) i
.—m i H 1] H b 1
i L ] 1 +
IR K ) 1
_H + m HC T “ m M __ ™ t g f
} 11 T s T B iire DR
vl.|.N H 1 3. m- + it}
L.k 1 E! 3 H Y 1 1
T t T t 1t n -+
T m T 1 s W 1 H ;
prt pridfrde L i et b e mad
T : it t 1T +
.= COE S Y W Y i TIeTT
R L L) i : LA = 1 T 1
A H H Ty H H T P
H 1 1 i : ] 3 1
1 v gl IR 1 1 Lo ) 1 1 33
[T R y T 1 TP N ) 1 I
1 1 1 ) | 1 i H H
it 1 NSRRI 1 i i :
T i T t + it L i
1 : Il i s i } I I 1
H t 1 g ey 1 + } T
11 I T | (R ¥ T b T T
3 i T T 1 : ta 1 1 +
grr T V.J. + ._ rad Ll Ww rak
T ; I 7 Py -
T 1 I :
$ MM 1 11 LS B R BT it - H“L.,W:Tr
1 : + v =+
1 " i ] L b i NS lﬂw!r.l.a.nl
- e T Db MR AR 1 - HEH R e e s o B
3 b Iy Ty TR H T1 H L) T
iy T NI (I i S REEN ey 3
= T h e e sty
mmr T P o Tt 7 oy 1 2oty +
s L3 W P rrs 1 i [ 1
T I [ ] I 1] 1] ¥ M L) Tl L1 Ni
1 L] T T i T T il
L. A i M H
AR m O } 190 36 T - i ;w m._
[11es AR e e Pl ek o 1
b 1] h-\ 1 v "y E
3t L] 1] 0] ] H 1 H
i L1 1 el HA R + m _. w_ 7
+ t : + :
h : 1 ) = } Eal Bann 1 i
i : t T 15 : e 1 +
g 0 LR} . )3 HE1 1 i 1
[ L. 1 1 IN H 1 it bt | 1 EWY 1 . 1
1 1y 1t L] 1 L I M 3
ew i t T s O] W N i
eI T ] i I 1] H
'Y & __ "_ [ M " “.. 1=
st T : T -
T i s 3
L 2 e G 1 , Ra haBin i1
1 T " T 1 13 T3 n
1 4 I 1 L] RE X 1 T
1 ru N iRl 1 I rik
il I %3 um- 1
¥ 1 i
' T : 1 3 1
v 1 wm H
LS H 13 1 1
T '
: + Hr
i + Rt X g Y
1 " L1 TR0 PN iy . T - H
; 1 o8 bt ; H
1. i * +
EREfRF 1 A 1 i
M 1 1 1 i
e T et T 3
e Tmm 1 b i 3 ¥ T e .
L it : " +
Exx ; T = W _
g .M ? R 3
aE LK) Nt LR B :
T : 3 iy
5 1 L] 1 F]
] & IR W] !
Li L pa bl ! I
i ) A B epeed i
T . "
: i3 et Tid
5 T 3 H i1 Y 1 I f
3 3 : = L | - : N " E—y -+
1 1 [ RN KT ) 3T £} T T = I
3 7 i 1 I F i b3 13 3 Eungs Y | it I
——— L ionedods H I L 1 1 [l ] 4 1L H
7 k] PN 3 ,r..w4 H : - N RN ENSENRN Y L4y R ] -
- ] H - - k] i - —t ] : = .unlllm P R
Y 7 Y + dopeies vdpp- ey =t = [EE Faunt SRR mbags £t [
$3 3 T ] | R 1 1 EY t H I3 NN 33 TR Y iy ) FHF IR [ R
T - ry ¥ m_ . =3 .“ i I :._w... P = SRR LR
B ] " RN g K . MO DS
|1 1 H+H 4 ! T ) T n ..“..l £3 Ty .4".?3..‘... L. S
il r: 2 s {11 BTk hsimen § e R R e marm 4 < TS F o SSwd PN
] k) 1 T ¥ T T H H L1 __ 3 1 1
T3 1 I} Y ] l it L Haolaagp 4 sl
! Iy IR} iy, -l e cran
g } t 1 T ral . T B RS NS 6.0y 1Tl
T i n =gy TR ST k] (RS b i Poph
T TT T T i t PR
W R i RN s N NN
3 1 1 1 i 1 ] ! e ri
4 7 ) bl LA AW
o 3 T B3 + I '
= T T ERRN? - o K] T Hie LI T fon,
: H ] | e e B S
1 . Ly '] I} N NaE] Lis P
] : rHy i L w i e WA N R R S g Rl Bl
El : ¥ T [y 1 . PR N ) Ty atpefeaa P PN
o THTT ! faiseus b reR R e 1 R o s SE53 HURLS U SRl
L E SRS SN NN i " T AR e iR R R e e Sl i - S S
|31 H i 1 % Iy ] [R5 DU Sy I i b 4 FE Elat . - .
s i) N t ' 1Ey iril L.-._.' 1} it m.+w - .-
1 i b 1 ) MM 3 .....r_u : 1 T..Amm“ P [ v
" : L : T I o marme s EAS L KRR JLA.J.. e M
T RN i / LN NWR N g P S B A I Ty
i ; AT HH A T HE ﬁ?t?%ﬁﬁ.ﬂ S H
T T i i R may ISPRRESAESaSRy R I us PR ERE . ey
TH b s Ru gkl S nas oL et
% r ) 13 : g 3 PR dauyye
LR T I i Tz ! ; IR IR R
+ 1 T i T Hir : t SR Bkds wi S5 b S
Loy i o mh EENY NEEN) h.ul =t 2ilyliaad e a4
: 4 —iettd . Tt i -
b R B e e S  RRER Rk st T
I Y o O EC B AT jus ¥ 4L ; pr e b
i -y [aked Fips ] Ty i t e e ..“-.T-
1 il : i} S IRy I WS ANy W -] PERY - -
i Fuguuins m.!!:...r\...»u.v H AL poioiiey e ind gy B w E 343 M : m.m. rrid n—n.
» T8 3l M N DA e ¥ 1.4%1 3 ket n i aet 1 E ks A EE RS IR s s S
SE T N B T i + HH4 [ ey e It A s R I EANIE H I
4 P e ENEE RN 1 LY KW N PR IR X fos oo S R TN 1 N
rmans aakanda b 4 biribr fbpairh & R Jl um.._rw ..Tm.f.i_l.*rg: mm;l
L] H I + - - 4 LR R - B
e SR H S PR e R T bR
1 LI H H il L] I I R Lo-d - abgd ey e
e Fpiad buduw punys e Rl Lm:.w S S T R Eri e hirsage il
b . E RRPRA N SIS ki) LI pnk PR ARG g friphing I .
ﬁ\‘wh. o H L A e W.Tﬂr;w U DT R R PR
bioy i S [N A R N 33 |berbigperd baltafs o Taefdesppesiil s m Iaddlesphtaqtef i tiza.
e Y e R e ol Se R e e it s Hes v S e
T i i B - PRy A - B B PEAE i 4 (i .
i st prra i LA R st s ey e e e rnndbgd 30 S Iptti I el
NN RS N RN I D] PR SR Ty N A M I3 Y W PSSR EN RN RSN N U SR I I PN
Hot i ,m:n.xt wam.;. e R e o o STtk g e e e A v?“}m%m“ :
BNNEESEPR RN Ipe 1y by - i 3 W. 3e R S e P
pad e e IS E M H o S R e R w;&.w\rf (N o DR SR L..ﬁ. A ...{
RN R RSN E P 94 PR 3 . ) [SRWH A LW A0y IMINE
SEaERlas i RARRA FART o PUDDS FRRSDASRE 8 bt cu bRaTE R LY Peaag g Y ppin AT
+ 3 ik FEE R . .w i mle _._n*.,—, b i thivents
H Bl yin e Ve s e b PR b B by e AT 0 T} 1




to ambient temperatures near .the boiling point of the fuel. If
this same result is discovered at other values of the ambient
pressure as well, this will constitute ample justification for
the use of the simpler Godsav analysis.

The effect of ambient temperature on the values of Ygqo, n*
and T* are shown in figure 6. The value of Y¥Ypg>l as T, increases,
in accordance with the assumption of the Godsav, diffusion-flame
approximation (Y¥pg—j). The hypothetical flame surface moves away-
from the droplet as T. increases; this stems from the fact that
in order to sustain a stoichiocmetric combustion process, the-flame
location must move away from the flame surface where a larger
quantity of fuel vapor (¥pg) is being produced. Finally, T* ex-

hibits a linear dependence rmn T
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C. The Reduced Godsav Analysis

Preliminary runs which coupled the complete Godsav analysis
to the fluid dynamics program indicated that the running times
were excessively long. (Roughly, five times slower than with the
elementary energy term previously used.) As a consequence, the
results obtained to date from the Godsav analysis (Ref. 2) were
used to formulate the following simplified version of this analysis:
The weak, almost linear, temperature dependence of the dimen-

sionless mass burning rate can be approximately expressed as
azop = (3.73 x 1079) (T,) + 1.855 (19)

where asgg is the dimensionless burning rate at a chamber pressure

dependence is approximately given by

_[Pe 0.0108
6o {300 (20)

Once ay, is computed, the burning rate in statiénary surrounding:

Gl

is obtained from
m@ = 21k dp ag (21)
“p
where di is the drop diameter, and the thermal conductivity and
specific heat aré functions of the liguid drop temperature.
The drop temperature, Ty, which is the boiling temperature

at the chamber pressure, can be obtained to a good approximation

from the integrated Clausius-Clapeyron equation

12



In p_ =(8.7x109/1 -1 (22)
7131 II76 T,

where p is in psia, Ty, is in °R, and the critical point conditions
are 2131 psia, 1176 °Rr.

Knowing T, K is obtained from a linear curve fit of the

data in Ref. 6:

K= 1 [}—8.33 X 10_5) (TL—460) + 0.2107] (23}
3600

and cp is obtained from Ref. 7:

_ -3 o -6 ;2
o, = 0.138 + 0.527 x 1077 Ty - 0.120 x 107 Ty, (24)

From ﬁg, the burning rate in the convective environment is

then obtained from (see Ref. 3, eq. 21):

thp
e

-1+ 0.276 (Re)? (pr)/3 (25)

Under the engine conditions of interest, the following con-

stant values are reasonable:
1/3

Pr = 0.6
_ Btu
Ly = 540 ZE8
L, = 178.2 Btu
1bm
Q = 12,400 2%
1bm

where Lp is the latent heat of the fuel, L, is the latent heat of
the oxidizer, and Q is the heat of reaction. The appropriate terms
in the y-vector of the fluid dynamics program may now be obtained
as shown in Ref. 3 (eq. 22). Results obtained using this approxi-

mate formulation are shown elsewhere in this report.
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