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ABSTRACT

A simple analysis has been developed to describe the transition of
hybrid rocket combustion from the diffusion-limited region at high pres-
sure to the kinetic-limited domain at low pressure. Good qualitative
agreement has been obtaihned with measured regression rate behavior in
those operating regimes where surface effects such as excessive melting

or charring do not occur.
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NOMENCLATURE

B Thermochemical mass transfer number

c Specific heat at constant pressure

C . Constant

Dy Initial diameter of grain

E Gas-phase activation energy

G Total mass flux

GJ Oxidizer mass flux per unit area at x = 0 and t = 0
n Order of the gas-phase reaction

L Length of grain

P Pressure

P Chamber pressure

Heat release per unit mass

r Regression rate

R Gas constant

Rex Reynolds number based on x

t Time

t, Characteristic time associated with combustion

T Temperature; characteristic time associated with turbulent mixing
U Flame temperature

Uw Wall temperature

Subscripts
o

Conditions with zero surface mass injection; oxidizer

@ Limiting value at high pressure

vi



I. INTRODUCTION

Interest in the development of the hybrid rocket as an important
prbpulsion device has naturally led to a consideration of its behavior
over a wide range of operating chamber pressures. Early studies of
hybrid combustion concentrated on the high-pressure regime in which the
regression rate of the vaporizing surface is controlled by turbulent
diffusion in the boundary layer, to the exclusion of any chemical kinetic

effects. 1€

The theory shows that in diffusion-limited combustion the
regression rate is independent of pressure and depends only upon the mass

flux through the port.

As the operating pressure is decreased, however, a pressure thresh-
old is reached below which the chemical reaction time becomes significant
compared to the mass diffusion time. In this regime of operation the
regression rate becomes pressure-dependent at a fixed mass flux. Thus,
the next step in the orderly development of hybrid combustibn theory was
the description.of the behavior in the pressure-sensitive regime, which
was carried out under a previous contract.?’ It was found that a rela-
tively simple analytical model baseé‘on classical turbulent flame theory
exhibited good agreement with the observed regression rate/pressure

dependence at a single fixed oxidizer mass flux.

The curfent program was designed to supplement the previous investi-
gation by obtaining data at two other oxidizer mass flux values for
comparison with analytical predictions and to investigate the growth and
decay of axial traveling waves produced by injecting pressure pulses
from an explosive device. Only the regression measurements were carried
out before cancellation of the contract after a decision was made by NASA
to terminate their hybrid combustion research contracts. The data obtained

corroborated the agreement between theory and experiment noted earlier.



II. THEORETICAL STUDIES

Theoretical studies carried out up to the time of the contract
cancellation were concerned with improving the predictions of the model
under conditions of varying mass flux. The initial analysis7 gave good
agreement with the regression rate/pressure behavior at constant oxidizer
mass flux, but poor agreement with the regression rate/mass flux behavior
at constant pressure. The problem has now been corrected by a reconsid-
eration of the ratio of chemical reaction time to turbulent diffusion
time in the boundary layer.

The regression rate r is given by the equation?

ry 1
3 2 2 . - 2
I 1- L (1 - e tl/T) (1)
rw t1 t1

where im is the regression rate in the diffusion limit, t, is the charac-
teristic chemical reaction time, and T is the characteristic turbulent
diffusion time. Note that as tl/T~0, i/imﬂl; i.e., when the reaction time
is small compared to the diffusion time, the diffusion-controlled regres-

sion rate is recovered. The other limit, corresponding to tl/T~ ®, is

1
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In this limit, termed the kinetically controlled regime, the flame behaves

as a premixed flame for which
5
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It follows then that
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In the original formulation? the quantity zl/zz appeared as a multi-
plier on the right-hand side of the equation. The distance £; was the
distance that the flame front propagates into unburned gas at the
(kinetic) flame speed while £, was the characteristic scale of turbulence.
In this formulation tl/T was found to be proportional to the square root
of the expression given in Eq. 4; this gave a dependence on mass flux G
that did not agree with experimentally observed behavior. Much better
qualitative agreement with the trends shown by the data is now obtained,

as will be discussed in the next section.

To employ Eq. 4 it is necessary to choose a value for the empirical
constant C. The empiricism enters the problem through the kinetics
formulation in which the functional dependence of the reaction rate, but
not its absolute value, is qhosen. For the present calculations the
constant was evaluated by assuming that i/im = 0.75 when p = 150 psia and
Gg = 0.05/in.2-sec. These numerical choices are supported by the available

" experimental data that are given in the next section.
L4

Calculations of weight loss as a function of chamber pressure for a
5-sec time interval are shown in Figs. 1 through 3. Weight loss is shown
rather than regression rate because it is the measured quantity in the
experiments. A print out of the computer code used for these calculations
is given in the Appendix. Because the physical properties (density, heat
of vaporization, flame temperature, etc.) of PU (polyurethane) and PBAN
(polybutadiene-acrylic-nitrile) are neariy the same,” the computed weight
losses for the two binder systems differed by no more than 2% over the
ranges of pressure and oxidizer mass flux considered. Therefore, there
is no differentiation between the two binder systems delineated in the

figures. Oxygen was considered as the oxidizer in all of the calculations.
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Figqres 1 through 3 show that the dependence of weight loss on
chamber pressure at low pressures becomes more marked as the oxidizer
mass flux increases. Increasing the metal loading at a fixed oxidizer
mass flux also amplifies the effect, in this case because of the depen-

dence of radiative heat transfer on pressure.

Figures 4 through 6 are cross-plots of the results shown in Figs.
1 through 3 to show the dependence of weight loss on oxidizer mass flux
as a function of chamber pressure. At low chamber pressures, in the
kinetically controlled regime, the weight loss is nearly independent of
oxidizer mass flux. As the pressure increases the slope of the curve
increases, with the proportionality approaching something less than the
0.8 power. Here the diffusion-controlled regime, in which regression
rate is proportional to the 0.8 power of the total mass flux, is being

approached.

The trends predicted by the theory are, of course, those that were
built in through the original formulation of the physical problem. The
problem was formulated on the basis of past results obtained at SRI? and
8=10

elsewhere. A comparison with more recent data obtained under this

contract is given in the next section.
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I1I. EXPERIMENTAL STUDIES

The experimental studies were designed to provide data that would
assist in the development of a theoretical model that could be used to
predict the regression rate behavior and combustion instability limits
for hybrid rocket motors operating in the low-pressure regime. The
experiments originally proposed for this program included four types of
tests:

1. Hybrid motor tests for determining the mean regression rate of

various propellant systems in the pressure-sensitive regime over
a range of oxidizer mass flux.

2. Hybrid motor tests in which axial instability would be induced
by pressure pulses. The growth and decay of the pressure wave
would be studied under varying operating conditions.

3. Slab burner tests to obtain Schlieren photographs of the rela-
tive thickness and position of the flame zone under the various
operating conditions chosen.

4. Atmospheric combustion tests in the combustion simulator to
determine the effect of heat release distribution on the heat
transfer to the wall.

Because of the premature termination of the program only the first phase

of the experimental studies was completed.

A, Apparatus for Regression Rate Measurements

The hybrid motor tests for determination of the mean regression
rate utilized the existing flow facility that is shown schematically
in Fig. 7. This facility was originally designed for liquid rocket
engine tests with cryogenic oxidizers and was therefore constructed of
304 stainless steel with Teflon* and/or Kel-FT seats and seals. Sonic
chokes operated above their critical pressure ratio were used to maintain
a constant oxidizer mass flow throughout each test. These chokeslwere
calibrated against a flow meter in the preceding hybrid combustion insta-

bility program (Contract No. NAS 1-7310).7

*Trademark, E. I. du Pont de Nemours and Co.
tTrademark, 3M Company

11
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The motor configuration used was the same as in the prior program.
The 2-1/2-inch-diameter motor consisted of a 12-inch flow-straightening
section in which the ignition system was housed, a. 12-inch tubular grain
with a l-inch-diameter internal perforation, and a water-cooled nozzle

assembly.

The grain is ignited by preflowing a small amount of oxygen and
propane into the chamber and igniting it with a spark plug. The ignition
system is preset so that it operates near the lower flammability limit
for the oxygen-propane mixture, thus yielding an oxygen-rich high-
temperature source. The time for the flame to spread from the head end
of the grain to the nozzle end was determined to be approximately 1 sec.
Therefore, the main flow valve was delayed for that length of time. The
weight of fuel typically consumed during this ignition process was de-
termined to be 0.5 g which is about 1% of the amount of fuel that would

be consumed in a 5-sec test at a regression rate of 0.0l in./sec.

B. Regression Rate Measurements

Weight loss data were obtained for test durations of both 5 and 10
seconds. The grains were dimensionally measured before and after each
test. The data were obtained for PU and PBAN binders containing 0, 20,
and 40 percent aluminum for chamber pressures ranging from 30 to 250 psia
and for oxidizer_mass fluxes of 0.05, 0.10, and 0.15 lb/in.z-sec. The
oxidizers used for all of the tests was gaseous oxygen. The data from
these tests are presented in Table I. PU and PBAN were chosen for com-
parative binder tests because their surface behavior during regression
is quite different. PU sublimes cleanly at the regressing surface after
a melt is formed, while the regression of PBAN consists of the stripping
of hydrogen from the surface layer, leaving a carbonaceous char that sub-

sequently breaks away in particulate form.

Since these two systems behave differently the weight loss data will
be subsequently discussed separately for each system; however, a brief

discussion of the data handling procedure is in order.

13



Table 1

EXPERIMENTAL DATA SUMMARY

Chamber GO Weight Run

Grain Binder Aluminum Pressure o Loss Duration
Number Type (%) (psia) (1b/in.2%-sec) (grams) (sec)
508- PU 0 34 0.05 45 5.1
509 . PU 0 33 0.05 86 10.0
510 PU 0 77 0.05 58 5.0
511 PU 0 78 0.05 107 9.6
512 PU 0 165 0.05 17 5.0
513 PU 0 170 0.05 147 9.4
514 PU 0 260 0.05 79 4.0
515 PU 0 253 0.05 156 9.2
527 PU 0 75 0.10 59 5.0
528 PU 0 260 0.10 97 5.0
517 PU 0 35 0.15 60 5.0
518 PU 0 35 0.15 ) 108 9.6
519 PU 0 80 0.15 67 5.0
521 PU 0 74 0.15 124 9.6
523 PU 0 160 0.15 87 4.9
524 PU 0 130 0.15 163 9.6
525 PU 0 225 0.15 92 4.9
526 PU 0 230 0.15 202 9.6
556 PU 20 34 0.05 49 4.7
557 PU 20 35 0.05 101 9.5
558 PU 20 72 0.05 60 5.0
559 PU 20 81 0.05 133 9.8
560 PU 20 130 “ 0.05 82 5.0
561 PU 20 138 0.05 174 9.6
543 PU 20 36 0.10 59 5.0
544 PU 20 35 0.10 128 9.8
545 PU 20 71 0.10 84 5.0
546 PU 20 87 0.10 186 9.8
547 PU 20 156 0.10 130 5.0
548 PU 20 163 0.10 252 9.8
549 PU 20" 32 0.15 65 5.2
550 PU 20 35 0.15 128 9.7
551 PU 20 62 0.15 82 5.0
552 PU 20 83 0.15 196 9.8
553 - PU 20 157 0.15 139 5.1
554 PU 20 169 0.15 277 9.5

14



Table I (contd)

Chamber GO Weight Run

Grain Binder Aluminum Pressure . o Loss Duration
Number Type (%) (psia) (1b/in.Z%-sec) (grams) (sec)
445 PU 40 34 0.05 51 4.8
446 PU 40 42 0.05 139 9.4
447 PU 40 103 0.05 116 4.8
448 PU 40 37 0.10 70 4.6
449 PU 40 36 0.10 141 9.6
451 PU 40 75 0.10 100 5.0
565 PU 40 65 0.10 201 9.4
452 PU 40 183 0.10 178 5.0
566 PU 40 177 0.10 174 4,8
567 PU 40 170 0.10 362 9.4
438 PU 40 35 0.15 76 4.8
439 PU 40 37 0.15 164 9.5
440 PU 40 67 0.15 97 4.8
441 PU 40 67 0.15 232 9.8
442 PU 40 153 0.15 186 5.0
443 PU 40 158 0.15 396 9.6
209 PBAN 0 32 0.05 56 5.0
211 PBAN 0 32 0.05 105 10.0
201 PBAN 0] 85 0.05 74 4.0
204 PBAN 0 85 0.05 157 10.1
207 PBAN o 160 0.05 85 5.2
208 PBAN 0o 158 0.05 148 10,0
212 PBAN 0 235 0. 05 75 5.1
213 PBAN 0 220 0.05 123 9.4
498 PBAN 0 32 0.10 55 5.3
505 PBAN 0 35 0.10 112 9.7
500 PBAN 0 80 0.10 84 5.4
501 PBAN 0o 80 0.10 158 9.9
499 PBAN 0 170 0.10 94 5.3
504 PBAN 0 175 0.10 174 9.8
502 PBAN 0 225 0.10 92 5.2
503 PBAN 0 225 0.10 166 9.8
199 PBAN 0 31 0.15 52 4.8
200 PBAN (4] 30 0.15 98 9.5
197 PBAN 0 74 0.15 75 4.8
198 PBAN 0 74 0.15 152 9.4
169 PBAN 0 157 0.15 98 5.0
PBAN 0 158 0.15 188 9.6

192
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Table I (concld)

Chamber GO Weight Run
Grain Binder Aluminum Pressure ° Loss Duration

Number  Type (%) (psia)  (1b/in.%-sec) (grams) (sec)
268 PBAN 20 32 0.05 70 5.1
269 PBAN 20 31 0.05 122 10.0
272 PBAN 20 75 0.05 88 5.3
273 PBAN 20 75 0.05 162 9.6
270 PBAN 20 150 0.05 101 5.2
271 PBAN 20 158 0.05 172 10.0
274 PBAN 20 220 0.05 87 5.0
275 PBAN 20 210 0.05 143 9.6
477 PBAN 20 32 0.10 56 5.2
478 PBAN 20 32 0.10 122 9.6
479 PBAN 20 77 0.10 94 5.3
480 PBAN 20 80 0.10 177 9.8
481 PBAN 20 145 0.10 108 5.3
482 PBAN 20 149 0.10 199 9.8
483 PBAN 20 230 0.10 111 5.3
484 PBAN 20 236 0.10 187 9.8
260 PBAN 20 31 0.15 65 4.9
263 PBAN 20 31 0.15 128 9.6
258 PBAN 20 67 0.15 91 4.8
259 PBAN 20 70 0.15 184 9.5
256 PBAN 20 150 0.15 119 4.8
257 PBAN 20 145 0.15 242 9.6
456 PBAN 40 30 0.05 62 5.2
457 PBAN 40 30 0.05 120 9.6
458 PBAN 40 75 ~ 0.05 95 5.2
460 PBAN 40 75 0. 05 189 9.6
461 PBAN 40 150 0.05 111 4.9
462 PBAN 40 155 0.05 198 9.6
470 PBAN 40 35 0.10 74 5.2
471 PBAN 40 39 0.10 153 9.6
468 PBAN 40 78 0.10 112 5.2
469 PBAN 40 85 0.10 219 9.8
466 PBAN 40 160 0.10 132 5.2
467 PBAN 40 167 0.10 252 9.6
323 PBAN 40 30 0.15 73 4.9
324 PBAN 40 31 0.15 138 9.4
320 PBAN 40 71 0.15 100 4.9
321 PBAN 40 78 0.15 215 9.6
318 PBAN 40 147 0.15 145 4.8
319 PBAN 40 155 0.15 315 9.6

16



Typical weight loss data as a function of time are presented in
Fig. 8. The mean chamber pressure at which the fuel is burnt is denoted
beside each data boint. Since minor variations in test duration did
occur, the data were standardized at 5 sec. This relatively short time
was chosen to minimize the effect of the change in oxidizer mass flux
as the internal perforation diameter increased. The data were then
plotted as a function 6f chamber pressure and oxidizer mass flux for the
various aluminum loadings made. From the weight loss Qersus chamber
pressure curves, constant pressure lines were constructed for the weight
loss verus oxidizer mass flux curves. The chamber pressure values used
are mean values. For either pure PBAN or PU the observed pressure devi-
ation about the mean was very minor. However, in the systems that con-
tained aluminum the deviations were much more severe because of the coating
of the nozzle throat with aluminum oxide. The most severe cases were those
in which the chamber pressure was high and/or the oxidizer mass flux was
low; both cases necessitgte small nozzle throat sizes. With this varia-
tion a precise mean value of chamber pressure for repetitive tests were

difficult to obtain.

Under the current program the first data to be taken were the weight
loss data at the low value of oxidizer mass flux. These data are pre-
sented in Fig. 9. Upon examining the data, it can be seen that the PBAN
results fall off for chamber pressurtés above .150. One possible explanation
is that this declirtie occurs when the velocity is reduced below the level
required to efficiéntly remove the char layer that is present. This idea
is supported by the results shown in Fig. 10 where the oxidizer mass flux
is 0.10 lb/in.z—sec. Here the velocity is large enough to stabilize the
regression rate for pressures over 150. In Fig. 11 the oxidizer mass.flux
is further increased and the regression rate becomes a function of chamber

pressure throughout the range of test conditions.

The dependency of weight loss of the PBAN system on oxidizer mass flux
is depicted in Figs. 12 through 14. At lower values of chamber pressure
the regression rate is relatively independent of mass flux. However, as

the chamber pressure is increased the transition from a kinetically

17
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controlled regression rate to a diffusion-limited process is apparent.

As mentioned previously the PU system exhibits a different combustion
mechanism than the PBAN system. As can be seen from the weight loss versus
chamber pressure data which are also shown in Figs. 9 through 11, the PU
system's regression rate is dependent upon chamber pressure for all of the
values of oxidizer mass flux investigated. Since this system melts rather
than chars, the velocity effect at constant oxidizer mass flux is absent.
However, the influence of velocity is noticeable at low chamber pressures
and high oxidizer mass flux. This is thought to be an erosion effect which
is diminished by the addition of the aluminum. The aluminum not only in-
creases the viscosity of the melted surface layer but also reduces the

thermal profile thickness by increasing the regression rate.

C. Comparison with Calculated Weight Loss Behavior

A comparison between Figs. 1 through 3 and Figs. 9 through 11 shows
that the qualitative behévior of weight loss as a function of chamber
pressure is in best agreement with the calculated behavior at the highest
oxidizer mass flux. At the lowest value of mass flux the PBAN curves
tend to droop at high pressure, presumably because the veloéity is. too
low to remove the char layer, and the PU curves tend to rise at low
pressure, presumably because of eros}ve effects on the melted binder surface

at low pressure. This behavior is also reflected in a comparison of Figs.

4 through 6 with Figs. 12 through 14.

In all cases the measured weight loss is larger than the predicted
value. The reason for this discrepancy was not known at the time work was

halted on the contract.
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IVv. CONCLUDING REMARKS

A simple analysis to describe the transition of hybrid rocket com-
bustion from the diffusion-limited region at high pressure to the
kinetic limited domain at low pressure has been developed. Good quali-
tative agreement has been obtained with measuréd regression rate behavior
in those operating regimes where surface effects such as excessive melting

or charring do not occur.

It remains to be seen whether the simple model can describe insta-
bility behavior in the pressure-sensitive regime. Future investigations
of hybrid combustion phenomena should be directed toward an understanding

of this regime of operation.
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Appendix

COMPUTER CODE FOR CALCULATION OF HYBRID REGRESSION RATES
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000003
000003

000003
000015
000015

000077
000100
000100
000106
000106
6003120

OOOOONOOOO00OOOOODO000ONOOON0A0A00000000A0MNO

PROGRAM MYBRID(INPUTQUTPUT,,TAPESSINPYT» TAPE63OUTRUT)
REAL LoKoeK)1oK29KIsKOoKSoKBsKDoMoMO oM 9M29MIsNI100) s NNoMR
DIMENSION D(100)sDATE(12)sFUEL(12)40XIN(12)
THIS PROGRAM IS BASED UPON MEAT-TRANSFER LIMITED HMYBRID THEORY,
IT CALCULATES THME REGRESSION BEMAVIOR oF A CIRCULAR TUBE FUEL
GRAINe TRE INPUTS WNHICH ARE NECESSARY FOR OPERATION OF THE
PROGRAM ARE OEFINED AS FOLLOWS!
DO IS INITIAL INNER DIAMETER (IN.l
L IS LENGTH (IN,)
D2 1S OUTER DIAMETER (IN,)
K IS »aASS FRACTION OF NON=VOLATILE SURFACE MATERIAL
K1 IS MASS FRACTION OF VOLATILE SURFACE MATERIAL WHICH FORMS
PARTICULATE COMBUSTION PRODUCTS
K2 IS TOTAL DENSITY OF FUEL GRAIN (LB/INwe3)
KJ IS EFFECTIVE MEAT OF GASIFICATIoN tBTU/LB)
Mo IS OXIOIZER FLOw RATE (LB/SEC)
(IF M0 VARIESs IT MAY ETTHER HE READ AS DATA OR
DESCRIBED BY AN EQUATION)
PO 1S CHAMBER PRESSURE (PSIa) (SEF THE aABOVE)
J IS CASE NUMBER
Js} IF PARTICLES IN THE GRAIN PRODUCE PARTICULATE
COMBUSTION PRODUCTS .
Js2 IF PARTICLES IN THE GRAIN PRODUCE GASEOUS
COMBUSTION PRODUCTS
J=3 If A COMPLETELY VOLATILE GRAIN PRODUCES PARTICULATE
COMBUSTION PRODUCTS
Uo IS OXIDIZER TEMPes AT INLET (DEG RANKINE)
US IS COMBUSTION TEMP. AT AN O/F RATIO WHICH IS 3/6 OF THE
STOICHIOMETRIC VALUE AT S5 ATM. PRESSURE (DEG RANKINE)
C7 1S GAS=PHASE RADIATION CONSTANT
Ke IS MASS OF OXIDIZER CONSUMED PER UNIT MASS OF NON=VOLATILE
SURFACE MATERIAL IN PRODUCING PARTICULATE COMBUSTION PROQUCTS
KRg IS MASS OF OXIDIZER CONSUMED PER UNIT MASS OF VOLATILE
SURFACE MATERJIAL IN PRODUCING PARTICULATE COMBUSTION PRODUCTS
C8 IS MASS OF PARTICULATE COMBUSTION PRODUCTS FORMED PEKR UNIT
MASS OF NON~VOLATILE SURFACE MATERTAL
€2 1S EMISSIVITY (aBSORPTIVITY) OF FUEL SURFACE
B IS MASS TRANSFER NUMBER
K8 IS DENSITY OF PARTICULATE COMBUSTIUN PRODUCTS (LB/IN®#3)
€2 IS BOUNDARY LAYER DENSITY CORRECTION FACTOR
S IS OXIDIZER VISCOSITY AT TEMP., Up (LB/IN=SEC)
T1 IS TIME INCREMENT FOR CALCULATIONS (SEC)
T2 15 QUIT TIME (SEC)
T3 IS TIME INCREMENT FOR PNINTOUT (SEC)
X1 IS DISTANCE INCREMENT FOR CALCULATIONS (X/L)
C9 IS THE RADIATION TEMPERATURE CONSTANT
R6 1S TWE PARTICLE RADIUS IN MICRONS
READ(S5¢1000) (DATE(])elI=)1e12)
1000 FORMAT(12A6)
10 READ(S+1010) DOyLsD29KoK14K29KIgK&eKS9CB9CO9T19T20T3I,
1 MOsPOIUOIUSHE2+BIKBsR61QF
IF(00«EQ.0+0)G0 TO 850
1010 FORMAT(TFL0.4)
READ(Ss1020) J
1020 FORMATI(I1)
READ(591000) (FUEL(I)elIslye12)
READ({5+1000) (OXID(I)el=1912)
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0n1
on2
no
004
nns
0ok
a7
[ L]
009
D10
LA D]
012
013
016
01s
06
017
01a
219
020
021
nz2
023
026
02%
026
027
028

010
031
03?7
033
N34
035
036
037
034
0139
040
ne)
a2
043
046
0aS

046
047
nan
049
0s0
0sl
0s2
0s3
054
0sS



000132
000133
000140
000141
000143
000146
000148
000147
000151
600162
000165
000167
000167
000171
000172
000175
000202
000203
000205
000206
000210
000215
000216
000222
000223
000225
000226
000230
000234
000235
000237
000240
000244
000244
000247
0002s2
000252
000264
000264
u00304

000304
000352
000370

000370

000370
000374
000406

€£3s0,0
U2BUS591(],043.,33E=4%(P0=75,0))
C720,003

CP30.4

NN=2,0

 EF®27000,0

3000

3010
3020

8888
2000

2010
1

2020

NV > WN-

2021

[ Lo

RR=0,75

TERSZ2,0

TEXB2, 0O TERSRR®B2OTER®®242,09EXP (=TER)
IF{TEXeLT2.01)G0 TO 3020

TER=TER+0,01

GO Y0 3000

TERSTER=0,.01

80 Y0 3000

IF(TEXeLTe199)G0 TO 3010

wRITE (642070) TER

MR®0,0433

AR=(,8659

PR2150.0

UWR21440.0

UFHaUS® (] ,003¢33E~4*(PR=T5,0))
£133,307€-15
C6m(3,0016,387E12)/(4,00KBERpNa]T)

Jis1

Cls0.036

c2zl.0

S%3,00E=-¢

C3s(S/L)#e0,2

C533,14159

CeanCS/4,0

X180.02

143INT(0,1/X140.5)

wa20,.,0

ulsCcoeye

WRITE (6+8888)

FORMAT (1K1)

WRITE(6+2000) (DATE(l)el®]e12)
FORFMAT(1H +50Xe12A6/)

WRITE(6¢2010) (FUEL(I)9I®1el12)9(OXID(I)9I31012)
FORMAT (Soh REGRESSION BEMAVIOR OF A CIRCULAR TURE FUEL GRAIN//
6H FUEL=v12A6710H OXIDIZER=912A6/)
WRITE (692020) DOsLsK2yKIgByPOMO,UOsU2,Ul sCToER2eKeK1sK&9KS,+CB
WRITE(6+2021) Tlox1y734724y

FORMAT (19R INITIAL CONDITIONS/71SH DIAMETER seE14,5/
15K LENGTH S9E14457]15H DENSITY s4E14.57
1SH EFF e« H=SUB=V ®3E14.,5/15H BEE 24E14,5/
15 PRESSURE 29E14,5/15H OXIpe FLOW s¢E14,5/
15K INLET TEMP, =,E14,5/15H FLAME TEMP, c4E14,5/
154 RAD. TEMP, 2eE1445/7154 GAS CONST, seE1645/
15 WALL ABSORPT.Z9E14,5/15H METAL PCTe  BeE14,.5/
154 PART. PCT. =4€l4,5/15H 2€Ta =9g14,5/
15K 2ETA=) 5,E14,5/15H4 LaMBDA =4E14,5)

FORMAT(1SK DEL=T 39€145715H NEL=X/L 29€14.57/
15 PRINT TIME  ®sE14,5/15H QUIT TIME  34E14,5/
154 CASE 914)

WRITE (6,8888)
WRITE(692000) (DATE(I)elm1y12)
Q6=C)#C2eC3%(B)**0,23

29

056
087
ns9

LX)

0s3
Nkée
065
(1)
067
LLY]
0A9
070

ar2
073
n7é
0TS
076
07?7
078
079
0RO
0al
na2
0R3
0R4
J-1:
0R6
nA?
0ng
0R9
0q0
LB}

092
091
094



000416
000415
000616
000420
000421
000422
000424
000426
000431
0004233
000437
000442
000445
000447
000456
000660
000461
000464
000466
000467
000672
000501
000503
000515
000522
200526
000535
000541
000550
000555
000556
000574
000575
000604
000612
000615
000633
000634
000646
000646
000652
000657
000660
000661
000674
000675
000702
000704
000707
000721
000722
000731
000731
000735
000741
000742
000745
u00T46

155

Tes0,0
T5=0,0
T80.0
xsX]l
1=l

C11sle

165
1715

190

200

210

220

255

280

295
300

325

340
345

360

MEMO

IF(T«GT+0.0)G0 TO 175

D(1)=p0

R3=(X®L)/(S.0%D (1))
IF(R3.LE.1+0)G60 TO 190
1IFtR3,6T.5.0)G0 TO 200
IF(R3.6T.1.0160 TO 210
E‘D(I).(100'0121.(93)..0.3)

us=uo

GO 10 220

E‘u(l,.(100'0021’

usy2

60 10 220

EsD(1)®(1¢0°0421)

U=U0s ((U2=UD) 74,0)® (R3=1,0)

ABCH® (E)se2

Q1aCoe (X)¥8 (=, 2)®(M/0)990,8
Q3=C5%01°00%X1%L
R1=Gl/(x2#(l,0eK))

GO 10 (255+3459300)0J

IF(1,67,11G0 TO 280

MIMQ® (], 0~K"K4/ (],0-K))*Q3
M12M00Q38]1,0/(1,0~K)

95263 .
N(1)sC6eCOOK/ (1,0K)®P0/Us] ,0/M8Q30 (R3)#e(=0,8)
60 TO 366

MBMS (], 0=K®K&/ (] .n=K))*0s
MlapleQanl,0/(1,0=K)
IF(R3,6T7,1,0)60 TO 295
N(I)SCo®Ca®K/(]1,0=K)O®PQ/U®],0/M®Q5%(R3)**(=0,8)
GO T0 366

N(I)SsC6®CA®K/ (140=K)®PQ/UR],0/M®QS
GO T0 66

IF(1,GT.,1160 TO 325

MEMQe (] ,0=K1=K1®K5)*Q3

MlEM)eQ3

952Q3
N(I)ZC6®K19P0/UP] 0/MRQ3® (RI) ®4 («0,8)
G0 TO 366

MEMe (] ,0°K1=K1®K5)*Qs

miznleQe

IF(R3,67,1.0)160 TO 340
N(I)2C6®K1®PO/UP],0/M®Q5%(R3)*®(a0,8)
GO TO 366

N(I}sC6%K]1*PO/U®],0/M*Q5

G0 TQ 366

IF(1.6T.1)60 TO 360

MeMOe (1,0/(1l.0=K)}2Q3

LBE 14

N(l)=sC7ePQ

GO TO 366

MEMe (]1,0/(1e0=K))*Qs

30

nas

0ag
0a?
098
0q9
100
1n1
1n2
103
104
ins
106
107
l1nn
109
110
im
112
113
114
118
116
117
118
119
170
V21
122
123
124
128
126
127
128
179
130
13
132
133
134
135
136
137
138
139
140
141
142
143
146
145
146
147
14R
149
150
151



000752
000753
000756
000760
000761
000771

001032
001081
0031052
001054
001057
001087
001067

001130
001147
001150
001153
001186
001157
001157
001161
001162
00116
001166
001173
001206
001215

001256
001275
001305
001306
001311
001314
001320
001324
001325
001327
001327
001330
001334
001336
001337
001342
001342
001346
001346
U01l347
0013852
001353
001353
001357

001357
001363

66

Mlsp

NiI)aCT*PO

IF(J]1.EQ.2)G0 TQ 371

R2sR]

UWSUWR/ (1 ,0=UWR®ALOG(10,0%R2) /EF)

TEESTER® (M/MR®AR/A® (PR/PO) ®ONN® (UFR/U2)®* (NNe2.0)®(1,0=CP® (UFR=UWR

-1 1/7QF) 7 (1,0=CP®(U2=UW) 7QF ) *EXP (=UFR/L2))

an

3rs

382
384

387

R2BR2#((2.0/TEE)®®0 .50 (],0=],0/TEE®(],0=EXP{=TEE)))®ep,S)
GO To 390

IF{JsEQe2)G0 TO 384

IFIN(T) eGT40.01G0 TO 375

RE3R)

UWBUNR/ (1 ,0=UWR®ALOG(10.08R2) /EF)

TEESTER® (M/MR®AR/A® (PR/PO)®ONN® (UFR/U2) ®® (NN+2,0)# (] ,0=CP® (UFR=UWR
1 Y/QF )/ (1,0=CP®(U2=UW) /QF ) *EXP (=UFR/U2))

R23AZ® ((2,0/TEE) #®0,5%(1,0=1,0/TEE®(1,0-EXP(=TEE)})*40,5)
GO 10 390

IF(LeLTe14)GO TO 382

IF(1.GT+(8®14))GO TO 382

IF(I.€Q.I1)G0O TO 382

GO 10 387

IF(TeEQeTS5)GO TO 590

60 10 387
IF(1eGTe(2°14))GO0 TO 387
GO To 375

Q2BE)*E2/KITEI(U]) *o4

R28G1® (Q2/Q1+EXP(«Q2/Q1) )/ (K29 (1,0-K))

UWSURR/ (1,0=UWR®ALOG(10.0%R2) /EF)

TEEs‘[ERO (M/MR®AR/A® (PR/PO) ®oNN® (UFR/U2)®® (NNe2+0)®(1+0=CPe® (UFR=UWR
) Y/QF )/ (140=CP® (U2=UW) /QF ) *EXP {=UFR/U2)}

R28R28 ((2,0/TEE)®®0,59(1,0=1,0/TEE®(1.,A=EXP(=TEE)))®®0,5)

390 QABCSOK2e (] ,0=K}®R2#D ()Xo
Q52C05+Q4
IF(I.EQ.11)G0 TO 495
D(1)=D(])e2,0%R2*T1
IF(D(1)eGT4D2)GO YO 795
405 IF(X.GT40,995)G0 TO 425
18]l
XxaXexl
GO TO 165
425 IF(T+EQe0e0)GO TO 450
MIB (M) eM2)/2,0eM0
wawem3oT]
Meam]
IF(T,EQ.T4)6G0 TO 455
TaTel) -
IF(T,GT«T2)G0 TO 800
60 To 155
450 MasM)
IF{J14EGe2)G0O TO 455
Jl=2
GO T0 155
455 wRITE(692030)
2030 FORMATI(/13M AVGe DEL=R¢6XsBHNT, LOSS,6XeBHGAS FLOWSXe
1 1OMTOTAL FLOW9eTX93HG=0)
WRITE (692035)
2035 FORMAT(1O0M (IN)ol1XobH(GM) 98X eBH (| B/SEC) 16Xe8H(LB/SEC)
1 IXe 12N (LB/IN2=SEC))

31

182
163
154
185

156
187
158
189

140

143
144

166

1#8

170
171

172
173
174
175
176
177
178
179
1a0
18]
1a2
1a3
184
188
1A6
187
1aA
1R9
lq0
191
192
193
194
19%



001363
001373

001376
001400
0olaos
001621
001421
001423

© 001425

001430
001430
001432
001637
001441l
00144}
0Ul44]
001444
001446
001447
001455
001455
001461
G016l
001665

001465
001471

00147]
001674
001477
00}50

00*52%
volsaa
001527
001533
001534
001535
001540
001542
001544
001545
001556
001587
001561
001562
001565
001566
001570
001574
001600
001614
001617
001622
001625
001626
001627
001631

2040

495

So06
510

520
2050

2055
2060

2065
1

S35

2070

590
600

633
635

645

650

666

D63 (w/ (CAOK2®L) ¢ (DD) ®92) #0805

AVGD= (D6=00) /2,0

wTL2w®45346

GSUBO=MO/ (C4® (D6) @#2)

WRITE(6+2040) AVGDeWTLIMeMleGSUHO

FORMAT (SE14,57/)

TaTeT)

TesT4eT3

IF(T,67,12)60 TO 800

GO 10 15%

IF(T.EQ.T4)GO TO Sne6

D(I)aD(I)e2,00R2eT]

fl=fle]s

GO T0 &05

IF(J]1.EQ,2)60 TO Slo

GO TQ 405

IF(11.EQ.16)G0 TO 520

GO TQ S35

WRITE (602050) T .

FORMAT (/11N TIME/F1040/)

WRITE {6+2055)

FORMAT (25h TOTAL97X,10HCONVECTIVE)

WRITE(6+2060)

FORMAT (13M DISTANCE +SX9BHREG RATE 164X +AHREG RATE»8X
SHOEL=Ro7X+s9HTUBE AREAsSX+s9HFLOW AREAs5X910HEMISSIVITY)

WwRITE(602065)

FORMAT(11h (X/ZL) ¢ 7X9BH(IN/SEC) 06X yBHIIN/SEC) 98X oM IIN) ¢
IXeTHIIN®®2) 4 TX s TH{IN®®2) /)

DELR=(D(I)=00) /2,0

TUBEA=C4#(D(1))ee2

FLOWASCa®(E) *®2
HRIT£(6o2g7ol XoR29R1sDELRyTUBEASFLOWAE]
FORMAT(TELS

D(l)asD(])e2,0%R2eT]

IF(D(]I) «GT,D2)G0 TO 795

113l1+16

GO TQ 405

758754 (2,0°73)

REU(]) /2,0

RO=R=0,25

Y1283,14159/3060
Y23ATAN(160/( (R®R)/ (RO®RO)=1,0)*%0,5)
E320.0

J5s1

K9s],0

YsY1/100,0 ]
253,14159/2,0

Jeul -
Y3m2,09R*COS(Y) .
IF(Y¢GT,Y¥2)GO TO 650

SIs(v3/2. o-(ROORo-RORO(SIN(V))'02)000.5)/SIN(Z)
X3zsgeexle|

Seav3/SIN(2)

IF{Y.LTeY2)GO TO 666

K9%0,0

$330,0

IF(J5.EQ,11G0 T0 670

SSEUKIOEXP (eN(I=J4) #SI) eKQEEXP (=N ([=J4) 8 (S4=S3) ) oEXP(=N(I=-U4)*54)

32

196
1a7

198

219
220
221
222
223
224
22%
226
227

229
229
230
231
232
233
234
2135
7236
237
238
239
240
241
24?2
243
244
245
246
247



001656
001657
001704
001714
001721
001724
001727
001731
001733
001738
001740
001742
001742
0017sl
001754
001754
001756
00176l
001761
001763
V01764
001765
001766
001772
001772
001773
001775

670
675

GO T0 675

SSEKQGEEXP (=N{14Ja) ®S3) ~KISEXP (=N (I4J6) #(Se=5S3)) ¢EXP(=N(]+Ja)®Ss)
S63(],0-55)®(SIN(Z))®e22COS{Y)

213(v3exX1oL)/ ((XI)®e24(Y3)0e2)

S7356%21°Y1%240/3414159

. E3ZEIeST/1,06988

708

720

745

750
195
2080
800
8so

2s2-21

JésJse)

IF{J5.EQ.1)G0 TO 705
[F{J8,GT,11GO TO 720
IF(Je,G6T,10)60 TO 720

GO TO 645
IF(JesGT4(140/X1=1))G0 TO T20
I1F{J4.GT,101G0 TO 720

GO TG0 645

YsYev)
IF(Y.6Te(3016159/2.0))G0 TO 745
GO 10 635

IF(JS.EQ2)G0 TO 750

J5=2

GO TO 633

GO To 387

wRITE(6+2080)

FORMAT(/37TH SPECIFIED EXTERNAL DIAMETER EAXCEEDED/)
GO 10 10

STOP

END

33

248
249
250
2%1
252
253
254
255
256
287
2SR
259
260
261
2h2
283
264
285
266
247
rLY:]
2~9
27n
27
212
273
274



REGRESSION BEMAVIOR OF A CIRCULAR TUBE FUEL GRAIN

FUELaPU

OXIDIZERSOXYGEN

INITIAL CONDITIONS

DIAMETER
LENGTH
DENSITY
EFF. WeSuBeV
HEE
PRESSURE
OXIDes FLOW
INLET TEMP.
FLAME TEMP.
RAD, TEMP,
GAS CONST,

WALL AHSORPT,

METAL PCTe.
PART, PCT,
2ETA
2ETA-]
LAMBDA
DEL-T
OEL=x/L
PRINT TIME
GUIT TIME
CASE

1.05000E+00
1420000E+01
4.27014E=02
©.30000€02
9410000€+00
5400000 +01
4.33000€-02
5.40000E +02
6411863€403
3459164E403
3.00000€-03
9,00000E-01
2,00000£-01
0.

8.88000E~-01
0.

1,88800€+00
2.50000E-01
2,00000€-02
1,00000¢400
5.00000E+00
1
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MAR & 1970



TIME

DISTANCE
(X/70)

1.00000E=-01
2.00000E=01
3.00000E=01
4.00000E=01
5.00000E=01
6+00000E=01
7400000E=01
8.00000E=01
9.00000E=01
1+00000E+00

AVGe DEL<R
tIN)

0o

TIME

DISTANCE
{(X/sL)

1.00000E=01
2,00000€-01
3.00000E=01
4.,00000E=01
5.00000E=0])
6,00000E~-01
7.00000E-01
B.00000E-01
9.00000€E=01
1.00000E%00

AVGe DEL=R

(IN)
7.04133E-03

TImg

DISTANCE
(X/L)

1400000E=01)
2400000E-01
3,00000E=01
4400000E-01
5400000€E=01
6.00000E=01
7¢00000E=01
8.00000E-01
9.00000E=01
1.00000E+00

AVGe DEL=R

(IND
1.40594E=02

TOTAL
REG RATE
(IN/SEC)

7.91429€-03
7431592603
609981 1E+03
6+78799E=03
6+61644E=03
6¢47172E=03
6¢35357E~03
6.25408E+03
6¢16832E=03
6¢09307E=03

wT, LOSS
{GM)

0.

TOTAL
REG RATE
(IN/SEC)

7.89751E=03
7+30639€=-03
6¢98960€E-03
6.77832E=-03
6¢60929E=03
69‘66‘85'03
6+34976E-03
6.25137E-03
6.16648E-03
6409193E~03

wl, LOSS

(GM)
5,43491E400

TOTAL
REG RATE
(IN/SEC)

7.88208E-03
7.29792€-03
6:98210E=03
6:76970E=03
660260E+03
6:46161E-03
6034626E=03
6:24891E+03
6216484E=03
6:09093E=03

wl, LOSS

(GM)
1,09239g+01

CONVECTIVE
REG RATE
(IN/SEC)

1436723E=02
1.31353E=02
1032913E=02
1.37389€-02
1436930€-02
1,33573E~-02
130982E=02
1428926E=02
1427264E=02
1:25901€E=02

GAS FLOW

(LB/SEC)
5.07208E=02

CONVECTIVE
REG RaVE
(IN/SEC)

1.33308E=02
1,28209E~-02
1029764E=02
1.34122E=02
1.34291E=02
1.31072E~02
1.28590E=02
1,26624E-02
1,25037E=02
1.23738E=02

GAS FLOW

(LB/SEC)
S+07943E=02

CONVECTIVE
REG RATE
(IN/SEC)

130037E=02
1.25190E=02
1426739E=02
1430985€-02
1:31740E-02
1.28652E=02
1026274E=02
1.264393E~02
1.22878E=02
1e21641E=02

GAS FLOW

(LB/SEC)
$.08687E=02

MAR & 1970

DEL=R
(IN}

Qe
Oe
[
O
O
O
O
O
0.
Qe

TOTAL FLoWw

(LB/SEC)
5.52229E02

DEL=R
(IN)

7.90782E=p3
7431220603
©499478E=03
6,78423E=03
6461367E=93
6,46967E=03
6435207€+03
6,25299E=93
©.16757E=03
6+09258€=93

TOTAL FlLow

(LB/SEC)
5.53410E=n2

”

DEL=R
(IN)

1¢37997E=p2
1s46156E=02
1.39817E~-92
1635594€=n2
1432206E-02
129345F=p2
1427007E-02
1425036E-92
1023336E=02
1421843E=n2

TOTAL FLOW

(LB/SEC)
5.54605€~02

35

TUBE AREa
(IN®®2)

B8465901E~01
8,65901€-01
8465901E=01
8,65901E=01
8.65901€=0]
B8,65901E=01
8.,65901E-01
8,65901E~01
8,65901E=0]
8.65901E~-01

G=0

(LB/IN2-SEC)
5,00057€=02

TUBE AREA
(IN®®2)

8,92182E=01
8,90189E=01
8.89128E=901
8,88424E=01
8,87854E=901
8,87374E~01
8,86981E-01
8,86650E~-01
8,86365€E=-01
8.86115E-01

G=0

(LB/IN2=SEC)
4,86909€~-02

TUBE AREA
(IN®®2)

9,18803E-01
9,14784E=01
9.12636E~01
9,11206E-01
9.10060E~01
9,09093€E=01
9.08303E~01
9.07637E~0)
9.07063E~01
9,06559E-01

G=0

(LB/IN2=SEC)
4,74313E°02

FLOW AREA
(IN®®3)

T7.57831€E-01
6482387€-01
6¢17856E-01
$:6046TE-01
5¢40409€E~-01
$¢404609€E-01
5+40409E=01
S+¢40409E-01
S5¢40409E-01
S5¢40609€<01

FLOW AREA
(IN®®2)

T7+82113E-01
7.03482e-01
6.36888€=01
S«77905€-01
5+54110€=-01
$.53810€-01
5+53565€6~=01
5.53358E~01
5.53180E-01
5+53024E-01

FLOW AREA
(IN®®2}

8406732E<01
7+24877€E=-01
6456194F=~01
5¢95594E-01
S¢67969E~01
567365€~01
Se66872€-01
S5:¢66456E=01
5+66098E«01
S5¢65784E=01

EMISSIVITY

4,9839E=n)
€ ,98394E=01
4,98304E=01)
4,983%94E=0])
4,9839E=0]
4,983%4E=01
4,9839%E=01
4,98394E~-01
4,98394E=01
4,98394€=01

FMISSIVITY

4,98394E=0)
4,98394E=01
4.98394E=01
4,98394F=01
4,9839aE=0]
4,98394F=n1
4,98394E=01
4,98394E=01
4,9839aE=01
4,98396E=0]

FMISSIVITY

4,98272€-01
4,98272E=01
4,98272E-01]
4,98272€=01
4,98272E~-0]
4,98277€-01
4.98272E=C1
4,98272€=01
4,98272F~0]
4,98272E-01



TIME

DISTANCE
(X/L)

1.00000E=01
2,00000€-01
3.00000€E~01
4,00000E=-01
5.00000E=01
6.00000E-01
7.00000E=01
8.,00000E=01
$.00000E=01
1.00000E+00

AVGe DEL=R
C(IN)
2.,10561E=02

TIME

DISTANCE
(x/v)

1.00000E=01
2.00000E-01
3.00000E=01
4400000E~01
5.00000E-01
6.00000E=01
7.00000E=01
8+00000E=01
9.00000E~01
1:00000E+00

AVGe DEL=R
(IN)
2.80333g-02

TIME

DISTANCE
(X/¢)

1.00000E=01
2,00000E~01
3,00000E=01
4,00000E-0]
$,00000E=-01
6.00000E-01
7.00000€E-01
8.00000E=01
9.00000E-01
1.00000E¢00

AVGe OEL=R
(IN)
3.49873E~-02

TOTAL
REG RATE
(IN/SEC)

7.86943E<03
7.29191E-03
6.97695€+03
6476338603
6+59762E+03
6.45837E+03
6+34430E=03
6.24794E+03
6016464E03
600913403

wl, LOSS

(GM)
1.64678€+01

TOTAL
REG RATE
(IN/SEC)

7,84975E-03
7:27890£-03
6+96521E-023
6:75102E03
658635023
644872603
6233586E-02
6224042E~03
6:15785E=03
6+08514E~0

wl, LOSS

(GM)
2420674€¢01

TOTAL
REG RATE
(IN/SEC)

7:84062E203
7.27590€<03
6.96294E=03
6074759€=02
6.58326E~02
6:44719€-03
6.33569€-03
6.24094E~03
6415905603
6.08687€-03

»T, LOSS

(GM)
2477192€¢01

CONVECTIVE
REG RaTE
(IN/SEC)

1,26901E~02
1,22289€E-02
1,23833E~02
1.27972E~02
1.29274E=02
1.26311€E=-02
1024032E=02
1.22232E~02
1,20786E=02
1,19608E=02

GAS FLOW

(LB/SEC)
5,09454£-02

CONVECTIVE
REG RATE
({IN/SEC)

1.23890€E=02
1.,19497E~02
1421032E=02
1.25068E-02
1.26879€E=02
1.26033E=02
1021847€E=02
1,20125E+02
1.18742E~02
1.17620E=02

GAS FLOW

{LB/SEC)
5.10153E=02

CONVECTIVE
REG RATE
(IN/SEC)

le21002E~02
1,16815€E~02
1.18343E=-02
1,22284E-02
1,26572E=02
1.21839E-02
1.19743E~=02
1.18095E=02
1.16775E=02
1415706E~02

GAS FLOW

(LB/SEC)
$5.10949E=02

DEL"R
(IN)

2036769€=p2
2.,19111E=-p2
2.09617E=9p2
2403266E-02
1.98213€~=02
1.93948E~-02
1.90461E=02
1.87521E=02
1.84983€-p2
1.827S3E~0n2

TOTAL FLoOW

(LB/SEC)
5.55838€-n2

DEL=R
(IN)

3,15421€E=92
2492012E-02
2079372€E=92
2¢70881E=92
2.64173E~n2
2+58522E=p2
2¢53900€=02
2+69999FE =92
2+46631E=02
2043671E~92

TOTAL FLOW

(LB/SEC)
5,56961E =02

L

DEL=R
(IN)

3.93883E-¢92
3,64789E«p2
3,49015€-92
3.38377€E=~92
3.30024F=02
3.23003E=02
3.,17256E«p2
3.12405€E=-02
3.08213E-¢2
3,04528E=~92

TOTAL FLow

(LB/SEC)
5.58239~=n2

36

TUBE AREA
(IN®®2)

9,45764E-0]
9,39686E-0!)
9,36427E-01
9,34250€-01
9,32519€-01
9.31060E-01
9,29867E-01
9,28862E-01
94.27996E=01
9.27234k =01

G=0
(LB/ IN2=5EC)
4,62236€~-02

TUBE AREA
(IN®e®2)

9,73073€=~01
9.64905E-0])
9.60508E-01
9457561€-01
9.55235E-01
9453278E-01
9,51679E=01
9,50331E-01
9.49167E=0]
9.48145E-01

G=0
(LB/IN2=-SEC)
4,50646E-02

TUBE AREA
(IN®®2)

1+00070E+00
9.90613E-01
9.,84856E=01
9.81117€E=01
9.,78187E=-01
9,75726E=01
9.73715€E=01
9.72019E=C1
9,70555E-01
9.69268E=01

G=0
(LB/IN2=SEC)
4,39523€e=-02

FLOW AREA
(IN®®D)

R,31689E-01
T7.46575F-01
6475776E=01
6.13535€E-01
5.81985€E=01
5.81074E=01
S.,80330E-01
5.79703E=01
5.79162E«01
5.78687E=01

FLOW AREA
(IN®®2)

A,56991E=p1l
7.6858lE=01
6+95638E-01
6031733E=01
5496162E~-01
5494941€E-0)
5¢93943E-01]
5.93101€-01]
5¢92375E=01
5491737€E=01

FLOW AREA
(IN®®2)

8482613F=91
T7¢90874F=01
T+15762E=01
6450173E-01
5,10486E-01
6408951E-0]
6.07696E~01
6.06637E=01
6+05723E=01
6¢06920E-01]

FMISSIVITY

4,98272F-01
4,98272E~01
4,98272€=01
4,98272E-01
4,982726-01
4,98272E+01
4,98272E-01
4,98272E=01
4,98272€=01
4,98272€=01

FMISSIVITY

4,96936E=01
6,96936E=-01
4,96936E-01
4.96936E=-0])
4,96936E-01
4.9693KE=01
4.96936E-01
4,96936F=n]
4,96936E~0])
4,96936E-n1

FMISSIVITY

4,96936F=01
4,96936E=01
4,96936E=01
4,96936F=0)
4,96936E-01
4,96936E=01
4,96936E=01
4,96936E=01
4,96930F =01
4,96936E~01
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