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PREFACE

The purpose of this study was to analyze and to make assess-

ments based on several types of HEN-12 burning rate data which

were obtained under the February 1975 Modification to Contract

DAAA21-74-C-0332. The technical monitors for this portion of

the contract were Mr. F. Bernstein and Mrs. R. CovingtOfl of

the production Assurance Directorate (SARPA-QA-A-D) .
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NOMENCLATURE *

a = pre—exponential factor in burning rate law , r = ap 5
~

Cd = coef f ic ien t  of determination of the linear regression
of the x , t datan n

C~, coefficient of variation (standard deviation or standard
error divided by the mean and multiplied by 100), %

d = distance between individual breakwires, in
L = length of propellant burned during time interval tb, in
n = exponent in burning rate law, r = ap”~
p = pressure , psi

r = burning rate, in/sec
= burning rate calculated by dividing distance to farthest

breakwire by time to burn through farthest breakwire,
cm/sec

s = estimate of error

s~ = standard error estimate of t on x in terms of thex regression line, sec

S~ = scale factor for pressure , psi/cm and psi/in
= scale factor for time, sec/cm

ST = scale factor for temperature, °F/in

t = time, sec

tb = time to burn the distance L, sec

T0 = initial temperature, °F

x = horizontal distances measured on oscilloscope and
oscillograph records; positions of breakwires along
strand , in, cm

y = vertical distances measured on oscilloscope and oscillo-
graph records, cm

Greek Symbols:

iS = difference used to correct from actual to desired conditions
= adjustment in burning rate to correct from actual to

desired pressure, in/ sec
iSrT 

= adjustment in burning rate to correct from actual to
desired initial temperature, in/sec

= change in pressure during test, psi

a = temperature sensitivity of 1~urning rate at constantp pressure, 3 ln r/3T0)~~1 °F~~

*Uni ts of inches , psi , and °F are used rather than the SI system
because those are the units which are presently used to report
burning rate measurements at the Army ’s production facilities. 
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Subscripts:

actual  = p and T 0 conditions that. actual ly existed dur ing test
adj  = adjusted value which correspond s to intended p and

T 0 conditions
breakw = breakwire

calib = setting used to obtain calibration oscillograph
desired ,
des = pressure and ini t ial  temperature conditions at which

burning rate is desired
ig = igniter wire
meas = measured
n = the number of the breakwire ( i . e . ,  1 throug h 7)

set = ini t ial  condition determined by gauge se t t ing
std = standard time
t = time

T = ini t ia l  temperature
p = pressure
1,2 = conditions at start and f in ish  of test respec t ive ly
0 ,1, 2 , .  . . , 7 = number of breakwire locations

Superscripts :

= value predicted from regression analysis , e.g.,

t = a 0 + a 1x
— 

= mean value
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INTRODUCT ION

An analyt ical  study was undertaken to assess severa’
methods of measuring the burning rate of thin sheets
(- ‘0 .04  in. thick)  HEN-12 propellant. HEN— 12 is a double base,
rocket propellant (about 48.0% nitrocellulose and 40.9%

nitroglycerin) containing 4% finely ground lead and copper

salts that serve as burning rate modifiers. Several ques-

tions have arisen concerning the uncertainties associated

with three methods of measuring strand burning rates. The

first method 1(illustrated in Fig. la),the most widely used ,

determines burning rate by measuring the time required to

burn past two accurately located breakwires , (i.e., a low

melting point, lead based wire which melts and opens a
circuit when it encounters the flame front). Flame spread-

ing along the side of strand is prevented by coating the

strand with a thin layer of a flame resistant material

(i.e., an inhibitor). The second method is the chimney

burner technique developed at Princeton University2’3 which

uses multiple breakwire intervals and flowing N2 to prevent

flame from spreading along the side of the strand (see

Fig. lb). In the third method (illustrated in Fig. 2)

burning the strand under a liquid eliminates the need for

an inhibitor4 6 . For details on these methods , the reader

is referred to Refs. 1 through 6.

Much of what has been learned from previous studies

does not apply to the propellant in this study. Firstly,

the propellant is very thin (i.e., 0 .04 inch); whenever

practical , strands should be at least 0.2 x 0.2 in. in cross

section. Reference 2 points out that heat losses become a

prominent source of burning rate error even for strands as

large as 0.125 x 0.125. Thus, the 0.04 in. strand thickness

raises serious questions. Secondly , burning rate is very

dependent on the local nitroglycerin concentration and

nitroglycerin in the propellant migrates rapidly whenever

the propellant comes into contact with absorbent materials

(e.g., paper, skin, cloth , plastic , and some inhibitors).
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Thus , impr- er handling wi l l  introduce burning rate varia-
tions, especially when thin strands are used.

Evaluations of the production control of HEN-l2 propellant
lead to the following questions concerning the several burn-
ing rate measuring methods :

1) Which type of strand burning measur ing technique
produces the most consistent data?

2)  Can a noninhibited strand produce consistent data
in a nonf lowing N2 strand burner? What is affect of

high temperatures , e.g., 140°F?

3) To what extent does the N2 flow rate affect burning

rate?

4) How do the following burning media affect burning

rate: N2, H20, and oil?

5) What problems are to be expected if oil is used

as the low temperature medium?

C) To what extent (if at all) do multiple breakwires

reduce the experimental error? What additional

information is provided by multiple wire data?

While many of the questions have been considered previously ,

the unusual thinness of the HEN-l2 sheet propellant is the
stimulus for reconsidering these questions.

To an~wer the foregoing questions, data from the follow-

ing experiments were analyzed and interpreted :

1) Strand burning rate measurements in nonf lowing N2
using multiple breakwires.

2) Strand burning rates in flowing N2 using multiple

breakwires.

3) Strand burning rate measurement under H20.

4) Strand burning rate measurement under oil.

5) High speed photographs of propellants burning in

N2, H20, and oil.

6) Examination of extinguished propellants which were

burning in N2, H20, and oil.

Particular attention was given to the experimental errors and

practicality of each burning rate measuring technique.
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EXPERIMENTAL APPROACH

Steps in Chimney Burner Experiments

The steps in carrying out the chimney burner experiments
have been well documented in Ref s. 2 and 3 and will not be

repeated here. However , the data reduction method is given
in detail in the section entitled Data Reduction and Error

Analysis.

Steps in Burning Under Liquid Experiments

Test specimens in the form of strands were cut from the

HEN-12 sheet propellant and a record was kept of the identity

and location of each specimen ; the specimen dimensions were about

2.06 x 0.25 x 0.04 in. Particular attention was given to

controlling the accuracy (held to within ±0.u02 in.) of the

distance between the center of the hole t~ r the igni ter wire
and the end of the specimen. For this purpose , a specially
fabricated fixture was devised to hold the specimen during the

cutting and drilling operations. A 0.020 inch hole was drilled

through the width of the strand (i.e., the hole was 0.25

inches long). The igniter wire was 0.006 in. diameter nichrome .

After  preparation , the specimens were wrapped indiv - dually

in aluminum foil to prevent degradation of the sample prior

to testing.

The desired pressure 
~~set~ 

was preset by observing a

pressure gauge which had been calibrated to within ±2.5 psi.

The pressure rise during the test was obtained by recording

the output from the Kistler 604C4 transducer and 504A charge

amplifier system . (After specimen burn-out and dependNg on

the test conditions, the f ina l  pressure may be less th~ ri the

initial pressure.) The temperature of the sample and liquid

were recorded using a mercury-in—glass thermometer which was

calibrated to ±0.9 °F. For consistency the conditioned speci-

men always remained in the liquid for 120 ±5 seconds prior to

ignition . Ignition was accomplished by a constant length 0.006

in. diameter nichrome wire energized by 9 VDC. Throughout 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the test series the AC and RMS components of the ul t ra-high
frequency acoustic emission from the burning propellant were

• recorded for future diagnostic use.* The details of

the acoustic emission instrumentation are given in Ref . 6.

For each test, the following direct measurements (as

shown in Figs. 2 and 3) are taken from the oscilloscope

record of the pressure transducer output y y 2’ ~‘ td’p, p, p,s
Xt std ? x~ , and tstd . The method for obtaining x~ was

established after examining the consistency of all of the

experimental records. As illustrated by Fig. 3a, the rise

time following ignition is about 0.03 secs and, from test to

test, is very repeatable . Also , the pressure drop following

burn-out is extremely sharp and thus, gives an unambiguous

end-of-test time. The burn-out time determined in this manner

is very consistent with the end of the acoustic emissions

which are discussed in Ref. 6. However , the acoustic

emission generally precedes t1 by as much as 0.1 sec . The

distances are measured using graticule which can be read

with magnification to 0.01 cm which is also the limit to

which the oscilloscope photorecord can be resolved . The

time base is recalculated for each test by measuring the

distance (xt,std) between a known timing interval (tstd).

The timing marks produced by a Hewlett Packard 226A Time

Mark Generator are accurate to better than 10~~ sec. Since

the ratio xt/xt,std is approximately unity, errors in

scale tend to be cancelled . As shown in Fig. 3c, the mean

pressure during burning is obtained by averaging y~~1 and

and applying the calibration, 
~~std’~p,std

*The conventional data obtained during the study were sufficient-
ly well defined that it was not necessary to analyze the acoustic
emission records.

—--.---
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PHOTOGRAPHIC STUDIES OF BURN ING AN D E XTIN GU ISHED PROPE LLANTS

High speed movies were taken of the HEN-l2 strands burn-

ing in H20, oil and N2 to determine how the liquid interacts

with the burning surface and flame zone. The experimental

arrangement used to obtain the movies is illustrated in Fig.

4. The strand is positioned so that following ignition the

burning surface traverses the camera ’s field of view. The
strand is front-lighted by a tungsten/quartz photo-spotlight.

The movies were taken with Ektachrome EF film using a Hicam

Camera operating at about 2000 frames per sec. Timing marks

on the film were used in conjunction with interval marks on

the strands to determine burning rates. Chamber pressure

was regulated by a through flow of N2 at the top of the

combustor. The strands were extinguished by rapidly venting

the gas volume above the liquid . Photographs were obtained

for 6 conditions: 500 psi and 1500 psi in H20, oil, and N2.
As indicated in Fig . 5, specimens 13, 17 and 18 were

burned at 1500 psi in H20, oil and N2 respectively . At 1500

psi the visible flame (of double base propellants) is relative-

ly close to the burning surface. For more details on double

base propellant flame structure see Ref. 3. The most prominent

features of the burning under liquid movies is the gas pocket

that isolates the burning surface from the surrounding liquid

and the pulsating nature of the gas pocket. However , the

character of the flame more - than 0.5 mm above the surface has

only a small influence on the heat feedback to burning surface

and , thus, the burning rate.3 When the propellants were

burned under water, a thin layer of propellant at the propel-

lant/water interface did not burn; as shown in Fig. 5, this

thin layer acted as a shroud that completely isolated the

burning surface from direct contact with the surrounding

liquid . When the experiments were conducted under oil, the
shroud effect did not occur .

- -•—-~~~~~~~~ - ‘- •- -- --- ~~~~~--• -— - - • — ~~~~~~~~~~~~~~~~~~~~
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Two differences were noted when the experiment was
carried out at 500 psi: (1) the gas bubble above the strand

became much larger , and (2) the visible flame occurred in

the bubble well above the propellant surface . However , these

effects occurred well above the surface and have no appreciable

affect on burning rate .

The most important observation in terms of the burning

rate determinations is that the burning propellant creates its

own gaseous environment that isolates the important reaction

~unes from the surrounding liquid. It should be noted that at

sufficiently low burning rates, the surrounding liquid does

interfere with the burning surface. However , HEN-l2 burning at

500 psi is well into the domain where the surrounding liquid
does not in ter fere  with the burning surface .

Ext inguished specimens were recovered for  f ive  of the

six test conditions. As will  be pointed out later , the burn ing
rate in the l iquids was nominally 15% lower than in N 2 .  Figures
6 and 7 show clearly the reason for this. The propellant f lame
zone adjacent  to the liquid is cooled s u f f i c i e n t l y  that  its

burning rate at the propellant/ liquid interface is lowered .
The localized lower burning rate produces the protruding outer
edges shown in the cross-section views through specimens 13, 17,

12, and 16 on Figs. 6 and 7. Also , photographs of samples

burned in 1120 (13 and 12) show the f i lm of unburned propellant
that remains after the test. Because the strands that are of

interest in this study are very thin (‘~0.040 inches), the

cooling at the propellant/liquid interface affects the burning

rate at the midplane of the strand . However, as has been

shown in previ ous s tudies~~
6 the burning rates of strands with

larger cross—sectional dimensions are not affected by the

surrounding liquid.
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~)ATA REDUCTION ANT) ERROR ANALYSIS

Examina t i on  of Observables

First, attention will be given to estimating the errors

in the observables: tbl L, p, 
~
p, and T0.

The burning time interval is determined by measuring

intervals between the events on the oscillograph and oscillo-

scope records. First, a scale factor is obtained by measur-

ing the distance (x
~~S~d

) between a timing interval (tstd )

which corresponds approximately to the total burning time .

Next , th~. distance (xt) corresponding to the burning interval

is measured . The burning time is obtained as follows:

tb = x~S~ = x
~
(tS~d

/x
~ ,S~d

) (1)

Throughout this analysis the estimate of total error will be

obtained using the conventional procedure of taking the

square root of the sum of the individual errors. Accordingly,

the estimate of the error in tb is~

2 r 2 r 2
f~s Is IS

+ 
Xt,std (2)

[tb [Xt [Xt std

Since the f i r s t  and second terms on the lef t  are obtained in

a similar manner , to a good approximation

Sxt
= tbb ~~~

The estimate of the errors associated with the length

determinations requires more than a knowledge of the length
measurement error. Using conventional length measuring

devices , surface trimming procedures and jigs for drilling

breakwire holes, the distances between the breakwire holes are

known to within ±0.003 in. However, the uncertainty in the

*Since the time base provided by the HP226A is extremely accurate ,
S
t 

IS negligibly small compared to s
std X~ 

~~~~-~~~~~~--• ~~~~~~~ — -
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case of breakwire methods is the position of the burning sur-
face with respect to the centerline of the drilled hole

when breakwire burn—out occurs. It is expected
breakw

that since the identical breakwire placements and configura-

tions determine the start and stop of the timing intervals

that the uncertainty of the burning surface location at break-

wire burn—out at the start and stop tend to cancel one another .

The estimate of error in determining burning interval is

r i 2 rSL 1
2 rSA 1

2

!
5

L1  - J meas i + I 
Lb r k l  4[LJ L L  J L L ]

Since experience has shown that 5L is small compared
mea s

to 5ALbreakw’
(5 )

breakw

For the case of the burning under liquid experiments , the

added uncertainty is the degree to which the surface is

ignited uniformly (SAL ) or
ig

[

~~

J

2 
[SLrneas]

2 

+ [5
AL~jg]

2 

(6)

The pressure in the chimney burner is calculated by

measuring the deflection (~~~) on the oscillograph trace and

using it as the point of interpolation in the calibration

table, p vs 
~~~ 

Since the pressure changes slightly during

the tests, a mean pressure is reported

= (p1 + p2)/2 
(7)

and the estimate of the p error (for the chimney burner ) is
2 2 2 2[si.] 

~~caljb~ 
+ [S

r
] s,~, (8)p
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Similarly, the estimated error of the pressure increase
= - p1) during the test is

S = S s (9)p y ~
The pressure in the hydraulic combustor is obtained by

summing two components , the set pressure at the beginning of

the test 
~~set~ 

and the mean pressure increase during

the test, CA p). Thus

P = 

~set 
+ O.5(~~ 1 + 

~
‘p2~ {Yp stdJ 

(10)

where the scale factor S~ is APstd/yp $td .
The estimate of the ~ error (in the hydraulic combustor) is

[s~ ]
2 

~~p,set~
2 + [S~ ]

2s~ + AP2[~~~~
std] (11)

For the chimney burner tests, the init ial  temperature
is calculated by measuring the deflection on the oscillograph

trace and using it as a point of interpolation in the
T0 vs calibration table. Accordingly, the estimate of

eiror is

[S li b]
2 

+ 
~~T~

2
~y

2 (12)

For the burning under liquid tests, the initial temperature

is measured by a mercury in glass thermometer which has ice

and boiling point calibrations to within ±0.9 °F.

__  -
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Calculation of Burning Rate and Errors

Burning rate at the desired pressure , p, and initial

temperature , T0, is obtained by dividing the length of

propellant burned , L , by the burning time, tbl and adjust-

ing the result for the differences between the actual and the
intended pressures and initial temperatures (i.e., 6r~ and
cSr T respectively)*

radj  L/t b + 6r~ + iSrT (13)

Note that the actual burning rate under the prevailing experi-
mental conditions is simply r L/tb.

To obtain an estimate of the experimental error , each

of the terms in Eq. (13) will be analyzed .

To a good approximation (for the propellant and condi-

tions of this study) burning rate behavior can be correlated

by the widely used equation

r = ap’1 ex~~[a~~(T0 
— TO r e f)] (14)

where n and a are nearly cons tant over a wide region of
p and T0, i.e., ±500 psi at ±30°F. Accordingly, the
pressure adjustment, iSr~ 1 can be obtained by considering

T0 constant and differentiating Eq. (14),

= n~~’ (15)

Expressed in terms of the pressure differential, iSp =

~intended 
- 

~actual 
, the burning rate adjustment

S r =  
[~~~J 6 p  (16)

Similarly , the adjustment, iSrT, can be obtained by differ-

entiating a logarithmic form of Eq. (14) holding p constant:

*During the subsequent discussion of the multiple breakwire
experiments , the determination of burning rate from the
slo pe of the tb vs x~ regression will be developed and
analyzed . 

-~~~-— - -- -~~~~~ --- —~~~~~~~~~ - -— —  
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in r = in ap~ + a~T0 (17)

to obtain

lSr T = ro~~iST0 (18)

where iST0 = (T 0 , intended - tO actual ) •
As part of this analysis , attention was given to the

propagation of errors. For the most part, the errors in the

observables (i.e., L, X~ or tbl p, Ap and T0)

are independent of each other.* This is fortunate.

Thus , it is expected that, except in statistically rare

situations , the total actual error in burning rate will be
algebraically less than the sum of the estimated separate
contributions. Accordingly, the conventional procedure of

estimating the total error in the experimental method is

to take the square root of the sum of the squares of the
individual errors. This method has the compensating proper-

ties required for combining the individual contributions to

the total error in the experimental method . Accordingly ,

the error in the method of determining burning rate is

[S
ri

2 
~~~~~~~~~~~~ + 

[
~~_]s~ + 5cSr + StSr (19)

where the partial differentiation of Eq. (13) yields

3r — r

and

3r — r

b b

Dividing through by r2 and rearranging terms in Eq. (19),

[S
~

]

2 

+ 
[

~~~

]

2 
~ 
[56r

p]

2 

+ [5
Ôr
T]

2 

(21)

*Thjs is a reasonable notion since the individual values
associated with each observable are measured using different
instruments.
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Using Eqs. (16) and (18) to approximate the error ~n e:alu-

ating 5ór and 5r yields

[s~ 1
2 

~r 
2
[ ~ 

2 2 S
6 21

[r ~~~j  

~~~ 

+ JI + ~~ P~ P 

J 
(22)

and

[s
~~~

]

2 

f 6 J 2[[s
J

2 

+ [s J

2 

[ s J 2] (23)

Finally, the estimate of the burning rate error is

obtained by using Eqs. (4), (3), (16), (18), (22), and

(23) to evaluate the component terms in Eq. (21).

_ _
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Burning Rate Data From Chimney Burner

Burning rate data were obtained in the chimney burner over

the following range of conditions:

Pressure, psia 515, 1015 £ 1515
Temperature , °F 20, 80, & 140

N2 Flow low, high and none

The tests and data reduction were carried out using the

methods described in the previous sections. Table I

summarizes the reduced and raw data for the entire test

series. Table II contains the times of breakwire burn-out.

The spacing between the centers (obtained using an optical

comparator) of the breakwire holes for f ive of the strands
is given in Table III. The standard deviation of the hole

spacing is less than 0.002 in. and the range of the measure-

ments for an individual breakwire interval is less than 0.003

in. Based on examining the consistency of the burning rate

data over each one-half inch interval (see Table IV), an
estimate of 0.010 in. for SAL,breakw was used*.

The equations developed for estimating errors were

applied at the lowest pressure and the highest pressure

(i.e., typically the conditions for specimens N10 and N12

respectively). First, the errors associated with the

observables were evaluated (see Table V). Next, knowledge

about the errors in the observables was used to evaluate

Eq. (21) which provides an estimate of the overall error

(see Table VI). While Tables V and VI are largely self-

explanatory , several items were worthy of note. The error

contributions of 6r~ and iSrT can be made negligible by

refining the experiment so that p and T0 are within 5 psi

and 2 °F, respectively , of the desired values. Also on the

second iteration of the data, the values of 5r’ s~ , and se
can be reduced greatly . The error associated with p

time measurement is acceptable . Thus, in terms of produc tion
con siderations where every thing is well controlled , the
*The appropriateness of this estimate can be seen by examining
the averaged deviation at the bottom of Table IV in terms of
Eq. 21 for L~0.5 in. 

~~~~~~~~~~~~~~~~~~~ —- -.~~~~-
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major contributor to burning rate uncertainty is 5L • As

shown in the next section , the most direct method of eliminat-

ing the detrimental effect of the rather large s~ is to

increase the strand length so as to reduce 5L/L. Since

the errors associated with 6r~ and 
~
rT can be made

arbitrarily small by improving the pressure and temperature

control and since is already very small , under production

conditions it is expe~ted that the standard error of this

burning rate determining method can be held to within 0.5%.

Several of the points were replicated to test the precision

of the experimental method . Specimens 11, 12 & 13 were tested

at nearly identical conditions and produced burning rates

within 0.8% of the mean. However , specimens 22 and 24

were within 2.5% of each other. Possibly , this is an

indication of experimental difficulties at the lower T0
conditions .

Multi—Breakwire Data Reduction. The time and distance

intervals from the multi-breakwire experiments can be used to

obtain an estimate of dx/dt from the linear regression line

t = a 0 + a 1x (24)

since
dx/dt = a1

’ (25)

In terms of the 7 t and x pairsn n
I

Ex Et -l

E t x  - ‘~ n

dx/dt = ~~ (26)
Ex2 nEx - —n n

The degree to which the t~ and x~ pairs lie on a straight

line is a measure of the consistency of the data. The least

squares linear regressions through 4 sets of points are shown
on Fig . 8. Note that in all cases the fit is good. However, 

~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~ • --~~- - -
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specimen 6 has error about twice as large as the others.

As seen from Table I in most cases the coefficient  of varia-
tion in the burning determined in this manner is less than

0.5% or about the same as the standard error predicted by

the error analysis. Another indication of the consistency

of the data is obtained by comparing burning rates obtained
by using Eq.  (13) and L x 7 

- x0 with rates obtained
from the linear regression (see the second to last column in
Table I). Note that with exception of specimen 3 & 11 burning

rates obtained by the two methods are within  0 . 5 %  of each
other. Thus, when the data are consistent either method is

sati sfactory . However , when the data are inconsistent, the
linear regression method quickly identifies the suspect
t~ , r~ pai rs.  Also , if the f i nal or initial breakw ire
data point is lost for some reason , the remaining t

n l r~
pai r s are usually adequate for the burning rate determination.

a  

-
~~~~~

-- -- - - --•
~~~~~~~~

-- -  
~~~~~~~~~~-
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Ef feet of Strand Length on Error
The percentage errors in length and time measurements

• are less for long strands than for short strands. The
advantages of longer strands can be evaluated using the first
two terms of Eq. (2l)*to consider how the error decreases as
length of the timed interval is increased . Thus the following
time and distance intervals (available in the multi-breakwire
experiment) were considered for breakwire pairs distance L apart:

No. of
Intervals Distance , L Time, tb

1 d 2 — d 1 t 2 — t 1
2 d3 — d 1
3 d4 — d 1
4 d5 — d 1 t5 — t 1
5 d6 — d 1 t6 — t 1
6 d7 — d 1 t7 — t 1

and it was assumed that the absolute magnitude of the time
and distance errors were riot affected by strand length ,
i.e., the oscillograph speed was not changed.

In terms of the previous development , the estimate of
the error as a function of L = nd is

a 2 2

~L=  []2 
~~~~

.
~ 
1/2

r ,2 S
I~~~ I

= I—I + 2 —s (2 7 )
LfldJ nx

~

2 2 1/2
ro.oo5l ro.ol

— L n O . 5 j  + 2 Ln9.0

Eq. (24 )  evaluated for distances f rom 0.5 to 3.0 inches is
shown in Table VII .

*Using only the f i r s t  two terms of Eq. (21) implies that the
experimental procedure is refined to the point that the errors
associated with ~ and 6T0 are negligibly small.

-_—a-- -- 
_ _ _
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Burning Rate Data from Burning Under Li quid Combustor
Burning rate data were obtained over the fol lowing

range of conditions:

Pressure, psia 510 & 1515
Temperatures , °F 80 & 140
Liquids 1120 and oil

The tests and data reduction were carried out using the methods
described in the previous sections. Tables VIII and IX sum-

marize the reduced data from the entire test series. Table X

is a set of sample calculations that i l lus t ra te  the data
method .

The test—to—test variability for the burning under

water experiments was quite small (i.e., the coefficient of
var ia t ion  is 0 . 8 %  or less) . On the other hand, the tes t - to—
test var iabi l i ty  of the burning under oil experiments was
large and generally unsat isfactory. Furthermore, the burning
rate at 1515 psia and 140 °F were anomalously (but consistently)
high indicating that the oil vapors may have been augmenting
the f lame zone reactions.

For the very thin strands (which were of particular
interest in this study) , the burning media has a profound
in fluence on burning rate . Indeed , as shown in Fig . 9 ,

the burning rates under liquid were nominally 15% less than
those in nonf lowing N 2 .

The or igin of the lower burning rates in 1120 and oil
is obvious from examining the photographs in Figs. 4, 5, and
6, i . e . ,  heat loss at the propellant/ liquid interface signif i-
cantly lowers the burning rate . Since the strands that are of
interest in this study are very thin ( 0 . 0 4  i nches ) ,  the thin
layer affected by the interface cooling is a large f rac t ion
of the total thickness of the strand and , as a consequence ,

the center portion of the strand has a reduced burning rate .
If a thicker strand were used (e.g., 0.2 inches), the cooling

of the outer layer would not a f f e c t  the burning rate at the

center of the strand and the center region of the strand would

regress with a f l a t  surface . 
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Th e lower burn ing  rates coupled with the d i r f i c ul t i e s
encountered with  burning under oil make it apparent that
burning under liquid is not app ropriate for  HEN—l2 sheet
propellant. The lower burning rate under liquid is consistent

with the lower burning rate at edges of extinguished speci-

mens (recall Figs. 6 and 7).

The choice of oil was con strai ned by the na tu re  of these
experiments. We needed a clear oil for the photographic

studies , a high flash point oil so that oil vapors would
not combust in the flame zone, an oil that would remain

fluid at low temperatures (e.g., 0 °F), and an inexpensive

oil which can be used in production testing. Of the fore-

goi ng need s , we achieved only the f i r s t .  As previously
stated , the oil vapors apparently caused serious problems

at 140 °F. We were unable to conduct successfully experi-
ments in the 0 to 20 °F range because once the oil became

slightly contaminated it would thicken to the point that

pressure transmission to the transducers was erratic. However ,
because of the general reduction in burning rate in liquids

there was no reason to try to overcome the problems by

experimenting with more suitable oils.

It  is emphasized that the reduction in burning rate
experienced in this test series is a direct consequence of
the unusual ly  thin strands which are of interest in the study .
Previous4’5’6 studies have demonstrated that when a suf-
ficiently thick strand is used the burning rates in liquids

are within a few percent of the burning rates in N2.
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DI SCUSS I ON OF BURNING RATE DATA
The burning rate points were adjusted to the desired

pressure and temperatures using the 6r~ and 6r T correction
and plotted on the conventional coordina te system ( i . e . ,
in r vs in p and in r vs T0 ) .  Unless indicated otherwise
the lines and slopes ( i . e . ,  n and a~~) on Figs. 9 through

13 are from least squares linear regressions.
Effect of Media on Burning Rate

Figure 9 illustrates clearly the large effect that the

media surrounding the strand has on burning rate. Naturally,

the condition that least affects burning rate is the non-

f lowing N2. The results of Table I and Fig. 9 show that

uninhibited strands can burn in a uniform and reproducible

manner and that N2 flow is not needed to eliminate flame

spreading along the side of the strand . From these results ,

it was concluded that the N2 flow was not needed , strand

inhibition was not required , and burning under liquid

produced a large (15%) reduction in burning rate.

Figure 10 is included to emphasize the unusual burning

rates produced by burning under oil at 140 °F. At 510 psi,

three of the data points for burning under oil are 30%

higher than the corresponding data for burning under H20.

Also at the higher pressure, the data variation is much

greater when oil is used . Figure 11 is included for complete-

ness to show the 25% variation in between the 510 and

1515 psi conditions when liquids are used. The varia-

tion in the nonf lowing N 2 test was approximately 5%.
Accordingly, once the inconsistency of the burning under

liquid results were interpreted , the original test plan was modi-
fied so that greater emphasis could be placed on obtaining data

in nonf lowing N2.
Burning Rate Data Obtained Under Preferred Conditions

Figures 12 and 13 show the degree of the consistency of

the da ta obtained in nonf lowing N 2 over the range of test
conditions. With the exception of two data points (Specimens
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11 and 22)  the da ta correlation [using Eq. (14)] are very
good . The coefficient of determination of the regression
lines on Figs. 12 and 13 are 0.999 or better except for the
r(T0) line at 1015 psi which is 0.997.

It should be noted that the scope of this study did not
include sufficient tests in nonflowing N

2 
fo r a proper statis-

tical determination of strand-to-strand repeatability .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _I L - -- ~~~~~~~~~~~~~~~~~~~~~~~ - - --- - • — -~~~~~~~~~~ —— - --- ————-— — — —-—— 
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CONCLUS IONS

The results of this study in terms of the objectives and

questions described in the introduction are conc 1 usive .
The HEN-l2 sheet propellant can be burned uniformly and repro-

ducibly in nonflowing N2 and inhibition is not required to

prevent flame spreading down the side of the strand . Burning

under liquids or in flowing N2 provides no improvements. For

the particular production control application which prompted
this study, no significant improvement in the quality of the

d~ita is obtained by using multiple breakwire instrumentation

that justifies the added complications associated with the

5 additional breakwires. [Multiple breakwi re instrumentation

is of great value when information is sought on propellants

with nonuniform burning properties.]

In the 500 to 1500 psi and 20 to 140 °F range , the HEN-12

propellant demonstrated very consistent and uniform burning

rate characteristics. Analysis of the various sources of

errors indicates that the experimental method has an

error of less than 0.5%. The regression analysis of the

multiple breakwire data repeatedly produced burning rate

coeff icient  of variations of less than 0.5%.
NOTE : The readers of this report are asked to keep in

mind that the large variations in burning rate in H 20 and N 2
are a direct result of the abnormai1y~ thin strands which were
of special interest in this study. The burning media does not
influence burning rate when strands of normal dimensions are
burned at suf f ic ien t ly  high pressure . It is hoped that this
report does not convey the impression that burning in liquid
reduces the burning rate of conventional strands.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE

CHIMNEY BURNE R RE DU(

4~~~~ o~~ . -‘S
~~~~~~~Ay

4 1 A, ~2
’ 

., 
4 

•~.~(1 

_ _ _ _ _ _  +‘~“
~ 3 2.18 2 .16 1.16 O.1268 i_ 0.00 4 , 9 2  9.94 14.87 19,62

1000. 80. L 4 4.06 t 4. 06 1.12 0 . 0 6 2 6  0 . O C  7 .31 14.68 22.18 ~9.1E

1500. 80. L 5 5.75 5.75 1 .18  0 .063 4  0 . 0 0  5.95 12.14 18.27 24 .12

H 8-2 . 18~ 2.18 hID O~O~34- 0.00 10.10 20.16 30.67 39.7S!

1000. 80.  H 7 4 .10 4 .10  1.09 0 , 0 6 3 4  0 . 0 0  7 . 5 3  15.014 22.54 2 9 . 5 5

b500. 80. H 5.77 5.77 1.10 0 .0634 ~_O , CQ 6. 37 0.0 25.

N I-C 2. 18 2.28 -1~ -2~~~~-~0*33- . 0.00 9.62 18.70 28.86 37.76

1000. 80. 1 (14 ‘4 .10 4 . 2 3  1 .29 0 . 0 6 3 5  0 .00  6 . 9 5  13.88 2 1 . 1 0  27 . 78  3

1500. 80. N i l  5.76 5.90 1.40 0 .0635 0 .00 8.08 13.72  19.46 ~~~~~ 3

_ _ _ _  5.~~ 5.90 ~~ *.0O ~ .O4 11.98 17.74 23.i~
1500. 80. 1( 13 5.77 5.90 1 .32  0.0634 0 . CC 5 .10 11. 75 17.47 22.80 2

500. 140 . 1( 17 2 .18  2 . 2 5  2.33 0 .0633 0.00 8.98 17. 41 26 .35 34 .82 4

Jt6~ 4d1- ~~~~~~~~~~~~~~~~~~~~~~~~ - 6.25 0.00 19.0S-2~~9tE

1500. 140. 1( 15 5.77 5.91 2.19 0.063~~~ CO -

500. 2~ . 1(26 2. 1 2.11 —0.23 0.0639 0.00 11.64 22.63 34.21 45.20 5
= - —Cr- -

_
~~~~ 

— -

U~ )~~ ~~~ 
-
~~ 0.00 8.140 i5~,90 0.00 32.49 ~

100L~ 20. 2b ~~14 4 1 2~~o.33 O~~~ 38 ~~~~~ ~~ i~~~ .03 
- 3 3. W~~

1500. 20. 1(24 5.80 5.80 —0.36 0.0638 0.00 7.13 13.58 20.34 ~6.78 3

~L-1ow N2 flow, H-high N2 flow, & N-no N2 flow.
NOTES: Propellant XM36(PE463-3 sub—lot *2 Sheet 24).

Nominal strand dimensions 0.18 x 0.040 x 4.2 inches.

_ _
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TABLE I

RNE R REDUCED AND RAW DATA

G F
41c, 4~~3ch

4~~~~
4 4$~~~.4y~ O~’ +  *4 S,V

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
E 87 19.6~ ~4.71 29.24 495. 83. 0.781 0.444 ~~~~~~~~~~~~~~~~~~~~~~~~

18 ~9.18 36.52 44.02 1006. 81. 1.063 0.14 0.99999 0.999. 0.

27 44 .12 30.06 36.05 1540. 84. 1.258 0.36 0.99993 0.996 0.

~ 7 39.76 49.96 60.27 897. 81.~~ 0.fl8ff=0~33 0.999~~~~~f~~~~ -~~~~
51$ ~9 .55  36.78 44 . 2 8  1018.  80.  1.014 3 0.30 0.99995 1.000 0.

02 25.79 31.97 38.30 1546. 81. 1.191 1.01 0.99959 0.995 0.
-  - - - - f l  - -rCr~~~~- -— 

_______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ - -  ~~~~~~~ r_ 
—- t:tr _— = —t~~~~ — r~~~~Cfl - - - — -

~ 6 37.7 ~ 47.25 56. ~~~~~iO~-~~~ 1 -0.19~ ~O O±O.9399 O~~~E—~

10 27.78 34.40 41.24 1038. 89. 1.079 0.47 0.99989 0.996 40.

~6~~!.6~_30. 
_ _  

S 1. 007 fl7.

h 23.16 28.57 34.23 t556-. 9*. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

*7 22.80 28.60 34.10 1568. 90. 1.298 0.63 0.99980 0.997 444.

35 3’$.82 43.27 51.96 506. 133. 0.907 0.24$ 0.99997 0.999 17.

20.48 25.67 30.85 1570 . 127 • 1.526 0.11 1.00000 0.999 
P
47.

0.00 1481. 21. 0.691 0.23 0.99999 1.002 0

32.49 40. 75 ~~~~~~~~~~~~~~~~ -

3 3 . 1 0  4 1 . 4 7  49~ ’77 1027. 17. G.922 0.17 0.99999 0.991 —6.

344 ~6. 7E 33.6 4 ‘40.32_ 1556.  
- 

15. 1.1143 0.32 0.99995 1.002 0. ,
- -~~ _______ ~~~~~ - _ — - Cr~~~~~~~~~~~~ — 

~~~~~~~~~ - - - -—



TABLE 11
TIMES OF BREAKWIRE BURN-THROUGH

FROM CHIMNEY BURNER TEST
C,

4~~ 9 ~~~~

L 3 0.000 0.624 1.260 1.886 2.488 3.133 
- ____ -

L 4 0.000 0.458 0.9-19 - 1.388 1.827 2.286 A*7S~

L 5 0.OOG -0.3?7 4.770 1.158 t~52~ 1.906 2.285

H 8~ 0.000 0.640 1.278 1.944 2.522 3.167 3 .821

H 7 ~~~~~~~~~~~~~~~~~~~~~~~ 1.873 2.331 2.807-

H 6 ~~~~~~~~~~~~ 
— 

1.269 1.635 2.027 ~~~~~
niol 0.000 0.609 1.183 1.826 2.389 2.990 3.593

~T~o~ooo- 0.441- 0-.T881 I • 3440 1 • 764 2~~~~~~ IlL-

N 11~ 0.5U 0.872 1.231 1.567 1.806 t.1$8

1 (12 0.000 0.383 0.761 1.126 1.470 1.814 ~.173

1 (13 ~.D00 0.361 0.745 1.1C8 .4’E~~1~8~~~~~1~~~-

~~~~~~~~~~~~~~~~~~

J1~ ; 0.OCO 0.396 1.206. 1.561 1.978 2.374

Ni S~~~~ G~ ____  ~~~~~~ ~~ LZ97~ ~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2~,888 ~ _~~~~~~ .

N22~ 0.000 0.531 1.005 2.053 2.575 3.091

- 
lU ll 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Note: Blanks in the tahle. indt~ate d~ ta poir~tswhich were lost because time of break.wire
burn through was not cèearly disUnguist~ab1e,

_ _ _ _ _ _ _  ~~~~~~~~~~~~~~ -- - -- -—--- ~~~~~~- - 



Table III

Measurements of Breakwire Position (Chimney Burner)

SPECIMEN
SB ~l ~~~~~ ~~~~~ ~~~~~ x5-x4 x6-x5

1 0.5020 0.4843 0.5033 0.4697 0.4896 0.5022

6 0.5013 0.4840 0.5038 0.4714 0.4902 0.5020

11 0.5017 0.4838 0.5032 0.4732 0.4900 0.5010

16 0.5015 0.4836 0.5028 0.4742 0.4894 0.5005

22 0.5009 0.4821 0.5046 0.4722 0.4908 0.5008

0.5015 0.4836 0.5035 0.4721 0.4900 0.5013

s~ 0.0004 0.0008 0.0007 0.0017 0.0005 0.0008

Range 0.0006 0.0015 0.0011 0 .0024  0 .0008 0.0009

0.5015 0.9851 1.4886 
- 

1.9607 2 .4507  2 .9520

Holes drilled with No. 76 bit (0.029 in).
Lengths are in inches. 

- 9



Table IV

COMPARISON OF BURNING RATES MEASURE D, OVER EACH

OF THE BREAKWIRE INTERVALS (CHIMNEY BURNE R)

I .E . ,  L~~~0.5 INCHES

~~~~

4’ ~~~ ~~
4
+
O c r i% Er

2
% cr

3
% cr

4
% cr5% cr6%

500. 80. L 3 2.7 —3.0 2.~4 0.1 — 3 . 1  - 1.00 12

1 000. 80. L ~4 2. 14 —2.0 0.3 — C.7 —0.4 —0 .1 0.9988

1500. 80. L 5 3.3 
- 

— 4 . 2  0. 7 — 1 . 0  1.~ 2. 7 C . 9 9 5 9

500. 80. ii 8 1.3 — 1.9 -2.2 5.8 —1.9 —0.7 1.0005

100 0. 80. —~ .2 S - 0. 7 1.0 1.5 0 .3  1 . O C C 4

1500. 
- 

80. H 6 2.6  - -  —5.7 6.7  3.2 3. 4 0 .99 53

500. 80. N 10 0.5 2. 7 —4 .4~~ 2.3 —0. 6 1.4 0.9978

1000. 80. N114 1.2 — 2 . 2  — 2 . 2  — 0 . 9  3.7 2 .9  0 .9963

1500. 80. N i l  . —3. 0 — 0 . 8  2.9 3.5 — 5 . 4  1 .0C72

1500. 80. 1412 ~3.9 5,8 1.2~~ 0.8 1$~ 7 2 .7 1.0016

1500. 80. N1 3 2. 0 — 7 . 1 4  
- 

2.1 
- 

2. 7 — 2 . 2  5.8 0 .9S6 5

500. 1140 . 1417 — 1 . 6  1.0 — 0 . 8  — 1 . 8  2.0 i.e C.999 1

1000. 140 . 516 
- 

2.2 ~~ — 1.8 1.6 —0.6 2.5 0 9966

:T50I~: 14n 5~~~~ 
- 

~~~~~~ — -1. 4 1.3 0 .9 9 S 3

500. 20. 1426 — 0 . 9  1.3 0.1 — 1 . 1  
______ 

1.0017

100Q~ 20. 522 —0.8 ‘7 1 -2 .3 —1.6 2 C 0 9977

1000. • 20 ~I25~~ h4 0~) -0.i~ ~~1~~f~~~~L 1  2 . 2  0 . 9 9 7 2

1500. 20. N24 —4.1 2.2 1.6 —0.0 —2.7 2.4 1.0018

E .cr = 8.0 —18.3 —8.4 16.3 4.0 25.4
(Ecr 2/n]0~

5 
= 2.3 3.8 2.2 2.5 2.4 2.8

E(radj/rO7adj 
— 1) —0.0148

(E(radj/r0_7,adj 1)21 0.5 = 0.0030

*cr l s are differences between burning rate over a particular interval
and the mean burning rate obtained from the linear regression . 



Table V

Estimation of Errors in Observa bles from
chimney Burner Exper iments

(Values are typical for f i rs t  iteration.)

EQUATION RE URE, PSI COMMENTS

500 1500

OBSERVABLES :

Lengths burned: (5)
d , in 0.5 -

~~

8d’ in 0.01 -
~ Inherent in system

0.020 ‘+
L , in 3 -P

in 0.01 -P Inherent in system
0.0033 -P

tb to burn distance d: (3)
t~ , e c  (1) 0.60 0.35
x~ , cm 10 6
S , cm 0.01 -P

t
S , sec 0.0009 0.0009

to burn distance L: (3)
sec (1) 3.5 2 .2

x , c m  58 34
cm 0.01 0.01xt

S , sec 0.0009 0.0009

Pressure : (8)
S , psi 2.5 -P
calib .

S , psi/in 250 -P

s ’, in 0.01 -P

psi 2 . 5  -P
s~~,~

’psi 3 .5  -P

0. 007 0.002

Difference between p & pactual desired: (9)
.Sp, psi 20 50

• psi 2.5 + t
s~~ /Sp 0.13 0.05

Initial Temperature: (12)
S 1 -P

50 -P

in 0.1 -P
1.1 -I.

0
•A1l values at. roqnd.d off to represent appro~ipate range of th . variable
for the purpose of the error analysis.

fMeasur ement accuracy .

_ _  ~~~~~~~- - ~~~-~~~~~ ~~~--—~~~~~~~~~
-- -- - ---~~~~~~~~~~~~~~~~~~~~~~~~ - 

-
~~~~~~~~~~~
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Table VI Estimation of Burning Rate Measurement Errors
Using Eq. 21 for Chimney Burne r

TERM IN EQUATION 
p

EQ. 21 OR TABLE COMPON!NT E RRORS OVERALL TERM OM?~~NTS

PRESSURE PRESSURE
500 1500 500 1500

0.0034 0.0034

(5) 0.01 -P Inherent
error .

L 
_______ 

3.0 -P

—~~~~ = 0.0002 0.0003’tb
s (3) 0.0009 0.0009 Error is no

I problem .
tb V 3.8 2.3

Is6r
= (22)  0.0033 0.0018

L~~
(16) 0.0156 0.019p

r — 0.8 1.3

6r /r - 
— 0.0195 0.0146

p
s /r * 0.05 Can be reduced
r to 0.01 on second

itetation
~ /y~ * 0.1 Can be reduced

to 0.02 on second
iteration.

/6 V 0.13 0.05 Big contributor
P P to error if 6p

___________________ ________ ________ ________ ________ _________ 
is large

S6r -
___ ! — (23) 0.0033 0.0033

ör
T 

(18) 0.014 0.022

6r
T/r 

— 0.017 0.017

s /r * 0.05 -p Can be reduced
r to 0.01 on next

iteration.
$ /o * 0.1 -P Can be reduced
a p to 0.05 on next

iteration.
V 1.1

- - 
54T~~~ST0.. - - -_ .... J~1 . ~~~~~~ . —

L 
_ _  _ _

Value selected as rea.o nabl. guideline . lowever , Cong iderable irp rov~~~nts
are obtainable once r (p,?0) data sxs,kns~m.

_ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Tabl e VII

E f f e c t  of Length Burned on Error (Chimney Burner)

[Evaluated by means of Eq. (21)]

Length S
L 

s
fl Burned — —s .~~.x l00 %nd nx~ r
1 0.5 0.0200 0.00111 2.0
2 1.0 0.0100 0.00056 1.0
3 1.5 0.0067 0.00037 0.7
4 2.0 0.0050 0.00028 0.5
5 2.5 0.0040 0.00022 0.4

6 3.0 0.0033 0.00019 0.3

Assume that d 0 .5  in and that S
L 

= 0.01.

- -  _
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TABLE VIII

REDUCED DATA FROM BURNING UNDER WATER EXPERIMENTS
p

ór =
T

i-
TEST ~dos T

O,de~ opt ~~
6p 6T0i- ~T0 0 r radj Cv,r

- - 
NO. PSIA °F PSI IN/SEC °F IN/SEC IN/SEC IN/SEC % 

- -

IP—54 510 80 —20 —0.011 +10.8 +0.013 0.666 0.668
55 —20 — 0.011 +10.8 +0.013 0 .670  0 .6 7 2
56 —23 — 0.013 +10.8 +0.013 0 .659  0 .659
57 — 2 2  — 0 . 012 +10.8 +0 .0 13 0.661 0 .6 6 2
58 —18 —0.011 +10.8 +0.013 0 .660  0 .662

I = 0.665
C — =  0 . 4 %

__________ _____ ____ 
v,r

59 510 140 —32 — 0 . 0 2 0  — 0 . 9  — 0 .0 0 1  0 . 7 6 0  0 .739
61 —32 — 0 . 0 20 — 2 . 2  — 0 . 0 0 2  0 .755  0 .733
62 — 24 —0 .015  — 2 . 0  — 0 . 0 0 2  0 .755  0 .738
63 —23 — 0 . 015 — 2 . 0  — 0 . 0 0 2  0 .757  0 .740

F = 0.738 0 . 4 %
C — =  0 . 2 %

_______________ 
v,r

66 1515 140 —40 —0.015 + 2 .5  ~- o .007 1.239 1.231
67 —30 — 0.011 + 2 . 5  +0 .007  1.243 1.239
68 — 26 — 0.0 10  + 2 .5  +0 .007  1.243 1.240

F = 1.237 0.4%

69 1515 80 —20 -0 .006  +8 .0  +0.018 1.055 1.067
70 —4 — 0 .0 0 1  +8 .0  +0 .018 1.058 1.075
71 0 0 +8 .0  +0.018 1.053 1.071

r = 1.071 0 . 4 %

t bif f erence between 
~ d~~~ired and 

~ actua l
Dif f erence between TO~~~~~ j red and

____________________________________ __________________
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-TABLE IX

REDUCED DATA FROM BURN r~~ UNDER OIL EXPF~UMFNTh

Or = 
r T =

p at r~~~
TEST odes TO des 6~~~~~~Op 0T

0 T
0 

0 r 
~~~~ 

Cv ,r
NO. PSIA °F PSI T:~/SEC °F IN/ SEC I~~ ’SEt7 .N/SEC %

IF -72  510 80 -25 -0.014 + 12 .0  +0.~~14 0 .b 8 9  3 . 6e~73 —34 — 0 .019  +11.8 +0 .0 14  0 . 7 2 1  u 71 5
74 —33 — 0 . 0 1 8  +11.6 +0 .014  O .~ 84 ~~~~~75 —32  — 0.018  -11.3 ~ C . U i 3  U . c

=

76 1515 80 —44 —0.013 ~10.4 +0.024 1.066 1.077
77 —45 —0 .014 ~~~~~ +0.023 1.069 i.078
78 — 39 — 0 . 0 1 2  + 10.2 + 0 . 0 2 3  1.066 1 .077

F = 1.077 0.1

79 1515 140 —53 — 0 . 0 2 0  0 0 1.206 1.186
80 —35 —0.013 

- 

0 0 1.261 1.248
81 - —3 3 — 0 . 0 1 2  + 0 . 4  +0 .000  1.237 1.250
82 —25  — 0 . 0 0 9  + 0 . 4  +0 .000  1.225 1.216

I = 1.225 2 . 5

83 510 140 —37 — 0 . 0 2 4  +0.5  +0.001 1.102 1.079
84 — 4 0  — 0 . 0 2 6  +0 .5  +0.001 0 .8 9 4  0 . 8 6 9
85 —37 —0 .024 +0.7 +0.001 1.075 1.052
86 —33 —0.021 +0.7 +0.001 1.093 1.073

F = 1.018 9.8

+Crisco cooking oil was used .
tDifference between 

~de~ ir~e~.d and 
~actua 1

lDifference between TO ,d~t~~e~ 
and TO, actual•

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _



Table X

Sample Calculation

Jata Reduction for Burning Under Liquid Experiments

Test IP 54 
~desired 

= 510 psia, To desired 
= 80 °F

~std 
~~1~~~~p2 = 50.0 0~5~ + 0.40 

= 20 psi

~ actua 1 r’set 
•‘ + 

~error + 14.7 500 + 20 — 5 + 14 = 530 psia

x
tb = tQ .d 

~ 
= 3.000 ~~~

“
~~~~~~ - = 3.00 sec

t , std

r L 
= 
2.000 

= 0 .666  in/sec

= 

~desired 
- 

~actual = 510 - 530 = -20 psi

Or = radi 
%di 0~ = — 0 .665  0 .435 20 = —0.011 in/sec

T O, actuai = 69.2 °F

— T — T — 8’~ 0 69 2 — 1 8°F0 
— 

0,desired 0,actual 
— — • —

t5rT = ra 6T0 = 0 . 6 6 6  x 0.0018 ~ 10.8 = 0.013 in/sec

radj = r + Or~ + Or T = 0 .666 — 0.011 ÷ 0.013 = 0.668 in/sec

— ~~~~ - —— - . . - ~~~~~ — - ~~~~~~~~~~~~~~~~~~~~~~~~~~
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GAS- FLOW TO LARGE VOLUME

f,~~~~
’SURGE TANK FOR PRESSURE CONTROL

I ~,~ ‘PRESSURE VESSEL WALL
___________ ___________ ELECTRICALLY HEATED

NICHROME WIRE FOR
IGNITION

i.iIZT 

... —~~~E~~~wIRE TO START

L 
— 

.~-PROPELLANT SPECIME N

I ~~~ BREAKWIRE TO
I Iii ,~~

‘STOP TIME R

PRESSURE TRANSDUCER

ACCESS FOR PRESSURIZATION
GASES

a) Single burning interval strand burner .
________F ’ — V E N T  FOR THROUGH-FLOW OF N 2

if I -
~~
. l..—PRESSURE VESSEL WALL

~~ ELECTRICALLY HEATED11 ~~~~~~~~~~~~~ ~ NICHROME WIRE FOR
‘—i II ~~ 

— IGNITION

~Iii—

d bAl SERIES OF BREAKW IRES
~~~~~~~ ru TO SIGNAL WHEN FLAME
_______  

HAS ENCOUNTERED EACH
d INTERVAL#
~
,-I ~1ll~’-d itt

-
~~ -,

d I~I

______ 
BAFFLE TO DI RECT N2

-. 
.-~PURGE PARALLEL TO

-- 
THE STRAND

2 PURGE AND PRESSURE
— REGULATION GASES

b) Multiple breakwires and N2 purge strand burner.

Fig . 1 Strand burners for determining propellant burning rates in
N2.
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~7
PRESSURE VESSEL WALL

y~” ELECTRICALLY HEATED
— — ~~~~~~~~~~~~~ _ ~~NICHROME WIRE FOR

IGNITION

~~~~~~

LIQUID L~~ 
ACOUSTIC EMISSION

- -

- .

PRESSURE TRANSDUCER

.~~~~i~’~~TO HYDRAULIC PUMP

Fig. 2 Strand burner for determining propellant
burning rates under liquid.

Note: At sufficiently high burning rates, burning sur face
does not come into contact with liquid since combus-
t~on products form local gaseous environment (i.e.,
a bubble ) around the end of the strand .
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OUTPUT FROM
2....PRESSURE

TRANSDUCER

2— TIMING MARKS

a) Example of oscilloscope record

~r s  td 

} 

~s td

= 

~~std~~
’p,1 +

— 

~actual ~ set +

b) Interpretation of mean pressure during burning in terval .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LLY

I—s t,std

i i ij j i j j j j j jj j j jj
_ _ _ _ _ _ _ _

ts td
tb 

= xttstd/xt std and r = L/t
b

c) Determination of burning time.

Fig. 3 Illus tration of data records and data reduction forburning under liquid experiments .

____________ -
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EXPERIMENTAL ARRANGEMENT FOR OBTAINING BURNING
UNDER LI QUID MOVIES

CHAMBER PRESSURE~~~2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—~~~~ )IOT GASo — ‘BUBBLES

MOVIE .~.FLAME

CAMERA 

— 

STRAND

PRESSURE __— - --~~ LIQUID
VESSEL
WALL

a) Side view.

0

CAMERA F I~~~~~~ 

(

~~~~~~~~~~~~~~~~~~~\

\

FLAME —

STRAND —
~~~~~

b) View through window in combustor.

Fig. 4 Experimental arrangement for obtaining burning
under liquid movies. 
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VIEW OF STRANDS 1 MM THICK - FRAMES 0.0005 SEC APART

FLAME SHROUDED BY VISIBLE FLAM E IN GAS VISIBLE FLA~ i
FILM OF QUENCHED POCT~FT IN OIL 0 . 3  MM COUPLED TO SURFi-(’~PROPELLANT ABOVE SURFACE

L. 
_

—  

_ _

— 

~~~~ _____

COMBUSTION GASES ISSU- FLAME IN (;;~ -; P O C K E T  V I S I B L E  L7~~~~
1 ’  ,\T~~

IN G THROUGH FILM OF IN OIL 5 MN AB OVE 2.5 MM ABOVE SURFACF
QUENCHED PROPELLAN T SURFACE

Fig. 5 P r i i it e l frames f rnm h i g h  spe’~-1 r- - - v i e  (2000 - -e - )  ~ f f l T - N — ~ fl u - :  in ! i X i

oil and N 2 showinq how gas pock~-t ii. ~~~i 1~ i ed ~-r~ -~~ i r ~t I -

surface from surrounding li quid. 

---~~~-—
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~~~~
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SIDEVIEW CROSS-SECTION

>1
‘0

4~~U) -
C f l ’0

0 -

4J .~~~Q) - o:~~4J~~~ -
~~~~~~ 

- z.- -.- ~

~~--r~~~- ’ 
~~~~~

- - --
~ ,~~

r-l .~J .~~~ . , I

4/U ) W O
Lc~:r

.~i U) —
~~~~~~~~~~

. -.- 
- - J ~~~~

- - ~~~ 4/ ~~~‘~~~~I~~ CL
(1) ‘—~~ ‘0 

-
~ 

-

0 CL) - - ~~—s— 5 MM ~~~~~~~~~~~ 1~Cl) U) - 1 ~1-~
W ~-4 SPECIMEN 13 H 0 A~i 1500 1 i~IG

O s::
w .r-~~~o.c: o ---i
•~~ 

t4~~~~~~
Cl) Cl)

E

ill ~~~~~~ 5 M M —~~~~~ 1 M M

SPECIMEN 17 OIL AT 1500 FSIG

Fig.  6 Photographs of extinguished HEN-12 showing that
liquid adjacent to burning surfaces s ignif icant ly
lowers the burning surface . 
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O~~~~w
-H .~~

4.) .~J

5
Cl) 0 ) 0

O .—4 c~ci) ~-IV

‘0 .- LOWE R RATE AT
- - 

- 
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(~~.~:4J U) -J
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SPEC thEN 16 OIL AT 500 P SIG
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S P E CI M FN  14 N 2 at. 500 PSI ;

F ig .  7 Photographs of extinguished HEN-12 showing that
liquid adjacent to burning surface s significantly
lowers the burning rate (500 psig) .
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t a  + a X0 1

r = dt/dt = 1/a 1

dx/dt ~ t .x
SPEC. PSIG °F in/sec Cd SEC

GOO flO 509 87 0.820 0.99995 0.010

DATA j 14 1038 88 1.123 0.99989 0.011
Ll3 1568 90 1.360 0.99980 0 .012

DATA I
WITH 6 1546 80 1.212 0.99956 0.020 /
SCATTER ‘V

(1 /
U)

- .DATA POINTS
4.) .

,
- 14

V

• 

L / .J7
t~~~~~~~~~~~

,. . 

T

DISTANCE ALONG STRAND, x, IN

Fig . 8 Time to burn through individual br .akwires and
linear regression least square fit through
x, t points.
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CHI~4NEY BUP~’:FR LOW N 2 FLOW OB1 F 1CN D I A .  = 0 . !~~~t) T~~ .

1{ i - , l 1  N2 FLOW O R I F V I  D T A .  = 0. C-~~4 i ’ ~~.

— — — ~;N D E R  L I Q U I D  ( AVG 3 Oi~ ~1ORE TESTS )
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-
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I 

_

~~~~ 
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LOW

;~TI:=~~~~t ~
001 - 

— 

- - - - 
~~~~~~~ The large wiriatic~ -- ~~~~ bur> ic rate

- 

the i~ n:rrna 11~ 
aL( Ct S t L~~~ 

~~ -~~~ - - - of interest in th ie St  -
~~ ~y. :h~ bur :-

1— —

~
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~~~

- 
j
-- - -  - -- ---r - - -  - - -

~~~~
--  inc media does not in~~I ~enc~- ‘- - l C- I~~~- -  -

— — -

— — 
ti ciC as of noimal c~ImL t ion > , I L !

- - - at s u f f i c i e n t l y  hi gh p”?ssu--

~ ~ - - I - H - -  I - f - Hj I + j - -~t~- i --- ~ ~~i
500 700 1000 1500 2000

PRE SSURE J PSIA
I t’E: All strands are 0.04 x 0.18 inches in cro~ s—section

and are uninhibited .

Fig . 9 E f f e c t  of media and N2 flow rate on burning rate at
80°F [showing that the very thin strand ( 0 . 0 4 0  in.)
is greatly influenced by coolinq produced by contac t
with surrounding media]. - 
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& ERROR BAR

- ~~ i~~ _fThe large variations in burning rate
- 

- 

- .

~~ 
u n  H 20 and N 2 are a direc t result of

~~ I ~~~~~~~~~~~ — -  ~~_.- ~iti~_- -- the abnormally thin strands which were 

_____ r L~~H ’  of interest in this study . The burn—
_____ 1~ ~4 L 4 ing media does not influence rate when

-
~~~  

strands of normal dimensions are burned 
- - - •  — ,   T fYJ -t , at sufficiently high pressure .

~~ 
iftt+ J~j +I+L*l1tH i+HT I I~~ITr T~ fT I~

500 700 1000 1500 2000
- 

PRESSUREJ PSIA
Fig . 10 Effect of media on burning rate at 140°F [showing that

- 
burning under oil produces erratic results (at 500 psi)
which probably results f rom secondary reactions between
the oil vapors and the propellant combustion products].
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Fig. 12 E f fec t  of initial temperature on burning rate (r vs p
with T0 as a parameter) , in non flowing N 2 .
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rate (r vs T0 with p as a parameter)
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