
/lb- 019 9% 
UNCLASSIFIED 

/fb  09? ??£ 

5  0712  01013695 9 TECHNICAL 
LIBRARY 

ou« 

Defense Documentation Center 

Defense Logistics Agency 

Cameron Station  •   Alexandria, Virginia 

UNCLASSIFIED 



.-.,._.. 
• 

k9 

>•       C 

o   ^ 

NAVORD REPORT 3818 

/—^ 'R/--I    IGNITION OF PROPELLANTS BY HOT GASES PART HI 

IGI^?TION"ENERGY REQUIREMENTS AND HEAT TRANSFER UNDER TRANSIENT CONDITIONS 

c 
20 OCTOBER 1955 

S. NAVAL ORDNANCE LABORATORY 
WHITE OAK,  MARYLAND 

5 6 A A      11 I 



MSSJFIED 

This doc ument is CLASSIFIED ami shall be safeguarded 
in accordance with the security provisions of U. S. Navy 
Regulations. It is forb.ddf-r to make extracts from or to 
copy thib classified documei;'. w.'.hout specific approval 
ofthe Chief of Naval Operations or originator, as applic- 
able, except as provided for in article 9 - i 0 of the United 
Suites Navy Security Manuai of Classified Matter. 



• IGNITION OF PROPELLANTS BY HOT GASES 

PART III.  IGNITION ENERGY REQUIREMENTS 

AND HEAT TRANSFER UNDER TRANSIENT CONDITIONS 

Prepared by: GEORGE J. BRYAN 

Working Group: 

G. J. Bryan        J. V. Enig 

E. E. Kilmer 

Approved by: Evan C. Noonan 
Chief, Fuels and Prppellanta Division 

ABSTRACT:  Ignition energy requirements were determined for propel- 
anta Ignited In a time of 2-5 milliseconds by suddenly compressed 
Inert gases. The twelve propellents tested Included a wide range 
of compositions.  Ignition energy values for the 2-5 millisecond 
range were found to be considerable smaller than ignition energies 
determined by others for longer ignition intervals. 

Due to difficulties in determining absolute heat transfer to 
solids exposed to a gas whose mass flow, pressure and temperature 
vary simultaneously, ignition energy values quoted must not be 
taken as final.  It is estimated that absolute energy values are 
good only to ± 35$; however, since many of the assumptions made 
cancel when various propellents are compared in the same apparatus, 
relative values should be good to ± $%. 

The results from these tests were combined with theoretical 
treatment and other workers' data for slower ignitions. It is 
concluded that the energy required to ignite a propellant is a 
function of the energy flux; at high flux rates less energy is 
required. Consequences of this conclusion are discussed. 

It is therefore possible to systematize many of the variables 
encountered in ignition and to show that a simple thermal theory of 
Ignition holds over the entire time interval range encountered in 
practical guns and rockets. Some applications of theory and data 
are discussed. 
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This report covers progress on basic research on ignition 
mechanisms in solid propellants carried out under task NOL- 
B2d-02-1-55. Results should be applied only where there is 
a full understanding of the assumptions involved; they cannot 
be regarded as definitive and final. The opinions expressed 
are the responsibility of the author and the Fuels and Propellanta 
Division of the Naval Ordnance Laboratory. 
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IOIITIOI OP PB0PBLLAJTT3 BY HOT OASES 
PART III.  IONITIO" ENEROX REQUIREKEHTS 

AND BEAT TRANSFER UNDER TRANSIENT CONDITIOBS 

X.  IHTRODOCTIOI 

The energy requirements for the ignition of propellents are of 
considerable interest from both theoretical end applied viewpoints. 
This report describes the determination of ignition energy requirements 
for propellents ignited in a time of the order of 2-5 milliseconds 
by hot, inert gases. The results from these tests are combined 
with theoretical treatment and other workers1 data for slower ignitions. 
It is believed that the result is the most complete picture of 
ignition energy requirements which is presently available.  In 
addition, some results on the transfer of energy to solid surfaces 
under transient exposures to hot high-pressure gases should be of 
interest in the heat transfer field. 

Previous reports (1,2,3) must be referred to for a complete 
treatment of the locked-stroke compressor, recording apparatus, and 
previoua results. 

II APPARATUS AND INSTRUMENTATIOH 

The locked-stroke compressor is designed to compress a gas very 
rapidly so that its temperature and pressure rise almost adlabatlcally. 
The final 80$S of the pressure rise occurs in from 2 to 5 milliseconds, 
depending on the driving pressure and compression chamber pressure. 
The maximum point of the compression pistons'movement can be 
mechanically varied. The useful range of compression ratios is 
approximately I4. to 30.  The maximum allowable pressure is approximately 
3000 psi. The maximum obtainable temperature varies with the gamaa 
of the gas and la over 2000*K for monatomic gases.  As the initial 
pressure and the compression ratio can be varied Independently, the 
pressure and temperature can be varied separately, within limits. 
The compression piston is locked into position after only a slight 
backward movement. 

A pressure-time trace is obtained through the use of an Aberdeen 
C-AN type pressure transducer, an amplifier and calibrator, an 
oscilloscope, and a drum camera. 

Ignition is detected by a photomultipller tube which "looks" 
through a window. The time of ignition is reoorded by brightening 
the pressure-tijae trace. 

1 
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One modification has been added.  A DuMont type 322-A double- 
beam oscilloscope haa been used in place of the 3O4-H.  Thia haa 
allowed more precise recording. 

Ill  HEAT TRANSFER EXPERIMENTS AND RESULTS 

A.    Outline of Methods Used 

As the methods used for determining heat transfer are novel, 
they will be described with some detail.  The ideas and assumptions 
involved are simple.  In order to prevent confusion by details* an 
outline of the ideas and assumptions involved is presented here. 
The heat transfer calculations which involve the most assumptions 
(those at the stagnation point of flow) are believed to be within 
- 35/" of the correct absolute values and probably are better than 
this, i-lost errors are of the constant type and can be eliminated 
by the application of a constant factor to the data when more 
refined methods become available. The relative accuracy of 
ignition energy determinations for propellents la about ± $%, 
though a propellent's variability may increase the spread In results 
to a figure greater than this* 

1. It was experimentally proved that higher pressures 
obtained by compressing argon than with helium under identical 
lnitirl pressures and compression ratios were due to the helium 
transferring more energy to the compressor walls than argon. 
This was done by measuring the effect of increasing the ares 
exposed to the hot gases by introducing & flat coll (of round wire) 
with an area comparable to that of the compression chamber. 

2. It was empirically determined from experimental data 
that the pressure-volume relations of each gas was regular enough so 
that adiabatic type therraodynamic equations could be used except 
that the adiabatic gamma (heat capacity at constant pressure/heat 
capacity at constant volume) was replaced by a constant (speciflo 
for the compressor used and different for each gas). 

3> Equations for determining heat losses to the compressor 
walls were developed from the above empirical equations and 
therraodynamic laws. 

I*.  To determine the heat lost per unit area of wall it v-s 
necessary to correct the area at the point of computation for the 
fact that 3ome heat had been lost to the walls which were covered 
by the proceeding portion of the compression stroke. This 
correction was 'empirically determined by trial and error computation. 

5.  Large areas of copper, glass, and propellant-coated glass 
were separately introduced into the compression chamber. These 
were in the form of long cylinders (rods or wire) which had been 
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made Into flat spiral colls so as to fit within the chamber. These 
tests were compared with tests In which no colls were present. 
Differences In heat losses between loaded and unloaded chambers 
were due to the Introduced colls except for three corrections: 
(a)  Loaded chambers had larger cylindrical wall areas than the 
unloaded chambers at equal compression ratios, due to the effects 
of the volume occupied by the loading material on theflnal distances 
at which a given compression ratio was obtained,  (b) Greater heat 
losses for the loaded chambers prevented the chamber walls from being 
exposed to the same temperatures present In unloaded chambers under 
equal Initial and final pressure,  (o) Competitive cooling by 
nearby surfaces was greater In the loaded runs (same volume of gas 
Involved In heat conduction to more than one surface). Corrections 
for (a) and (b) were based on the area and temperature differences 
ln/ol'cd. Corrections for (c) were estimated from the differences 
between results for s ingle colls and those obtained using two colls. 

6. The above experiments showed that any differences between 
the heat transferred to solids of grettly different thermal properties 
were within the experimental error and thus small or absent.  In 
other words, the properties of the gas are the controlling factor 
in heat transfer from a gas to a solid when the gas temperature is 
high and the time of transfer is short enough to prevent the rise 
in the solid's temperature from significantly decreasing the 
temperature difference >.«tween the solid and the gas. 

7. It was thus possible to directly determine heat losses 
to any solid material in the plane of the face-plate or piston from 
parts 3 and 1+ above. 

S. To determine heat losses to a short cylinder suspended in 
the chamber, the no-flow calculations in 3 and k  were multiplied by 
the ratio of flow to no-flow transfer found in 5 and corrections 
were Included for the reduced inter-area competition for heat with 
the short cylinder as compared with a coil.  This gave a value for. 
an area uniformly distributed around thi suspended cylinder. 

9. In ignition experiments it was necessary to take Into 
account the fact that the localized rate of heat transfer varied 
about the suspended cylinder (being greatest at the stagnation 
point). This correction was estimated from available data on the 
localized rate of transfer about a cylinder under steady-state 
gas flow, making some allowance for the fact that flow in the 
compressor was not steady-stats. 

10. A check of the accuracy involved in the measurements 
and corrections applied for changing from no-flow to flow conditions 
was made. This was done by igniting one of the propellants both lu 
the plane of the face-plate (no-flow) and as a suspended cylinder 
(flew). The amount of energy per unit area required for ignition 
of the flat sample should be the same as that required at the 
stagnation point for the suspended cylinder.  Within the precision 
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set by the reproduciblllty of the propellent sample, the check 
was good. 

11. Changes In heat transfer with speed of compression were 
roughly measured for two markedly different speeds.  These 
measurements Indicated an Increase In heat tran sfer roughly 
proportional to the time of throw.  As the apparatus is generally 
operated at the same compression speed, this will generally be 
the source of only a small error and no corrections have been 
applied for this. This type of error may become significant If 
two gases with different ga^-nmas (Cp/cv) are being compared, or 
very large differences In pressures and temperatures exist between 
two determinations. 

B. Early Experiment^ 

During the course of some Ignition tests, a long series of runs 
were performed under identical conditions (original pressure 
In compression chamber, compression ratio, and driving pressure) 
but with different gases, argon and helium.  It was noted that the 
helium runs had a greater excess of driving pressure than the argon 
runs. The recorded peak pressures for the argon runs averaged 10.3$ 
higher than for the helium. 

According to the best data available on these two gases, they 
were Still ideal In behavior over the pressures and temperature 
involved.  This left the possibilities of leakage or of heat 
transfer to the walls.  Shots that rebounded without locking had 
been tested and no evidence of leakage was found.  It would also 
be unusual that leaks would show uniformity.  The moat likely 
explanation for the different results from the two gases Seemed 
to be that they lost heat at different rates to the walls of the 
compression chamber. 

To test whether heat transfer was the culprit, we Inserted a 
flat coll of heavy copper wire in the compression chamber, with 
the plane of the coil parallel and near to the face-plate.  The 
coil area was comparable to that of the chamber walls at the end of 
the compression stroke. It was reasoned that if heat transfer were 
the cause of the discrepancy, then the increase in area should 
reduce the pressure obtained with either gas, but should reduce 
the helium pressure the most. This is exactly what was found. 

C. Measurement of Heat Transfer Based on Pressure Changes 

Exploration of the possibility of using pressure drop as a 
basis for measuring heat loss was begun. By knowing only the 
initial pressure and volume and the pressure and volume at the 
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maxima point of compression, the amount of heat lost could be defined 
to a value within fixed but farspread liraita.  The lower limit waa 
the heat lost during a compression cycle which reached the final 
pressure and volume by first compressing lsothermally and then 
adiabatically.  The upper limit was the heat lost during a compression 
cycle which reached the final pressure and volume by first compressing 
adiabatically and then lsothermally. Figure la Illustrates these 
conditions.  The area below line A is a measurement of the lower 
limit and that below B is a measurement of the upper limit, with 
the area between A and B being the amount of uncertainty (path 
dependent).  In Fig. lb It is assumed that the pressure and volume 
are known at one intermediate value.  Clearly, such a point greatly 
reduces the area of uncertainty. 

The voluae and pressure at a number of points during the 
compression stroke were then determined.  Three metallic probes were 
projected from the face plate at known distances of projection. 
Contact of the piston with these probes discharged a small capacitor 
ao that a short, sharp, voltage pulse was applied to the Z-Axls of 
the oscilloscope.  The pressure-time trace thus brightened at that 
point.  Additional points were thus fixed at which it was possible to 
experimentally determine the volume and pressure simultaneously. 

A plot of log vVv versus log P/P0 for the experimental values 
obtained gave a straight line.  This result meant that the gases 
were obeying a regular type of law in which the adiabatic gamma ( y ) 
was replaced by a non-adiabatlc constant (unique for this compressor) 
which has been called alpha (°( ).  The application of the method of 
least squares.to these plots gave values of alpha equal to 1.562 for 
helium and 1.622 for argon. The Pearson correlation coefficient for 
both of these lines was 1.00.  These plots are shown in F ig. 2 for 
argon and helium with heat loss and for an adiabatic compression. 
The scatter is large in the low-pressure region because a large 
part of the errors in pressure readings were constant in size 
(about ± 20 psi) so that they gave a much greater per cent effect 
at low pressures.  If gamma is replaced by alpha In the usual 
equations for determining temperature, the temperature obtained will 
be an average temperature.  The temperature of any central portion 
of gas which has behaved adiabatically can be obtained by using gamma 
and mer.sured values of pressure in the pressure-baaed temperature 
equation.  As an example, a central value of 2093°K and an average 
value of 171;80K was calculated for a helium compression.  The alpha 
values found were tested by trying them on many other runs covering 
a wide range of compression ratios and initial pressures. These 
showed rather convincingly that a good prediction of pressure could 
be obtained by using experimentally determined alphas.  It was thus 
possible to do much better than determine pressures and volumes 
simultaneously at a few points.  They could be calculated at any point. 

This made it possible to develop an equation for calculating the 
heat lost up to or between any desired Intervals of the compression 
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stroke.  Rates of transfer can also be derived from this data. 
This equation was derived from a basic thermodynamic equation In 
the following manner: 

(1) Starting with the familiar - 

dQ = Cp dT - V dP, where 

<J • heat,  Cp • heat  capacity at constant pressure, 
T =  temperature,   V = volume,   and P * pressure. 

(2) The  value of dP Is found In terms of the  empirical equation 
Involving a constant alpha - 

dP =  -o(P0v*dV/yt<+      , where subscript  *o" Indicates  Initial 
state. 

(3) Substituting this  Into the original equation and Integrating 

4 Q = Cp(Tf - T0)  •      1^fl<    P0V0 /JV^f )°<-1-27 

is obtained,  where  "f" indicates final state and ^ Q. is the heat lost, 

(I4.) Substituting,  using the equation 

Tf =»  TQ   (V/VQ)
01
" 

1,   and  simplifying - 

4 1 "  (CPT0 
+   -T^gr Mo>r< W      -3/ 

=   (C  T '   v o •rr- povo)r(V^f)    -37 

(5) By using the relationship PV * (Cp-CT)T we obtain 

A* (7- 1)«-1) 

(7- 1)«- 1) 

(Vo/Vf)0''1-! 

(Pf/Po^-1 
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The last two forms of this equation are particularly convenient 
for calculation purposes. With them the amount of heat lost to the 
compression chamber walls can be easily calculated at any moment 
In the compression stroke. 

Although the alphas gave a good prediction of the pressures 
experimentally found, there Is reason to doubt their constancy at 
low compression ratios. The area exposed to the hot gases can be 
separated Into a fixed portion (the end area of the piston plus 
the equal area of the face-plate) and a variable portion (the 
cylindrical walla).  The area at the beginning of the stroke la 
considerably larger than that at the end of the stroke. This may 
be partially counterbalanced by the much lower temperature gradient 
at the beginning of the stroke than at the end. Our principal 
Interest In these alphas Is with respect to their effect on the 
amount of heat transfer. Examination of the bracketed term In the 
above equation (plus checks by actual  computation) shows that 
the amount of heat transferred Is small during the low compression 
region during which the principal change In area occurs,  (only 
17 per cent of the heat loss would occur while an Initial Sh  p»r 
cent of the change in wall area was occurlng for a peak compression 
ratio of 15 and using helium.) In other words, the major part of 
the heat is transferred while the wall area shows only a modest 
change.  In summation, it seems possible that alphas may not be 
strictly constant for low compression ratios, but this probably has 
only a slight effect on most of the heat transfer calculations. 

To translate results for the total heat loss to the chamber 
walls to the heat loss per unit area of exposed wall at some 
point during the stroke, some correction must be made for heat 
lost to the walls which have been covered at that point. For a 
slight movement of the piston the area would be the f inal exposed 
area plus l/2 the area covered by the piston movement. This 
formula gives too large an area when the length of the stroke 
becomes appreciable, because the rate of transfer per unit of 
movement increases as the piston moves forward.  By trial and 
error it was found that if the covered area was divided by twice 
the square root of the compression ratio and this was added to 
the final area, a close approximation to the correct area was 
obtained. By dividing the total heat loss by this value, tha 
amount which the final walls received per unit area (final 
referring to the point of Interest) was obtained. 

It was thus possible to calculate the amount of heat lost to 
each unit of exposed wall area at any point during the compression* 

D.   Heat Losses to Colls of Varloua Materials Suspended in the 
Compression Chamber 

These experiments were designed to determine how large an 
effect the thermal properties of a solid had on the amount of heat 
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transferred to it under a transient exposure to hot, high-pressure 
gases and to obtain data on which heat transfer calculations to 
3hort cylinders of propellants could be based. To obtain significant 
pressure differences the determination of heat losses was made on 
long cylinders made into a flat coil. The materials tested and their 
thermal dlffusivities in e.g.s. units were as follows:  copper, 
1.11*; pyrex glass .0058; and propellant (principally nitrocellulose, 
coated on pyrex glass) .0008. 

Copper and pyrex glass were tested in the form of long thin 
cylinders (wires and rods) coiled into flat spirals whose outer 

' turns were nearly the diameter of the compression cylinder. The 
copper wire was .102" dia. and long enough to provide an area of 
99.1+ ca2#  ina pyrex rod was .107" dia. and provided an area of 
111.6 cia2. The areas of these coils were comparable to those of the 
compression chamber walla as can be seen by the comparable heat 
losses tabulated in Table I. Three runs were made for each material 
and for a blank; the runs being alternated.  Adjustments were made 
for the volumes occupied by the glass and c opper colls so that 
the trials were made under approximately equal compression ratios. 
The effects of any slight differences in compression ratios were 
eliminated by determining an alpha for each run and then averaging 
for the group. These average alphas were used in the above developed 
heat transfer equations to determine the total amount of energy 
lost to each system under cc ditions of equal final pressures and 
equal starting conditions f •• the three systems. These values are 
given in Table I.  (Note t'  at comparisons under equal compression 
ratios give similar results but do not give as close a comparison 
because peak pressures and temperatures would be different for 
different alphas). The blank values were corrected for the fact 
that these calculations were for higher gas temperatures than the 
walls of the loaded systems were exposed to. The bracketed term in 
equation 5 Is equal to the temperature difference between the gas 
and the walls divided by the initial temperature. The blank valuei 
were reduced by multiplying them by the ratio of the value of the 
bracketed term for the loaded system to that for the blank system. 
A second correction was applied to increase the value for the blank 
system to correct for the fact that the average cylinder wall area 
exposed was smaller than for the copper and glass coil systems. 
This was true because of adjustments necessitated by the volume 
occupied by the glass or copper. These two corrections were applied 
so that the amount of energy lost to the walls under the conditions 
and areas holding for the glass and copper systems could be accurately 
determined.  These corrections, though significant, were not large 
as can be seen from Table I where corrected (column 6) and uncorrected 
(column 5)  blank values are shown.  There was some wall to coll 
competition for heat in the loaded system.  Ommlssion of a correction 
for this has the effect of assigning a greater heat loss to the walls 
of the loaded system than actually occurred.  Similar effects are 
discussed further in this section, and an estimated correction has 
been used in applying this data to short cylinders. By subtracting 
the values in column 6 of Table I from the overall values for the 
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loaded system; the heat lost to the colls alone was obtained. 
Division of these values by the respective areas of the coils 
gave the beat loss per unit area of coil. This was an average 
value for an area equally distributed around the rod's circumference. 

•' 
A propellent was tested In the form of a 15 to 20 micron thick 

coating on glass coll supports. This coating was principally 
nitrocellulose.  It was prepared by dipping tha colls in a solution 
of IHBE-152 propellant (96.16^ KC (12.6N), .96£ diphenylamina, 
2.88£ K^Oh, and k'77%  total vola&iles) in ethyl acetate and 
allowing to dry; repeating the process until an adequately thick 
coating was obtained. To prevent webbing between turns of a coll, 
it was necessary to use colls with a greater spacing between turns 
than for the above runs.  So that a large cooling surface could 
•till be maintained, two colls were mounted parallel to each 
other and with a spacing of about .10" between coils. This gave 
less cooling per unit area of coil than the single coil arrangement, 

/ due to the crowding causing an Increase in competition for heat by 
adjacent areas. The error introduced by not correcting the transfer 
to the cylinder walls for coll to wall competition Is also Increased; 
making the values found for the coils appear to be appreciably less 
than they ere. By making tests with the same glass colls, bare 
and coated, an excellent comparison of heat transfer between glass 
and propellant could be obtained. As good single coll data for 

x pyrez glass had already been obtained, single coil data could be 
indirectly obtained for the propellant coated glass. 

* Heat transfer values for these dual coil experiments are also 
given in Table I, using the same type of calculations as for the 
single-col'1 data. As expected, double-coll values were much smaller 
than alngl^-coll values. Differences between the two materials, 
were small, but were observed with both argon and helium as 
operating gas. The propellant coated coils actually gave slightly 
larger values than did the glass. These differences are probably 
within the errors involved in the measurements.  Such a difference 
would be in opposition to thermal property origin, but a greatar 
degree of surface roughness for the propellant might be a plausible 
explanation. 

These experiments showed that about the same amount of heat was 
transferred to surfaces of copper, glass, and propellant.  Greater 
crowding In the double-coil experiments resulted in a lower heat 
transfer per unit area than for the single-coil experiments. This 
effect was large enough so that an adjustment for the reduced 
surface to surface competition for heat present for a short cylinder 
compared to a single coil was applied in the following section. 

Apparently, the difference in temperature between the gas 
and solid is the determining factor in heat transfer from a given 
gas. The fact that the amounts and rates of heat transfer to 
materials differing by a factor of as much as H;00 in thermal 
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properties were almost identical should be generally true when the 
Increase In surface temperature Is only a small fraction of too 
temperature difference between the solid surface and gas. This 
condition Is met under the short times of application and high 
gradients existing during the compression stroke of the apparatus. 
Here there are temperature differences of the order of one to two 
thousand degrees Kelvin and surface temperature rises varying from 
a few degrees for the copper to a few hundred degrees for the 
propellaht.  It should be noted, however, that the surface 
temperatures reached by solid surfaces under equal heat transfer 
rates are quite dependent on thermal properties of the solid. 

The suspension of the colls within the chamber exposed them 
co gas flow, varying during the stroke from 0 to maximum values of 
the order of .5 mole/cm2 see. The valu«aof heat transferred per 
unit area for the single colls were thus larger than for unit area 
of walls, as there is no flow involved In transfer to the piston 
end or to the face plate.  Values of this flow/non-flow ratio were 
needed for calculations below. As all the materials behaved sim- 
ilarly, the values for glass were used because less scatter was 
present In these data.  Ratios war* 1.05 for helium and 1.93 for 
argon. 

K.  Heat Transfer at the Stagnation Point of Short Cylinders 

r Inhibited-end cylinders of propellent were used as samples in 
the tests on which ignition energy determinations were based. This 
shape may be considered as a short form of the above coll. We 
would thus expect that a similar amount of energy would bo 
transferred per unit area of cylinder as per unit area of coil. 

•t'_       To apply heat transfer data from coils to the calculation of 
transfer to cylinders, adjustments were made for the non-existence of 
intra-coll and negligible cylinder to wall competition for heat. 
Ignition would be expected to occur at the point of maximum heat 
transfer (stagnation point), so overall values were changed to 
localized values for the stagnation point ret. 1.0ns. We were thus 
able to base heat loss calculations on pressure differences 
resulting from large area changes and apply the results to cases 
where pressure differences would have been too small to measure. 
The determination of the heat transferred per unit area of wall 

I       at any point during the compression stroKe has already been 
discussed.  These calculations were utilised by expressing the 
results in terms of the ratio of the transfer per unit area at 

*        the stagnation point to that at the walls. 
-• 

The single-ooll values were arbitrarllly increased by 20^ 
to obtain values for short cylinders where there Is little Inter- 
surface competition for heat.  This estimate was baaed heavily on 
the differences in energy transfer values found between the double- 
coil and single-coll experiments. Such values are overall values 
for areas distributed uniformly about the circumference of the 
cylinder.  It has boon shown (\\,S)  that, under steady state 
conditions for a cylinder suspended in flowing gases with its 
longitudinal axis normal to the direction of flow, the maximum 
ratio of the heat transfer rate at the stagnation point to the 
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overall value la 1.? and for low flow ratea la slightly less. 
The direction of flow about a cylinder of propellant mounted In 
our compressor with its longitudinal axis parallel to the face 
plate meets the above conditions.  The flow rate Is definitely not 
steady state, however, differing In the following ways:  1.  The 
flow rate continuously changes during the compression stroke. 
2. It Increases with the distance of the cylinder surface from 
the face-plate.  3. The surface layers about the cylinder (and all 
other layers) are continuously being heated during the compression 
and also Increasing In pressure and density.  We have definitely 
seen evidence, on samples which were discolored or partially 
decomposed but did not burn, that there was more discoloration and 
decomposition (thus heat transfer) at the stagnation position. 
There was weak evidence of higher than average heat transfer at a 
position diametrically opposite the stagnation point, which is also 
in agreement with the higher than average transfer predicted there 
.under steady state flow (5)« With the above as a basis, an 
arbitrary factor of 1.5 waa selected to change overall values to 
values at the stagnation point.  A qualitatively similar factor 
was Inferred by noting the increase In conditions needed to causa 
sample darkening to spread from the stagnation point until the entire 
cylinder waa darkened for some samples. 

If we apply these two corrections to the above-given valuea for 
single-coils, we obtain ratios of I.89 for helium and 3.1+7 for argon. 
These values are for the amounts or rates transferred at the 
stagnation point of a suspended cylinder versus the amount or ratea 
transferred at the walls. 

As the correction factora uaed above were given rather 
arbitrary values, an attempt waa made to experimentally verify them. 
Arcite I4I was the only propellant which seemed likely to receive 
enough energy to Ignite as a flat surfp.ee on the face-plate. 
A disc of Arcite I4I was Imbedded in a disc of modelling clay which 
partially covered the window in our compressor, with the clay 
slightly overlapping the disc edge.  Only a flat surface was thua 
exposed to the gas. This waa approximately In the plane of the 
face-plate so that flow waa neglglble.  If the factors were 
correct, then the same valuea of Ignition energy should have been 
found with the suspended cylinders using those factors, as were 
found for the flat surfaces using a factor of unity. For helium 
a value of .121 cal/cm^ waa obtained for flat surfaces and 
.117 cal/cm2 for cylinders. For argon a value of .086 cal/cm2 waa 
obtained for flat surfaces and .116 cal/cm^ for cylinders. This la 
a good check considering the scatter in results due to lnhomogeneity 
of propellant. The checka are by no means perfect, however, and we 
are trying to further refine our data by the direct measurement of 
surface temperature with a thin thermocouple. 

F.  Changes In Heat Transfer with 3peed of Compression 

To test this effect helium gas was used, the exposed area waa 
increased with a copper coil, and driving pressures were alternated 
between 220 psi and 280 pal. The compression speeds alternated 
from 3.7 milliseconds to 2.7 milliseconds for the final Qo%  of the 
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pressure rise, the faster throw being for the higher driving pressure. 
The amounts of heat transferred per unit area of the composite 
system changed from .III4. to .085 cal/cnr*, the greater quantity being 
for the'slower compression speed.  We thus found that there was * 
2$%  decrease in the amount of heat transferred when the speed waa 
increased by 3&£.  The rate of transfer for the faster throw waa 
only 2%  higher than for the slower throw. The amount of heat 
transfer Is thus closely proportional to the time of throw for the 

L      two points measured. 
I 

This change in the amount of heat transfer with compression 
time Is undoubtedly the source of some of our scatter.  Ordinarily 
only a slight excess of driving pressure is used over that required 
to lock the piston.  Tests.will thus ordinarily be made at similar 
driving speeds.  Runs which are made so that large differences in 
compression ratios are ootalned or in which gases of different 
gammas are used will show appreciable differences in driving speed. 
This corroborates some observations made In an earlier report 
(2, p.9), in which some discrepancies were attributed to differencea 
In driving speeds. 

G.  Further Discussion of Heat Transfer 

In earlier reports (2,6) an hypothesis was advanced for the 
calculation of heat transfer to a solid from a gas.  Thia hypothesis 
was based on the frequency of collision of the gas molecules with 
the 3olld surface, their average energy, and a proportionality factor. 
Some ignition data indicated that the proportionality factor varied 
with the gas.  The possibility of this being due to the differencea 
In accommodation coefficients arising from different molecular 
weights and for diatomic gases the possibility of different accommoda- 
tion coefficients operating on rotational energy exchange waa 
mentioned.  The present work Indicates that this discrepancy In 
proportionality factor was due to differences In molecular welghta 
but was purely a flow effect for monatomlc gases. From Table I it can 
be seen that for transfer to the wall surfaces the ratio of the amount 
of heat transferred by helium to that transferred by argon is 2.8. 
This compares favorably with the value of 3.2 predicted by the 
hypothesis and assuming a constant proportionality factor. For transfer 
to the C0II3 the values In Table I give a ratio of 1.5, showing clearly 
that the effects of flow enhance the effectiveness of heat transfer of 
argon more than for helium. The Ignition data was from samples which 
were mounted so that flow waa definitely a factor.  Although we have 
Investigated the heat transfer properties of nitrogen, we Intend to 
refine our work before drawing conclusions.  One complication present 
In nitrogen calculations is that this gas is Imperfect enough over 
the temperatures and pressures covered to show changes In gamma 
sufficient to cause significant effects In heat transfer calculations. 

The alphas which we used in our heat transfer equation for 
calculating heat losses to the walls are, of course, directly 
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applicable only to our particular compressor system.  It would be 
quite useful if we could calculate heat loaaea for other compression 
systems. By making the assumption that for a given gaa under equal 
starting preaaurea and temperaturea and the aaae compression ratios 
the same amount of heat will be lost per unit area of wall, 
regardless of the Bystem, we can do thla. Then we only need to 
calculate the amount of heat lost per unit area of wall for our 
system and multiply thla by the area of the other system'a walla 
at the point of conparlaon. Alternatively, we could make thla 
assumption for a given aet of conditions and work backward to obtain 
an alpha for the other system. Thla new alpha could then be uaed 
over a large range of conditions. Some correction for different 
speeds of conpreaalon could be applied from the above data cs thla. 
Possibly, differenoea arising from different length to diameter 
ratios may exist. We hope to experimentally determine how much 
the heat transfer at the cylindrical walla (where a peculiar type 
of flow ia involved) differs from that at the platon end and 
face-plate. 

V 
I 

IV THE DETERMINATION 0? IGNITION ENERGIES 
I . OP A SERIES OP PROPELLAHTS 

These determinations simply amounted to the application of the 
beat transfer results to ignition experiments given in an earlier 
report (3). The compositions of the propellent samples and their 
preparation, mounting, and testing are described in that report. 

* A few recent teata with flat aamplea of Arclte U4.I have already 
been mentioned, but otherwise the Ignition energy values are based 
on experiments in which cylindrical aamplea with Inhibited enda were 
used. 

Ignition energies were determined from teata in which the minimum 
conditions necessary for ignition were involved. These ignitions 
may occur at, before, or after the peak pressure and temperature 
for a given teat, but the important heat transfer period occurs before 
the peak. The statistical nature of ignition is discussed in 
reference 3* If wo made a number of testa under the same minimum 
conditiona, some of these would ignite at the peak. These ignition 
energies are thus considered to apply for ignition processes in 
which the energy ia transferred in three milliseconds (during which 
the final 80£ of the pressure rise occurs).  If we want the 
probability of ignition occurring at or before the peak to be high, 
a small increase in the minimum energy for three millisecond ignition 
(of the order of 10*) will do this. 

Table 2 lists the results of our Ignition energy determinations 
on propellent cylinders with inhibited ends and using helium and 
argon as gases. Average values and average values increased by 
ten per cent are also listed. Average values range between .12 
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cal/cm2 for Arclte U4.I and greater than .33 for EX-7077. These 
Ignition energy values are much smaller than those given by other 
Investigators (7,8,9), hut their work was carried out under 
conditions giving much longer ignition times. The argon values 
averare l8.5£ lower than the helium values. This difference 
probabl" is a result of constant errors in our heat transfer cal- 
culations and can be corrected by application of a constant factor 
upon refinement of measurement. The average values are probably 
better values than those for either gas, but errors were probably 
greater in the argon heat transfer determinations.  (The coll 
experiments yielded smaller value3 of heat transfer with argon 
than with helium; thus, errors of fixed magnitude loomed larger 
with respect to the argon results.)  In view of the smallness of 
the discrepancy, the results are in good agreement with our 
earlier expressed ideas (2,6) that ignition energies should be 
independent of the donor gaa. 

The propellents in Table II are arranged in the order of their 
relative ignitabilities reported in reference 3» P°r lnhlbited-end 
cylinders that arrangement was based on the lowest peak pressures 
and temperatures which-would bring about ignition, the highest peak 
conditions whi-ch failed to bring about Ignition, and the values of 
peak conditions at which ignitions occurred but burning did not 
propagate (for some samples).  Values of ignition lags for many 
propellants tested in the form of thln, stacked discs were also 

^       included in arriving at this order. The ignition energy values 
tabulated in Table II were derived only from the minimum peak 

>       conditions which would bring about ignition for lnhlbited-end 
cylinders. The order is essentially unchanged from the order derived 
tfrom the relative ignitablllty tests. This correlation Is clearer 

if comparison is made from a graphic chart in the previous report 
(3), in- which the degree of overlap between samples Is shown. 
Experimental scatter plus poor homogeneity of samples Is probably 
responsible for some of the variations present, particularly for 
00K. 

The correlation of ignition energies with chemical composition 
is parallel to the earlier discussion of the correlation of relative 
ignitabilities with chemical composition (3)« Some recent testa 
with explosives have yielded similar Ignition energies to propellants 
of similar chemical structure. These results will be given in a 
later report, after a wider range of explosives have been tested. 

V CORRELATION OF THESE AND OTHER DATA WITH THEORY 

A.    The Reduction of Iraitlon Energy Requirements by an Increase *• me   r. ecu 
in Energy Flux" 

Lewis  and von Elbe   (7), Shook (8),  and Enig   .9)  have reported 
ignition energy values.    Enig's calculations cover a range of 
ignitions occurring in from 1$0 milliseconds    to 30 seconds, being 
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based on data from the ignition of propellants by hot gases by 
Brier, Churchill, Thatcher, and Engibous for forced convection 
(5,10,11) and Blckford, Conant, Wachtell, and Roth (1+,12) for 
natural convection.  Those experiments also included a variety of 
gases and conditions.  The propellants we have tested do not 
include M-2 propellant, but its composition is Intermediate 
between that of JPN and IHBE-152. We have thus estimated its ignit- 
ion energy as being an average of those two propellants and equalling 
.25 oal/om^ for the 10$ above average value, which corresponds to a 
high Ignition probability after a 3 millisecond time of heat 
transfer. Enlg showed that the University of Michigan and Franklin 
Institute experiments were carried out under such conditions that 
the maximum and minimum flux were quite close.  Constant flux can 
thus be assumed and, by dividing his ignition energies by the 
ignition times, the flux for each test can be obtained.  For our 
data an average flux was obtained by dividing the ignition energy 
by three milliseconds.  Note that this is an average flux and not 
a constant flux.  It was thus possible to obtain ignition energy 
veraua energy flux for a range of ignition times varying from 3 
milliseconds to 3° soconda. 

The above relationship is plotted in Fig. 3 for M-2 propellant. 
The log-log plot gives a straight line relationship over the entire 
range and the line can be reasonably extrapolated to a high flux 
region which would give ignitions In a time of 100 microseconds. 
There is thus a regular decrease in lgniticn energy requirements as 
the flux rate Increases for the entire range of ignition intervals 
encountered in rockets and guns. 

Figure l±  is a log-log plot of Ignition energy versus time of 
ignition. Figure 5 is a log-log plot of energy flux versus time of 
ignition.  Figure 6 is a log-log plot of ignition temperature versus 
time of ignition. These graphs give useful straight line relation- 
ships, but care must be taken not to draw conclusions from them 
which are In conflict with Fig. 3-  The ignition temperature data 
was taken f1om Franklin Institute calculations (1|,11) on University 
of Michigan «nd Franklin Institute data. 

B.   A Thermal Theory of Ignition and a Graphic Model for Applying 
this Theory. 

The data in Fig. 3 plu3 the Franklin Institute data on ignition 
temperatures provide strong proof that a simple thermal theory of 
ignition holds quantltati/ely over the entire ignition range 
encountered in guns and rockets.  This theory simply assumes that 
ignition of a propellant occurs when the external source of energy 
Increases the propellants temperature i-o the point that i-fte decomposi- 
tion rate is sufficient to cause self-supporting burning.  The rate of 
energy transfer, duration of transfer, and thermal properties of 
the propellant determine the surface temperature history and gradient 
within the propellant.  The chemical properties of the propellant, 
of course, determine the effect of temperature on the decomposition 
and the overall rate necessary to produce enough heat to support 
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combustion.  As lass energy is required to reach a given aurface 
temperature when the energy flux Is Increased, leas energy la 
needed for Ignition as the flux Is Increased. Thla Is partially 
counterbalanced by the fact that higher surface temperatures must 
be obtained to support combustion when the thermal gradient is 
increased by an Increase In flux.  (The thickness of the zone In 
which decomposition is occurring decreases and there is also a 

'1       higher sub-surface rate of thermal diffusion.) Ignitions may 
occur in which the role of the external source is reduced, but these 
will be longer than those considered satisfactory for rocket or 
gun ignitions, or, will be unsatisfactory in other ways, such as 
irregularity or by a dangerous accumulation of incompletely burned 
products. 

A graphic model based on the above theory is shown in Fig. 7. 
This model is constructed by first making a log-log plot of the 
Increase in surface temperature versus the time of energy transfer* 
For a constant energy flux this surface temperature can be determined 
by th« application of the equation shown In Fig. 7-(taken froa 
Carslsv and Jaeger (13)) to a material of known thermal dlffualvity 
and thermal conductivity.  The thermal properties used In Fig. 7 
were taken from Shook's determination for JPN propellant (8).  Judging 
from Rainbird and Ward's data (II4.), these are probably quite close 
to those for M-2 propellant.  Once the simple calculation of the 
increase in surface temperature versus time has been made for a given 
flux, a family of curves covering a wide range of fluxes can bo 
constructed as shown.  As the product of the flux and time is 

J"       equal to the energy input, it Is also quite simple to construct a 
f"vnily of constant-energy lines, as showh. Up to this point no 
restriction has been placed on the original ambient temperature, 
except that the thermal properties of the propellant must be 

•> applicable over the range covered. To plot a definite value of 
temperature on this graph, a value must be assigned to the ambient 
temperature. The ignition temperature versus time line taken from 
Fig. 6 is plotted for three different ambient temperatures. 

The use of this graph can now bo Illustrated.  If either the 
Ignition energy, energy flux, ignition time, or ignition temperature, 
Is known,values of the other three can be immediately obtained. 
These variables are simply read where the known variable intersects 
the ignition temperature line. 

The ignition temperature line was drawn for three different 
ambient temperatures to show the change In ignition energy require- 
ments with changes in the ambient temperature of the propellant. 
(Note that these lines are straight but diverge.)  It can be easily 
seen that at an ambient temperature of 236°K (-3S°F) e^&  a flux of 
160 cal/cm2 sec., 1.6 times as much time and energy are needed as 
at 322°K (120°F).  Similarly, at a flux of 5 cal/cm2 sec a factor 
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t of 1.9 ia involved.  This large change In ignition energy require- ' 
ments with ambient temperature is one of the Important factors 
responsible for the large changes in ignition behavior with 
changes in the ambient temperature of tne propellant. 

The power of this model may be better realized by noting that 
It contains all the inlormation in the previous four graphs plus 
much other information.  We have been using It for several years as 
a basis for testing the thermal theory of ignition. This model 
places stress on the rate of energy delivery rather than the ager 
delivering it.  Although our data is from hot gases, the model should 
be generally applicable where the heat Is transferred by a conduction 
or convection process. This Includes hot gases, hot solids, hot 
liquids, heat released from a phase change of the ignition products, 
and heat released from the recombination of dissociated molecules. 
The energy required for Ignition by radiation would be expected to 
be larger as the absorption does not all occur at the surface; thus 
equal energy fluxes and times would lead to a lower surface 
temperature than if absorption were all at the surface plane. This 
is borne out by Shook's work (8) with JFN propellant. His ignition 
energies from & radiant source are "larger than would be expected 
for transfer by a convection or conduction process. Courtney-Pratt 
and Rogers have shown this quite clearly by recent work (15). They 
showed that the initiation energy (by radiation) required for 
silver azide can be markedly decreased by increasing the absorption 
coefficient by the addition of a dye.  (This energy was also quite 
similar to the extrapolated value we would get for M-2 propellant 
at the less than 61 microsecond time of heat transfer involved.) 

* It Is conceivable that energy arising from chemical or catalytic 
action of the Ignition system products with the propellant surface 
might be treated as Just another thermal source; however special 
assumptions would ha/e to be made, such as considering the attacked 
layer of the propellant surface as part of the Ignition energy sourc« 
and the surface beneath this as being the ignited surface. 

Thermal properties, particularly thermal dlffusivitles and 
conductivities, may be very Important In determining differences In 
ignition energies and relati/e lgnitabllltles of propellant. 
Clearly it would be expected that a material with a high thermal 
diffusivlty and conductivity would acquire a much lower surface 
temperature than one of much lower thermal diffusivlty and 
conductivity under equal conditions of rapid heating. Thermal 
properties can conceivably have a large range for propellents. 
The determination of the actual variations is important. The 
effects of metallic additives, such as the Incorporation of fine 
wires, or of inorganic salts in even small quantities might be 
more important than realized.  (The values of thermal dlffusivitles 
for some typical materials in e.g.3. units are 1.14 for copper, 
.0058 for pyrex glass, and .OOO85 for JPN propellant.)   If only 
more thermal data were available, the ignition energies in Table II 
could be U3ed to assess the relative importance of thermal properties 
to chemical properties in determining these values. Thermal 
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properties of propellents have been reported by Shoolc (8), Altman 
(16), Ward and Nicholson (17), Ralnblrd and Ward (II*), Thiokol 
Chemical Corporation (18), and Atlantic Research Corp., (19). 
Ralnblrd and Ward's data are sufficient to show one striking fact. 
The thermal conductivity of the only high nitroguanidlne composition 
which they tested was more than fifty per cent greater than for 
any one of a series of S.C. and related cordites (double-base 
composition consisting principally of nitrocellulose and nltroglycerln). 
These cordites varied by only about twenty per cent among themselves. 
This Is directly In agreement with the much higher values of Ignition 
energies found for propellents containing large quantities of 
nitroguanidlne than for ordinary double and single base propell&nts. 
The poor lgnitabilltles of cool plorites may thus be a direct result 
of their different thermal properties.  If we accept this, then 
improvement of their lgnitabilltles by reducing the accumulation of 
"fizz" products must be alraply considered as one method of alleviat- 
ing a condition which has Its roots in thermal properties which 
necessitate a greater transfer of energy fo» a given temperature 
rise than is required by'ordinary double and single base propellanta. 

f - 
The above thermal theory Is quite similar to the thermal theories 

of Lewis and von Elbe (7) and Frazer and Hicks (20,21), but differs 
in the following aspects: 1. There la no Indication of the existence 
of a minimum ignition energy over the entire ignition time range of 
guns and rockets, so the hypothesis of Lewis and von Elbe that 
ignition energies will approach a constant value is omitted from our 
theory.  It Is conceivable that such an absolute minimum value may 
be reached under conditions sufficient to cause ignitions In a few 
microseconds or less. From 100 microseconds on up to much larger 
times of ignition the concept of a minimum ignition energy seems 
only to have meaning if we relate it to some definite value of 
energy flux.  2. We have focused attention on the rate of energy 
transfer rather than the transfer coefficient. We consider the 
transfer coefficient as being only one of the variables involved in 
determining the rate. This simplification permitted the construction 
of our graphic model.  3« We have explicitly stated that the surface 
temperature necessary for Ignition must increase as the energy 
transfer rate Increases and have given reasons for this.  Previous 
workers htve been vague on this point. Hicks and Frazer stated 
that If the Ignition temperature Is assumed to be a constant then 
a graph such as Fig. 3 should give a slope of one.  Actually, the 
slope Is 0.79f in line with the requirement of a higher temperature 
being required for Ignition as the transfer rate is increased. 
This increase in temperature requirements is also supported 
directly by the data In Fig. 6, but the data points do not cover 
as wide a rungs as in Fig. 2. The assumption of a constant 
Ignition temperature will thus lead to low results in ignition 
energy calculations, but is still a useful approximation in the 
absence of data on ignition temperatures taken at several rates of 
transfer. 
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C.  Some Applications of Theory and Data 

Our data covers Ignition energy data for a series of twelve 
propellents at a three millisecond ignition time. Ignition data 
is presently available over a wide range of Ignition times for only 

, M-2 propellant,  although some experimental data is yet unanalyzed. 
More data should become available by the continuance of present 
programs such as those at the University of Michigan, Franklin 
Institute, the Bureau of Mines (22), Chattanooga University (23), 
and NOL.  Although extension of Ignition and thermal property data 
will greatly expand and simplify the application of ignition energy 
data to practical problems, we already have enough information to 
begin such work.  Our data is for an ignition time which is comparable 
to that of many guns and some rocVteta.  It can be seen by reference 
to M-2 that ignition energies change slowly enough with changes in 
flux to permit a modest extrapolation of our data.  In this way we 
can cover the major portion of the range of ignition times occurring 

/ in guna and rockets. The series  of propellents that we have 
tested covers a fairly wide range of propellents and can be extended 
by interpolation to cover many closely related propellants.  We 

I • might thus begin to look for practical comparisons and applications. 

It would seam that if the area of a propellant were multiplied 
by its ignition energy requirements per unit area under fluxes 

x approximating those In practical  systems, a quantity approximating 
the ignition energy requirements of a propellant system would be 
obtained. We are presently trying to determine how dominant this 

* factor is with respect to other variables for existing gun and 
rocket systems.  The comparisons we have so far made have shown a 
surprisingly close correlation for gans, but have indicated that 
rockets require considerably more than this quantity (less efficient 
utilization of energy from the ignition source). 

We have already pointed out the large changes in Ignition 
energy requirements with the ambient temperature of the propellant. 
A quantitative analysis of this effect for a wide range of propellants 
will require more thermal and ignition temperature data.  It is 
clear from Fig. 7, however, that this change will be large for all 
propellants. Thus, this brings out the important fact that ignition 
systems which deliver more, energy (or deliver It more rapidly; as 
the temperature is decreased are badly needed.  For most ignition 
systems the reverse is probably true, though McLennan (2I4.) has 
reported a primer with a negative temperature coefficient.  The 

• development of primers which adjust their energy delivery rate to 
match the requirements of the propellant over a wide temperature 
range should be an important step in obtaining satisfactory 
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Ignition over a wide temperature range.  It is also obvious that 
the temperature at which the highest rate of transfer is needed 
will sometimes coincide with the point at which embrittlement of 
the propellant has decreased its resistance to physical shock. 
Great care must thus be taken in such negative coefficient systems 

-V to ameliorate shock as far as possible. 

It has already been mentioned that the thermal properties of 
a propellant which determine the amount of energy required to reach 

; a given surface temperature under a given flux may be as important 
as the chemical properties which determine the temperature necessary 
for ignition.  It is hoped that thermal data will become available 
for all propellents or at least a much larger range of propellents. 
This should permit a clearer assessment of the relative importance 
of physical and chemical properties in determining Ignition energy 
requirements. 

VI SUMMARX 
I 

1. Methods have been developed which permit the evaluation 
of amounts and rates of energy transfer to the walls of a compression 
chamber and to objects suspended within it. 

2. These measurements showed that the rates (and amounts under 
V         equal times) of heat transfer were independent of the nature of the 

solid surface under the high gradients and short times of transfer 
* -       existing during a compression occurring in a few milliseconds. 

This independence should be general whenever the rise of the surface 
temperature of the solid is small with respect to the difference 
in temperature between the gas and the solid during the time of 
transfer. 

3. The ignition energies of twelve propellsnts under 
conditions adequate to cause ignition in three milliseconds have 
been determined by applying the above type heat transfer calculations 
to propellants ignited in our compression apparatus. These values 
were all much smaller than ignition energies found by others under 

', conditions which gave much slower ignitions. 

I4..  By combining some of the above data with other data for 
slower ignitions we have been able to show that ignition energies 
and times continuously and regularly decrease as the rate of heat 
transfer is increased. This relationship holds for Ignition 
intervals ranging from 30 seconds to 3 milliseconds based on 
experimental data and can be reasonably extrapolated to 100 
microsecond intervals.  This covers the entire range encountered 
in gun and rocket ignitions. 

5.  A thermal theory of ignition is presented which should 
be applicable to a wide range of ignition problems.  A graphic 
model embodying this theory is given. This can be very useful 
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> for such purposes as calculating ignition energies and times under 
various rates of energy transfer and ambient temperatures of the 
propellent. 

6.  The ignition energy data and theory clearly bring out the 
practical importance of certain factors. The Influence of the 
product of the area of a propellant and its ignition energy per 
unit area In determining the amount of energy which practical 
ignition systems need to supply should be Investigated.  This 
•hows some promise of forming a scientific basis for determining 
the amounts of energy which practical systems should provide. 
The change in ignition energy requirements with the rate of transfer 
of energy to the propellant must be recognized in practical 
ignition system designs, ""he development of ignition systems with 
negative temperature coefficients is needed to counterbalance the 
increase in ignition energies of propellants with a decrease in 
temperatures. Thermal properties of propellants may be quite 

/ important in determining ignition energies. Further studies of 
these properties may have considerable practical value. 

t • 

X 

21 
CONFIDENTIAL 



lit      „..„_  -i^_- fl I - — .-|, 
* - 

CONFIDENTIAL 
NAVORD Report 3818 * 

BIBLIOGRAPHY 

1. Bryan, G. J., "The Application of Catalysts to the Ignition 
and Combustion of Nltroguanidlne", NOL NA/ORD 2621 (1952). 

2. Bryan, G. J., "Ignition of Propellants by Rot Gases. 
Part I", NOL NAVORD 28(+0 (1953). 

3.    Bryan, G. J. and Enig, J. W., "Ignition cf Propellants by 
Hot Gases.  Part II.  Ignltability Comparisons of Twelve 
Propellants and Some Effects of Shape on Ignltability", 
NOL NA/ORD 3703 (1954). 

!±.    Roth, J. F. and blckford, K. G., The Franklin Institute Final 
Report. No. F-2338 (1953). 

I 
5. Brier, J. C, Churchill, S. W., Engibous, D. L., and 

Thatcher, C. M., Univ. of Michigan Report No. 52-S1B (1952). 

6. Bryan, G. J., "The Ignition of Propellants by Hot Gases", 
(NOL), Bull, of First Symposium on Solid Propellant Ignition, 
p. 105, SPIA (1953) (Also see Addendum, p. 17). 

7. Lewis, b. and von Elbe, G., "Theory of Ignition Threshold 
and a Program of Experimental Research on Propellant 
Ignition", (Bureau of Mines), bull, of Fifth Meeting of the 
Army-Navy Solid Propellant Group, p. 208, SPIA (191*9). 

8. Shook, G. B., "Measurement of Some Properties of Solid 
Propellants Pertinent to Ignition and Combustion Studies", 

f NdS 503 NA/ORD 1949 (1952). 
I 

9. Enig, J. W., "Ignition Energies of Solid Propellants", 
NOL NA/ORD  37^9   (195U). 

i 
! • 

1 
10. Brier,   J. C,  Churchill,  S.  W.,   and Thatcher,  C. M., 

Univ.   of Mich.  Rept.  No.  51-P2  (195U. 

11. Brier,   J.  C,  Churchill,  S. W.,   and Thatcher, C. M., 
Univ.   of Mich. Rept.  Ko.  53-S1  (1953). 

12. Blckford,  H. G.,  Conant,   L. C,   Jr., Wachtell,  G.   P.,   and 
Roth,   J.  P.,   "Study of Ignition by Radiation and Natural 
Convection in Confined Atmospheres",   (Franklin Institute), 
Bull,   of First Symposium or. Solid Propellant  Ignition, 
p.  87, SPIA  (1953). 

13. Carslaw, H. S. and Jaeger, J. C, "Conduction of Heat in 
I- Solids", p. 5&, Oxford University Press, Amen House, 

London E. C. I4. (1947). 

22 
CONFIDENTIAL 

j to 
I 



fi 

I 

X 

CONFIDENTIAL 
HAVORD Report  3818 

' 14. Rainblrd,  R. W.   and Ward,  A.  0.,   "The Thermal Conductivity 
of 3.  C.   (3.U.)   and R«lated Solventless Compositions", 
A.R.D. 266/1+5. 

15. Courtney  -  Pratt,   J.  3.   and Rogers,  0.  P.,   "The Detonation 
of Asides by Light",   (Univ.  of Cambridge.'    Seoond OHR 
Symposium on Detonation,  p. 1+29  (Fab.  1955)* 

16. Altaian, D.,   "The Thermal Dlffualvltlea  of Some Solid 
Propellente"",  JFL/ciT Prog.  Kept.  Ho.   9-32  (191+9). 

<» 
17. Ward, A. G.  and Hloholson, A.   J. C,  "The Speciflo Seats of 

Various Types  of Propellents",  A.  C.  2733, 1* B. 130, 
03RD Ref. No. WA-271-26 (191+2). 

18. "Process Control of Polysulfide-Ferchlorate Propallanta", 
Thiokol Chen. Corp., Redstone Rept.  No.  5°-54« 

19. "Research and Development Prograas  in Fields of Solid Propellants 
and Interior Ballistic   ",  Atlantic Reaearch Corp.  Quarterly. 
Prog. Rept. Ho.  13  (191 M. 

20. Frazer,   J. H.   and Hicks,  B.  L.,   Thermal Theory  of Ignition", 
(BRL/APG),  Bull,  of Fifth Meeting rt the Army-Navy Solid 
Propellent Group, p.  108, SPIA  (191+9). 

21. Hicks, B. L.,   "Heat Flow and Diffusion in Chemical Reactions", 
(BRL/APG), Bull,  of Eighth Meeting of JAKAP Solid Propellent 
Group, II, p.  37, SPIA (1952). 

22. Maaon,  CM., Strasaer, A.,  and Kubala,  T.,  "Long Range Research 
Leading to  the Development  of Superior Propellants.    Mechanism 
of Burning", Bureau of Mines Prog. Repts. Hos. 50,  53.  5U and 
55 (Pittsburgh). 

23. Gallagher, M., "Investigation of Possible Improvements in 
Rocket Ignition, Apparatus for Studying the Ignition Delay 
of Solid Propellants When Ignited by Radiation. Tech. Rept. 
No. 2", Industrial Res. Inst., Univ. of Chattanooga, 
Chattanooga 3, Term. (1953)* 

21+.   McLennan, D. S., "Studiea in Ignition. Part VII - The Design 
of an Experimental Primer, Part VIII - Further Experiments 
with the 'Hot Gas1 Primer", C.A.R.D.K. Repts. Hoa. 239/52 
and 296/5U* 

23 
COHFlDSBTlAL 



i 

I 

1/   ' 

1   ! 

ei 

•a 
© 

D   al 
<VH   9 

§3ca 
fc -P  o| 

&; 

IS    0) 
c a 

q« 
r- 

a b^^^^S^*^ 

<u 
EH 

© 

01 

H al o 
ST 
(D 
C 
H 

* 5 

O 

Jo 

-3 » 
* 43—» 
01 O ^ 
rH   ©   C 
-i U a 
a) %*•-* 

o 

B 

.     E 
oj 43 
13    01 
O !» 

£H 0) 

01 a 

-H   r. 
o © 

52 

01 © 
X> n 
a <M -^ 
9 o o 
ss     o 

C0NF DENTIAL 
NAV0RD \eport 3818 

H    1-1    r^    t-   >o    ^   J±   J* 
HOOOOOO 

C\J CO 

Pi 

o 

CO 

CO p     tVJ 
* 

-£> 

R 

rO 

ft 

o 

ro 

© 

C 
O 
CO 

CO 

C\J 

C 
o 

CO 

vO 

0» 

\r\    cu 
o 

© a 

CO 

o 

0 
to 

h P. H 
01 © 01 O 01 © 01 
01 P. 01 a IT) A 01 
a) P. cf 0. <d 0 aj 
H O rH 0 i-t u r-t 
O O O 0 O fl« O 

1-: CO 

CO 

NO 

c 
o 

© 
a, 
0 

PVH 

<\J     <M 

C 

5 

• © 
43 * 
(6 O 
© rH 

0 § 
• 

0) rH 
rHrH 
•H   c5 
O   * 
O 

© 
•ax; 
1 *» 9- 

u 
a o 

rH «-. 
rH 
a) 01 
3§ 
©  al 
O > > 

43 rH 
©  al 

XI 3 
-P 

C o 
o a 

SS 
© 43 

9« 
S fc 
o © 

°-s» 
0) *H 

©  3 O 
•OJJ o 
a) 43 
e 2 ©x: 
© u 43 
b a! 
© U 
S 01 o 

CrH   01 
OS© 
•H  >  3 
43 rH 
o -a ai 
© © > 
U 43 
fc   03 rH 
OH   Id 
03s 

XI 43 
O al o 
S5EH al 

01 

C  1 

O   • 4» 
> o C 
O   C»H 

rH   C 

©   ©   • 
XI   VH   43 

V<   0) 
O -ri   0 
4"0   ft 

to 
"O  © 
V G  9 

43 43 X! 
O 4* 
« «H 
0.0 o 
X 43 
O 43 

(H    © 
© al 3 

Xi D.TJ 

TJ « 
t-i 9 
3 •» 
O O 
3X) 

03 
01 
rHTJ 
•<H © 
O 43 
O  O 

© © x!x! 
43 43 

u o 
O 43 

V-t 
© 

<n 3 
© "d 
3 

01 a 
»H 43 

c 
a © 

35 
e 
0, • x 

rH    © 
m 
9 r~i 
U-rl 

O n o 
«H 

« 
01 rH 
rHXt 
•H  3 
O  O 

© © 
rHX! 
XI 43 
3 
o C 
•C -r4 

03   01 tj 43 
>HC* 

•H   Cj   © 
•3 0      X! 
4)   O   © 

43       t-i U 
al © so o 

rHrH   C«i-« 
3   M-H 
XI   C   01   C 
m • i      o 

43   01   C -H 
© 43 

©   ©   © *H 
Xl X!  3 4> 
43 43 43    © 

©    P. 

3 <-t  01 o 
O        « 
X!  C  3rH 
43   dr-i <H 
rH ,c; al o 
<< 43  > o 

CONFIDENTIAL 



CONFIDEHTIAL 
NAVORD.Report 3818 

* 

So 
TABLE, n 

IGNITION ENERGIES*  OF  PROPELLANTS 

Ignition Energies 
cal/ciT)2 

r 

Propellant Helium Argon Average 110$ 
of  Average 

t ft. Arcito  - 141 .117 .116 • 117 .129 

JPH .239 .202 .221 .21+3 

IHBE-152 .278 .202 .21+0 .261+ 

> 1 

IX-94 .285 .200 .2U3 .267 

Arcite-178 .270 • 25U .262 .288 

SPDN-9836 .285 .22I+ .255 .281 

N-1+ .329 .252 .291 .320 

1 H-S .296 .270 .283 .311 

IMR-696? .288 .266 .277 .305 

OGK .370 .286 .328 .361 

• 
SPCG-7833 .353 .268 .313 .31+4 

1- EX-7077 .350 >.299 > -.325 >.356 

1! 

• • 

»    Ignition energies 
accuracy  in atati; 
fig3.  would be be1 

are  entered   to  3 
stical treatment, 
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