ARrRMY RESEARCH LABORATORY .

Dynamic Vivacity and Its Application to
Conventional and Electrothermal-
Chemical (ETC) Closed Chamber Results

William F. Oberle

ARL-TR-2631 DECEMBER 2001

Approved for public release; distribution is unlimited.



The findings in this report are not to be construed as an official Department of the Army position
unless so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official endorsement or approval
of the use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



Army Research Laboratory
Aberdeen Proving Ground, MD 21005-5066

ARL-TR-2631 December 2001

Dynamic Vivacity and Its Application to
Conventional and Electrothermal-
Chemical (ETC) Closed Chamber Results

William F. Oberle
Weapons and Materials Research Directorate

Approved for public release; distribution is unlimited.




Abstract

Historically, dynamic vivacity has been used extensively in propellant
lot acceptance. More recently, dynamic vivacity has been used in the
analysis of closed chamber experimental data to assess propellant
grain surface area behavior during combustion. The objective of this
report is to (a) examine the physical meaning of dynamic vivacity; (b)
theoretically explore the behavior of dynamic vivacity for
conventionally ignited charges of various geometries, including layered
propellant charges; and (c) determine the appropriate method for
applying dynamic vivacity to electrothermal-chemical (ETC) closed
chamber data. The results presented indicate that dynamic vivacity
is a robust statistic for assessing grain surface area behavior during
combustion as long as the burn rate exponent in Vielle's Law is
between approximately 0.7 and 1.0. If the burn rate exponent is
greater than 1.0, the nature of the propellant surface area deduced
from the dynamic vivacity appears to be distorted. In these cases, the
dynamic vivacity always indicates a progressive grain geometry.
From the cases studied, it appears that grain fracture during
combustion will not significantly change the dynamic vivacity results
unless the original grain possess a progressive grain geometry and the
fractured grain pieces are relatively large. Finally, it appears that ETC
ignition does not impact the shape of the dynamic vivacity curve but
only affects the magnitude of the curve.
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DYNAMIC VIVACITY AND ITS APPLICATION TO CONVENTIONAL
AND ELECTRO-THERMAL-CHEMICAL (ETC)
CLOSED CHAMBER RESULTS

1. Introduction

Modern high performance weapon systems for both direct and indirect fire applications
require highly repeatable interior ballistics in order to be effective. Although significant
advances have been made in the development of robust ignition systems and charge
configurations that enhance repeatability, lot-to-lot and within-lot variations in
propellant properties can lead to unacceptable performance. Thus, ballisticians have
developed a number of protocols that are employed for propellant acceptance. These
protocols generally combine results of theoretical calculations, laboratory experiments,
and controlled gun firings. An important diagnostic for laboratory experimentation
involves the use of a closed vessel in which the pressure history of aburning propellant
isrecorded. From the pressure history, information concerning the combustion behavior
of the propellant can be deduced and compared to reference propellants for lot
acceptance [1, 2] or in the case of experimental propellants, the information can be used
in ballistic simulations to estimate potential performance.

Dynamic vivacity is one of several statistics that can be derived from the closed vessel
pressure history. According to Klingaman and Doman [3], “Several synonyms and
definitions are used in the literature referring to vivacity, but not all have the same
physical meaning”i. In this report, dynamic vivacity will be defined as in most of the
references contained in [3] as

dP(t)
Abtg = —At. (1)

T P()* P,

The objective of this work is to (a) examine the physical meaning of the dynamic
vivacity as defined in Equation (1); (b) theoretically explore the behavior of the d ynamic
vivacity for conventionally ignited charges of various geometries, including layered
propellant charges; and (c) determine the appropriate method for applying dynamic
vivacity to electro-thermal-chemical (ETC) closed vessel data.

1 In their paper, Klingaman and Doman [3] provide a detailed review of the literature about vivacity and the
different uses of the term.



2. Physical Interpretation

Following the approach of Machalka [4], we can obtain an expression for the dynamic
vivacity as defined in Equation (1) as follows:

P(t)Fv0 i ”%bl- A1)- bm)z(t)k ~ n(t)RT @)

The Nobel-Abel equation of state [5] extends the equation of state for an ideal gas by
accounting for the volume of the gas molecules. It iscommonly used in both interior
ballistic gun and closed vessel calculations. Note that this equation is a simplification of
the actual situation occurring in the closed chamber. The presence of air i nthe chamber
is ignored and the gas temperature is assumed to be constant. A constant gas
temperature is equivalent to assuming a uniform heat loss. Fortunately, these
assumptions will not have a large impact on the calculations as long as the mass of airis
small in comparison to the propellant; e.g., less than 1% to 2% and conventional ignition
of the propellantis used. Letting z(t) = 1 in Equation (2) (i.e., all burnt condition), an
expression for the maximum pressure is obtained

I ale

ax =w- 3
Now, substituting n(t) = mez(t)/M for n(t) in Equation (2) and solving for z(t),
Y
A= ﬁﬁ%ﬂkm + P(t) Mbm) "VE @
Substituting Equation (3) into Equation (4),
et
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Dividing numerator and denominator by P(t) and Vo, and letting d = mo/ V,, the initial
propellant loading density, Equation (5) can be rewritten as
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Differentiating with respect to t,
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Next, a second expression for the time derivative of z(t) is developed. By definition, the
propellant burn rate is given by

0]
r=—24 ©)
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Thus,
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Equating Equations (8) and (10),
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Solving for the dynamic vivacity,
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As can be observed in Equation (12), the dynamic vivacity depends on the instantaneous
propellant burn rate, r(t), propellant surface area, S(t), chamber pressure, P(t), maximum
chamber pressure, Pma, propellant chamber loading density, d, and two propellant
physical properties, covolume, b, and density, r . Thus, dynamic vivacity has no direct
correlation to a single propellant property. As Klingaman and Domen [3] state,
“...[vivacity] is sensitive to the propellant composition and actual propellant surface
area.” The sensitivity to surface area is clear. The sensitivity to propellant composition is
through the burn rate, covolume, and density. Finally, since P(t) is generally a



monotonically increasing function of t,dynamic vivacity is often expressed as a function
of P(t)/ Prmax.

3. Dynamic Vivacity and Propellant Surface Area

Propellants are classified as having a progressive, neutral, or regressivez geometry,
depending on whether the surface area increases, remains the same, or decreases as the
depth into the grain increases, i.e., the slope of the surface area curve is positive,
effectively zero, or negative. These concepts are illustrated in Figure 1 for several grain
geometries. As indicated in Equation (9), knowledge of the instantaneous propellant
surface area is critical for determining propellant burn rate. Unfortunately, there isno
direct experimental method for measuring the surface area of a burning propellant
grain. In general, surface area information is gathered by deduction. One approach is to
assume knowledge of the propellant burn rate and then use the closed chamber pressure
together with the burn rate to calculate the surface area. This is useful when one is
handling known propellants when grain fracture is suspected. However, this does not
work with experimental propellants when the burn rate is to be determined.

Historically, the dynamic vivacity has been used to assess the propellant geometric
progressivity and whether the propellant surface area was suffering any fracture.

2.00
N Progressive Grain Geometry
1.60 —
19-Perf Hex
1.20 — Neutral Grain Geometry

Rectangular Slab
—

Surface Area Ratio (S/S0)

0.40 —

{ Degressive/Regressive Grain Geometries

0.00 :

T 1 T T T 1 T
0.00 0.20 0.40 0.60 0.80 1.00
Fraction Burned

Figure 1. Surface Area Ratios for Various Grain Geometries.

2Also referred to as “degressive.”



To explore this use of the dynamic vivacity, consider the time derivative of the dynamic
vivacity,

PO, a8
dA(t):h( i Pma*ﬁbd % }lg ﬁr(t)S(t) r(t)S(t)_r(t)S(t)P(t),A+
ot M %5[1_ bd] VP(t)  V,P(t) V. P*(1)

(t)
2r ()S(t) P(t) M( bd) + Et hbd y’lghbd' %8
Vpp(t) Prax Ml yg[l bd]

in which the dot notation represents a time derivative. From Equation (13), itis notclear
that the sign of the derivative of the dynamic vivacity and surface area will be the same,
i.e., the slope of the dynamic vivacity will mirror the slope of the surface area curve. To
further investigate the relationship of vivacity to surface area expressed in Equation (13),
the behavior of the three expressions in (14) must be investigated.

1-%, 1- bd, bd-% (14)

Since the maximum loading density, d, is the propellant density, r, the firstexpression
will always be non-negative. In fact, it will be strictly positive since having the chamber
totally filled with propellantis a nearly physically impossible situation. Figure 2 shows
the behavior of the second expression, 1 - bd, for various values of propellant covolume
and loading density. Typical closed chamber loading densities, d, are generally between
100 kg/ms3 and 350 kg/ms. For most propellants, the covolume is approximately 103
m3/kg. Thus, the shaded box in Figure 2 represents the range of covolume and loading
density typical of closed chamber operations. As can be observed in Figure 2, 1-bdis
positive in this region. In fact, over a wide range for the propellant covolume, this term
remains positive unless the loading density increases dramatically.

(13)

However, as indicated in Figure 3, the closed chamber pressure increases to extremely
high pressures (5+ GPa) as the loading density approaches values (800 kg/ms3) necessary
to make the expression 1-bd negative. The graph inFigure 3 is based on the propellant
JA2. From a physical standpoint, 1 - bd cannot be negative. This expression is equivalent
to

\TIb\/O - bmy]. (15)
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Figure 4. Behavior of pb - 1.

If it is negative, that would mean that the volume of the gas molecules (bhmo) would
exceed the volume of the closed chamber, Vo. This leaves the last expression that can be
rewritten as

L(rb-1). (16)

Figure 4 issimilar to Figure 2 and indicates that for a wide range of values of propellant
density and covolume, the expression in (16) will be positive. Note that this expression
depends solely on propellant properties and not on the closed chamber configuration.
Thus, for any realistic closed chamber experiment, the three expressions in (14) will be
positive.

Assuming that the propellant burn rate and pressure history for the closed chamber are
strictly increasing, their derivatives will be positive. Therefore, the second term of
Equation (13) will always be positive and the sign of the first term will depend on the
sign of the expression

F)SE) , rO) SO P) (1)
V,PM) VPO VPP

Assuming that Vielle’s Law,
r(t) =bP* (1), (18)

accurately describes the propellant burn rate, the expression in (17) becomes
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For progressive grain geometries, ifa is31, then the expression in (19) will always be
positive since dS/dt is positive for progressive grains. Thus, Equation (13) will be
positive, and dA/dt and dS/dt will have the same sign. On the other hand, even for
progressive grain geometries, ifa is<1, the expression in (19) could be negative and itis
possible that Equation (13) could also be negative. Thus, the dynamic vivacity need not
always track with surface area, i.e., the slope of the dynamic vivacity may be negative
while the slope of the surface area curve is positive.

To illustrate, consider Figures 5 and 6 that show the results of a simulated closed
chamber experiment for a cylindrical grain geometry with 19 perforations (19-perf). For
the simulation, the propellant loading density is 300 kg/m:3 (0.3 g/cms3) and the
propellant formulation is essentially that of JA2. The simulation is performed with the
interior ballistics code IBHVG2 [6] with asufficiently large shot start pressure so that no
projectile motion occurs (i.e., a closed chamber).

Figure 5 gives the surface area ratio (instantaneous surface area/initial surfacearea)asa
function of P/Pmnax. As expected, the 19-perf cylindrical grain geometry is progressive to
about 80% of maximum pressure at which time, the web is burned through, the grain
slivers, and the grain geometry becomes regressive. Although the surface arearatio is
generally graphed as a function of propellant mass fraction burned (see Figure 1),
virtually the same curve will result when the surface area ratio is plotted as a function of
P/Pmex. Therefore, for ease in comparing surface area ratio graphs and dynamic vivacity
graphs, the surface area ratio will be plotted versus P/Pnax in this report.

Figure 6 gives the dynamic vivacity for the simulation and clearly shows (to about 20%
of maximum pressure) that the dynamic vivacity can have a negative slope while the
surface area has a positive slopes. However, from 20% of maximum pressure to the point
of slivering (~80% maximum pressure), the dynamic vivacity does have a positive slope,
consistent with the progressive grain geometry. For the simulation, the burn rate
exponent is 0.844. If the simulation is re-done with a burn rate of 1.1, as discussed
before, the slope of the dynamic vivacity and surface area would be expected to be the
same. The expected resultis shown in Figure 7. In either case, if the dynamic vivacity
curve is being used to deduce grain geometry, one would conclude a progressive grain
geometry. The negative slope at the start of the dynamic vivacity curve when the burn
rate exponentis 0.844 would most likely be ignored and attributed to variability in

3As noted by Dr. Barrie Homan in his review, this effect is likely a result of the impact that a low value of
pressure has on Equation (13). As Dr. Homan showed, the value of Equation (13) is proportional to (C

*P(t)/Pmaxt (a-1) + dS(t)/dt*P(t)/(S(t)*dP(t)/dt)) in which C is a constant less than 0.8 for practical closed
chamber conditions. For small values of P(t), this expression can be negative. For example, if P(t)/Pmax is
approximately 0.1, the first term would be on the order of 0.08 and the last term could also be small since the
pressure derivative is generally large. Thus, their sum could be less than 0.1 to 0.15, which would be typical
values for -(a-1).



propellant ignition and flame spread, which is discussed in a later section. An
examination of Figures 6 and 7 does indicate a strong dependence of dA/dt or
equivalently, dA/d(P/Pmax), i.€., slope of dynamic vivacity curve, on the burn rate
exponent. In Figure 6, the curve rises from approximately 0.8 to 1.0. For the higher burn
rate exponent, the dynamic vivacity curve rises from approximately 2.5 to 5 over the
same range of values of P/Pnax (0.2 to 0.8). To further explore this dependence on the
burn rate exponent, simulated dynamic vivacity curves for the 19-perfcylindrical grain
geometry are computed for burn rate exponents of 0.4 (Figure 8) and 1.3 (Figure 9). As
can be observed in Figure 8, as the burn rate exponent decreases, the dynamic vivacity
curve approaches that expected for a neutral grain geometry. Figure 9 indicates that as
the burn rate increases, the slope of the dynamic vivacity also increases.
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Figure 5. Surface Area Ratio for 19-perf Cylindrical Grain Geometry.
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Figure 7. Dynamic Vivacity for 19-perf Cylindrical Grain Geometry With a Burn Rate
Exponent of 1.1.
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Figure 9. Dynamic Vivacity for 19-perf Cylindrical Grain Geometry With a Burn Rate
Exponent of 1.3.

To determine the relationship between the dynamic vivacity and grain surface area,
neutral and regressive grain geometries must be investigated. Figures 10, 11, 12, and 13
show the results of a similar analysis to the one for the progressive grain geometry. For
the simulations, the propellant parameters (except for the grain geometry) remain the
same. A rectangular slab geometry is used for the neutral grain geometry and a
spherical geometry is used for the regressive grain geometry. Figures 10 and 12 give the
surface area ratio curves, and Figures 11 and 13 show the dynamic vivacity p lots for the
different burn rate exponents. The neutral grain geometry of the rectangular slab
geometry is clearly evident in Figure 10. As shown in Figure 11, the dynamic vivacity
varies as a function of the burn rate exponent, indicating a neutral grain geometry at the
lower burn rate exponents to a progressive grain geometry as the burn rate exponent
increases above 1. For a neutral grain geometry dS/dt = 0; thus, from the expression in
(19) and Equation (13), if the burn rate exponent is 31 and the grain geometry is neutral,
the first term of Equation (13) is positive and dA/dt (AA/d[P/Pmax]) will always be
positive, indicating a progressive grain geometry. From the experimental viewpoint,
using a neutral grain geometry in the closed chamber experiment p rovides an indication
of the burn rate exponent. Assuming no grain fracture or in-depth burning, which is not
unreasonable for grain geometries such as rectangular slabs, if the dynamic vivacity
curve has a positive slope, then the burn rate exponent is most likely greater than 1.

The regressive nature of the spherical grain geometry is illustrated in Figure 12.
Figure 13 shows the dynamic vivacity simulation results for different values of the
propellant burn rate exponent. Surprisingly, the dynamic vivacity curves appear to be
similar to the dynamic vivacity curves for the neutral grain geometry shown in
Figure 11, except for the case when the burn rate exponent is 0.844. In this case, the
dynamic vivacity reflects the regressive nature of the spherical grain geometry. The
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major difference for the other curves is in the magnitude of the dynamic vivacity for the
cases in which the burn rate exponent is >1.

2120 [-]

P/Pmax (-)

Figure 10. Surface Area Ratio for Rectangular Slab (neutral) Grain Geometry.
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Figure 11. Dynamic Vivacity Results for Rectangular Slab Geometry for Various Burn
Rate Exponents.
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Figure 13. Dynamic Vivacity Results for Spherical Geometry for Various Burn Rate
Exponents.

As indicated in Equation (19) and supported by Figures 6, 7, 8, 9, 11, and 13, the
propellant burn rate exponent appears to exert a strong influence on the behavior of
dynamic vivacity and the correspondence with propellant surface area. In all cases,
when the propellant burn rate exponent is low (0.4), the dynamic vivacity rapidly
approaches zero and no useful information concerning surface area can be determined.
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Likewise, at the higher propellant burn rate exponent (1.3), the dynamic vivacity for the
three cases is parabolic in structure, opening downward. Again, no meaningful
information concerning propellant surface area can be deduced. Fortunately, most
propellants have burn rate exponents between the other values (0.844 and 1.1) used in
the simulations. Unfortunately, as indicated in the figures presented in this section and
in Equation (19), once the burn rate exponent exceeds 1, the dynamic vivacity tends to
resultin a positive slope for the dynamic vivacity, which makes it difficult to correlate
the results with the propellant surface area. If the propellant burn rate exponent is in the
range of approximately 0.7 to 1, from the results shown and other calculations
performed by the author given in Appendix A, the dynamic vivacity and propellant
surface area appear to be in good agreement. From a practical perspective, if the burn
rate of a propellant is to be determined from a closed chamber experiment and the
dynamic vivacity exhibits a positive slope when the grain geometry used in the
experimentis regressive and if the calculated burn rate exponent is less than 1.0, the
experiment and analysis should probably be redone.

To summarize, it is not necessarily true that the slope of the dynamic vivacity will
mirror the slope of the surface area curve. The propellant burn rate exponent appears to
play an important role in determining the shape of the dynamic vivacity curve.
However, for typical propellant burn rate exponents, the relationship between dynamic
vivacity and surface area appears to track rather well. Finally, as described in[1,2,34]
and references therein, using dynamic vivacity to determine changes in propellant
composition or burning behavior by comparing the dynamic vivacity from one firing to
the next of the same propellant is not impacted by the question of whether the slope of
the dynamic vivacity mirrors the slope of the surface area ratio curve. This use of
dynamic vivacity remains a valid and useful tool for propellant lot acceptance and
determining if propellant composition has changed. The discussion addresses only the
propriety of using the slope of the dynamic vivacity to determine the progressivity of
the propellant geometry.

4. Sensitivity of Dynamic Vivacity to Ignition Variability

To investigate the impact of ignition variability on dynamic vivacity, closed chamber
simulations will be performed with the propellant partitioned into two portions. Portion
1 will be assumed to ignite at time zero, and Portion 2 will ignite at the time that
corresponds to 10% of the first portion being burned. The propellant and closed
chamber parameters will be the same as used in the previous section for the burn rate
exponent of 0.844. Four cases for each grain geometry are compared. The baseline case
(Case 1) will have 100% of the propellant in Portion 1 (i.e., the calculation already
performed in the previous section or Appendix A). Case 2 partitions the propellant with
80% in the first portion and 20% in the second portion. Case 3 will allocate 50% of the
propellant to each portion. Finally, in Case 4, 20% of the propellant is placed in the first
portion and 80% in the second portion. As in the previous section, three grain

14



geometries (progressive, neutral, and regressive) are used in the simulations. In this
section, the 37-perf hexagonal geometry4 is used for the progressive grain geometry. As
in the previous section, the rectangular slab and spherical grain geometries are used for
the other grain geometries.

An inspection of Figures 14 through 16 indicates that ignition delays appear to impact
the dynamic vivacity during the first 0.1 of P/Pnax and for the 37-perf hexagonal and
rectangular slab grain geometry from about 0.8 of P/Pma forward. One can understand
this behavior by examining Equation (12). Since the dynamic vivacity is graphedasa
function of P/Pmax at any given value of P/Pma, the burn rate, r(t), in Equation (12) is the
same no matter what the distribution of the propellant or the ignition delay. Thus, only
the surface area term, S(t), will change. Now, S(t) is given by

S0 =4 (04,00, (20)

in which si(t) is the instantaneous surface area of an individual grain, N the total number
of grains, and xi (t) the characteristic function for each grain.

Impact of Ignition Delay On Dynamic Vivacity
37 Perf Hexagonal Grain Geometry
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Figure 14. Dynamic Vivacity for 37-perf Hexagonal Grain Geometry With Delayed
Ignition.

4See Appendix A for surface area ratio and dynamic vivacity curves.
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Impact of Ignition Delay on Dynamic Vivacity
Rectangular Slab Grain Geometry
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Figure 15. Dynamic Vivacity for Rectangular Slab Grain Geometry With Delayed

Ignition.
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Figure 16. Dynamic Vivacity for Spherical Grain Geometry With Delayed Ignition.
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The characteristic function is 1 if the grain is ignited and 0 otherwise. The simulation
assumes that the charge was divided into two portions, N = n: + n», in which n;isthe
number of grains ignited at time t = 0 and n: is the number of grains in the second
portion of the propellant. Thus, from Equation (12), the magnitude of the dynamic
vivacity until the time/pressure when the second portion of the propellant ignites will
be directly proportional to the value of n:since the surface area of each propellant grain
in Portion 1 of the propellant charge will be the same, i.e., each grain in Portion 1 ignites
at the same time and burns under the same pressure. As the percentage of the total
charge in the first portion decreases, the value of n; decreases and the magnitude of the
dynamic vivacity exhibits a corresponding larger decrease, as shown in the three figures.
This explains the drop in the curves to approximately 0.1 of P/Pnax. The fact that the
curves rebound at different values of P/Pma is sSimply attributable to the conditions of
the simulation. The second portion of the propellant ignites when 10% of the first
portion of the propellant has burned. As the percentage of the total propellantin the first
portion of the propellant decreases, the pressure generated by burning 10% of this
portion will also decrease. Thus, the ignition of Portion 2 of the propellant will occur ata
lower pressure, as shown in the figures. The fact that the curves coincide from
approximately 0.1 to 0.8 of P/Pnaxis also a consequence of the choice of having the
second portion of the propellant ignite after 10% of the first propellant portion has
burned. The instantaneous surface area of two individual grains for the dimensions used
in the calculations does not differ by that large of an amount if one grain starts to burn
when 10% of the other grain has been consumed. This is especially true for the spherical
grain geometry (see Figure 16), where the curves coincide for the entire range of P/Prex
from approximately 0.1 to 1.

The behavior of the curves for the 37-perf hexagonal and rectangular slab grain
geometries beyond about 0.8 of P/Pma iS not as simple to explain. For the 37-perf
hexagonal grain geometry, the larger the percentage of the total charge in either portion
of the propellant, the closer the curve should approximate the baseline curve, i.e., the
greater the percentage of propellant that ignites at the same time, the more similar the
curves. For example, when 80% of the propellant is in the second portion, the curve
deviates from the baseline curve at a lower value of P/Pnax, as discussed earlier, but the
total difference between the 80% curve and the baseline curve from 0.75 to 1.0 of P/Pris
the smallest of all the curves. Again, the larger the percentage of the total charge in
either portion of the propellant, the closer the curve should approximate the baseline
curve. The 50% and 20% cases are not as clear as the 80% case, but the 50% case does
return to the baseline curve sooner than the 20% case. For the rectangular slab grain
geometry, the behavior above approximately 0.8 of P/Pnax iscomplicated by the fact that
for the thickness used in the study, the grains maintain an almost constant surface area
with virtually an instantaneous “burnout.” Thus, the derivative for the pressure used in
the calculation of the dynamic vivacity that is plotted in Figure 15 becomes sensitive to
the small errors in the calculations. This can be seen by noting thatin Figure 15 the curve
for Case 4 at about 0.9 of P/Pmax is not even a function. Therefore, no further analysis of
the rectangular slab calculations will be given. In general, the analysis for the 37-perf
hexagonal grain geometry applies to any of the grain geometries.
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In the previous paragraph, the fact that the curves overlaid (coincided) from about 0.1 to
0.8 of P/Pmax Was attributed to the assumption in the simulation that the second portion
of the propellant was ignited when 10% of the first portion of the propellant was
consumed. To verify this claim, an additional calculation for the 37-perf hexagonal grain
geometry was performed in which the propellant was divided 50-50 in each portion, but
the second portion was not ignited until the first portionwas 50% consumed. The results
of this simulation are provided in Figure 17. The blue curve in the figure is the baseline
curve from Figure 14. Note that an ignition delay such as the one used to generate
Figure 17 is unrealistic for a closed chamber experiment. More realistic is the 10% delay
used earlier. Based on the discussion and simulations, it appears that ignition delays will
have only a marginal impact on the dynamic vivacity results, and the traditional rule of
thumb of ignoring the first 10% and last 10% to 20% (depending on the degree of grain
slivering) of the dynamic vivacity (and propellant burn rate) curve appears to be well
justified to account for ignition variability.

1.4

12 =\

= N

Dynamic Vivacity (L/MPa-s)

T
0 0.2 0.4 0.6 0.8 1

P/Pmax (-)

Figure 17. Result of Delaying Ignition Until 50% of the First Propellant Portion is 50%
Consumed, 37-perf Hexagonal Grain Geometry With 50-50 Distribution of
Propellant.

An additional observation for the discussion concerns the sensitivity of the dynamic
vivacity to the dimensions of the propellant grain geometry. If two closed chamber
experiments are to be performed with the same propellant and the same propellant
charge weight, then the volume of the propellant would be the same in both cases.
However, if the dimensions of the propellant grains differ, even if the graintype(e.g., 7-
perfcylindrical) is the same, the number of propellant grains will be different. Since
volume changes as the cube of the characteristic dimension of the grain and surface area
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changes as the square of the characteristic dimension, the total surface areas, S(t), will
differ for the two experiments. For example, in the second experiment if the propellant is
scaled by a factor of 0.5, then there will be an increase in the number of propellant grains
by a factor of eight. However, the surface area of asingle grain in the second case will be
reduced only by a factor of 0.25. Thus, the total surface area in the second experiment
will increase by a factor of 2, i.e., 8 *0.25. From Equation (12), this would imply that the
magnitude of the dynamic vivacity would also increase by a factor of 2 at every pointon
the dynamic vivacity curve in the second experiment, compared to the first experiment.
Therefore, unlike propellant burn rate calculations that are independent of the
propellant grain geometry and dimensions, the dynamic vivacity is highly dependenton
both the propellant grain geometry and dimensions.

5. Sensitivity of Dynamic Vivacity to Propellant Grain Fracture

Since dynamic vivacity depends on the total surface area of the ignited propellant (see
Equation [12]), grain fracture could be expected to have a significant impact on the
dynamic vivacity. In general, grain fracture should result in propellant pieces that have
regressive grain geometries. For example, a progressive multi-perforated grain could
fracture along the perforations, creating grains with a geometry closer to that of a cord
than to the multi-perforated original grain geometry. If the assumption is made that the
fractured grains will result in fragments with regressive surface areas, then the graph of
the dynamic vivacity for regressive grain geometries should not be dramatically
affected, except possibly in terms of its magnitude. Figure 18 presents the results of
dynamic vivacity simulations for a 37-perf hexagonal geometry in which 10%, 20%, 50%,
and 80% of the propelling charge are assumed to disintegrate. For the calculations, the
original grain dimensions are a length of 43 mm, a perforation diameter of 0.57 mm, and
aweb of approximately 2 mm. That portion of the charge that fractured is treated as a
regressive spherical grain geometry with a diameter of 0.5 mm. It appears clear from the
figure that for this choice of grain dimensions, the dynamic vivacity reflects the
regressive nature of the spherical geometry to the pointatwhich the spherical geometry
iscompletely burned. After the consumption of the propellant spheres, the dynamic
vivacity appears to parallel the curve for the baseline that assumes no grain fracture.

From Figure 18, it appears that the behavior of the dynamic vivacity was dominated by
the burning of the spherical grains representing the fractured propellant. Even for
substantial amounts of grain fracture (50% and 80%), the dynamic vivacity curve
parallels the baseline curve, indicating that the spheres are consumed before the 37-perf
hexagonal grains. Thus, the progressive nature of the non-fractured grain is still
discernible. However, what would happen if the fractured propellant did not break into
such small pieces as assumed in the simulations, i.e., adiameter of 0.5 mm? Results for
the dynamic vivacity (assuming that the fractured propellant breaks into spherical

5Assuming uniform ignition of the propellant.
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grains with larger diameters) are shown in Figure 19. In all cases, 20% of the original
charge is assumed to fracture. The diametersare 0.5 mm (same as in Figure 18), 5 mm,
and 10 mm. A substantial change in the dynamic vivacity can be observed for the curves
with the 5-mm and 10-mm diameters. In these cases, the dynamic vivacity resembles
that of a regressive or at best a neutral grain geometry. There is no indication
whatsoever of the underlying progressive geometry of the 80% of the propellant that is
assumed to have not suffered grain fracture.

Impact of Grain Breakup On Dynamic Vivacity
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Figure 18. Dynamic Vivacity for 37-perf Hexagonal Grain Geometry, Assuming Grain
Fracture for Different Percentage of Total Charge Mass.

In summary, it appears that grain fracture can significantly distort the behavior of the
dynamic vivacity curve for grain geometries that are progressive. However, the
distortion appears to depend on the size of the propellant pieces resulting from the
fracture. Surprisingly, itis not the fracturing into small pieces that distorts the dynamic
vivacity but fracturing into relatively large pieces that are present during most of the
total burning time. Small fragments are consumed too fast and allow the underlying
geometry of the non-fractured grains to be reflected in the dynamic vivacity curve. Itis
interesting to note that for reasonable propellant burn rates, the only situation that has
resulted ina progressive grain geometry exhibiting a dynamic vivacity curve associated
with a neutral or regressive grain geometry is when grain fracture into fairly “large”
pieces occurs.
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Figure 19. Dynamic Vivacity for 37-perf Hexagonal Grain Geometry, With 20% of the
Propellant Assumed to Fracture Into Spheres of Different Diameters
(constant diameter per simulation).

6. Dynamic Vivacity for Layered Propellant Geometries

During the past several decades, the use of a layered propellant grain geometry has been
explored as a means to increase propellant gas generation progressivity. An example of
a rectangular layered slab is shown in Figure 20. The basic idea is to layer a “fast”
burning propellant (inner layer that generally has higher energy than the outer layer)
between two slower burning propellant layers (outer layer). Once the outer layers are
consumed, the inner layer ignites, producing an increased gas generation rate
attributable to the higher inner layer burn rate. Essentially, for gun ballistics, the idea for
this configuration is to decouple the propellant gas generation rate before and after
maximum pressure. Although similar to the rectangular slab grain geometry, the surface
arearatio for the layered rectangular slab exhibits a slightly diffe rent behavior as shown
in Figure 21. Since the inner layer has a higher burn rate than the outer layer, the sides
that have both the inner and outer layers exposed will not regress uniformly at the same
rate as the top and bottom. Thus, when the outer layers are consumed, the resulting
rectangular slab of inner layer material will not be a scaled version of the original as is
the case for ahomogeneous rectangular slab. This is reflected in the drop of the surface
area ratio at about 0.3 of P/Pmax.
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Figure 20. Schematic of Layered Propellant With Slab Geometry [7].
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Figure 21. Surface Area Ratio for Layered Rectangular Slab Grain Geometry.

From Equation (12), since the burn rate is a factor in the expression for the dynamic
vivacity, it would appear that the dynamic vivacity for a layered geometry should
increase in magnitude when the burning transitions from the outer to the inner layer. On
the other hand, the surface area is reduced after the outer layer is consumed; this should
have the effect of reducing the magnitude of the dynamic vivacity since surface area is
also a factor in Equation (12). However, the decrease in magnitude because of the
decrease in surface area should be small since the surface area for the grain geometry
used in the simulation decreased by only about 10%, as indicated in Figure 21, whereas
the burn rate of the inner layer is approximately 2.5 times the burn rate of the outer
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layers. The dynamic vivacity for this simulation is presented in Figure 22 and shows the
expected increase in the magnitude of the dynamic vivacity as the burning transitions
from the outer to the inner layer. However, from the figure, the increase in magnitude of
the dynamic vivacity appears to exceed the increase in the burn rate between the inner
and outer layer material. The least squares fit to the first portion of the data is y(x) =
0.54095503x + 0.87923247 and to the second portion y(x) = 0.91854808x + 2.87199865. To
investigate the change in magnitude, the ratio of the least squares fits for the two
portions of the dynamic vivacity curve is shown in Figure 23. As can be seen from the
figure, the increase in magnitude of the dynamic vivacity is indeed greater than the
increase in burn rate between the outer and inner layers, ranging from a factor of
slightly over 3 to just below 2.7. In this example, the higher than expected value in the
increase of magnitude of the dynamic vivacity is attributable to the increased specific
energy or impetus of the inner layer. Often, as the specific energy of a propellant
increases, the value of dP/dt also increases. To illustrate this point, the simulation for the
layered propellant is performed with the specific energy and all other thermo-chemical
properties of the inner layer set to the values for the outer layer. The burn rates for the
outer and inner layers are the same as in the earlier simulation. Results are shown in
Figures 24 and 25. The dynamic vivacity in Figure 24 is similar in structure to Figure 22,
but the change in magnitude as shown in Figure 25 is within 10% (change in surface
area) of the burn rate ratio between the inner and outer layers of 2.5.
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Figure 22. Dynamic Vivacity for Layered Rectangular Slab Grain Geometry.

For layered propellant geometries, it appears that the dynamic vivacity could provide
relevant information concerning not only the propellant grain geometry but also the
burn rate ratio between the inner and outer layers. Generally, the burn rates for the inner

6The value of 2.5 is an average over the entire pressure range and is based on an experimental propellant.
The burn rates used in the simulations were 0.0407P1-0185 cm/s for the outer layer and 0.1392P0-9617 cm/s for
the inner layer. The experimental propellant upon which the simulations were based had a difference in
impetus of 26% (1075 J/g versus 1356 J/g) between the outer and inner layers.
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and outer layer propellants are determined in a non-layered configuration, i.e.,
homogenous grains of inner and outer layer material. If the magnitude of the dynamic
vivacity when evaluated in the layered configuration does not have approximately? the
same ratio (outer to inner layer burning) as the computed burn rate ratio for the
individual layers, then the layered propellant should be examined to determine if the
burn rate ratio between the layers is being maintained. For example, migration of
material between the outer and inner layers could affect the burn rates of the individual
layers.
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Figure 23. Ratio of Dynamic Vivacity for High and Low Portions of the Dynamic
Vivacity Curve After the Consumption of the Outer Layers.
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Figure 24. Dynamic Vivacity for Layered Rectangular Slab Geometry With the Specific
Energy of the Inner and Outer Layers the Same.

"This statement must be used as a guideline since the ratio is impacted by the thermochemical properties of
the inner and outer layers as illustrated.
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Figure 25. Ratio of Dynamic Vivacity for High and Low Portions of the Dynamic
Vivacity Curve After the Consumption of the Outer Layers. (Specific energy
of the inner and outer layers is the same.)

7. Dynamic Vivacity in ETC Closed Chamber Experiments

Inan ETC closed chamber experiment, thermal energy is added to the chamber in the
form of a plasma. The thermal energy is obtained from electrical energy through ohmic
heating of the plasma. However, for the simulations performed in this study, the input
electrical energy is not added as thermal energy in the form of a plasma but simply as
thermal energy as represented by an increase in the mean gas temperature. Thus, the
calculations do not account for any possible changes in the gas kinetics and the
associated impact on propellant burn rate and pressurization rates. Nevertheless, the
simulations should provide insight into the interpretation of dynamic vivacity for ETC
closed chamber data. For all the simulations, a square electrical power (electrical
energy/time) pulse (i.e., constant electrical power) is used.

The baseline calculation is for the 37-perf hexagonal grain geometry without the
addition of any electrical energy, which was presented earlier. Three ETC simulations
are presented. For each of the ETC simulations, the propellant information and mass are
the same as for the baseline case; the difference is in the amount and duration of the
electrical (thermal) energy added to the simulation. The first simulationadds 30 kJ of
electrical energy in 1 ms, the second case adds 60 kJ in 1 ms, and the third simulation
adds 30 kJ in 0.5 ms. In the simulation, the propellant mass is 60 grams. Thus, the
electrical energy density is 1 kiZg or 2 ki/Zg, which are typical electrical energy densities
for ETC closed chamber experiments. In addition, the total chemical energy in the
propellant is ~330 kJ.
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Pressure histories for the four simulations are shown in Figure 26. As one might expect,
the greater the electrical power, the shorter the pressure rise time. Also, the maximum
pressure increases as the total amount of added electrical energy is increased. The
maximum pressure for the baseline case is 497 MPa,; for the addition of 30 kJ of electrical
energy, the maximum pressure is 543 MPa; and finally, when 60 kJ of electrical energy
are added, the maximum pressure is 589 MPa. Since the simulations are performed with
the assumption of no losses, the delta in pressure for the case of no electrical energy
added to 30 kJ should be the same as for the case from 30 kJ to 60 kJ of added electrical
energy. In both cases, the pressure difference is 46 MPa. Based on the pressure histories,
it would be natural to assume that dP/dt would increase as the power increases.
However, this relationship does not hold, as shown in Figure 27. The results of Figure 27
might be explained as a combination of several effects. The first is a consequence of
treating the electrical energy as a mass less thermal energy source. From the Nobel-Abel
equation of state, the pressure is a function of the product of the number of moles of gas
and the mean gas temperature. Thus, energy added by burning propellant is more
efficientin producing pressure since it produces moles of gas as well as temperature.
Added electrical energy only increases the mean gas temperature. Therefore, ata given
pressure, the most efficient use of the energy (as measured by dP/dt) will be for the case
in which the added electrical energy is the least. This is illustrated in Figure 27. The
second effect is suggested by Homan (private communication, Aberdeen Proving
Ground, Maryland, September 2001). Referring to Figure A-11 of Appendix A, the
surface area for a 37-perforation hexagonal grain geometry is strictly increasing until the
point of grain slivering. Now referring to Figure 27, at any given pressure, the depth of
the burned grain will increase as the electrical energy input decreases since the total
required energy for a given pressure is approximately the same for all four cases. The
greater the surface area, the larger the value of dP/dt since more moles of gas will be
generated during the time step. This explanation is supported by the results shown in
Figure 27.
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Figure 26. Pressure Histories for ETC Closed Chamber Simulations.
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Figure 27. Pressure Derivatives for the Four Cases Investigated in the ETC Simulations.

Given that dP/dt decreases and the maximum pressure increases as the amount of
added electrical energy increases, the dynamic vivacity should be expected to decrease
in magnitude as the amount of electrical energy increases. The dynamic vivacity results
are shown in Figure 28.
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Figure 28. Dynamic Vivacity for ETC Closed Chamber Simulations.
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Although the magnitude of the dynamic vivacity decreased as expected with the
increased electrical energy, the basic shape of the dynamic vivacity curve remains
unchanged for the different cases. Thus, it appears that for ETC closed chamber
experiments, the addition of electrical energy does not impact the propriety of using
dynamic vivacity to explore the surface area behavior of the propellant, at least for the
assumptions made in the simulations. Therefore, no special manipulation of the data
(e.g., correcting pressure to eliminate the effect attributable to the electrical energy)
appears to be necessary for ETC closed chamber data in order to obtain meaningful
information concerning grain geometry.

8. Summary

As stated in the introduction, the objective of this work was to (a) examine the physical
meaning of the dynamic vivacity as defined in Equation (1); (b) theoretically explore the
behavior of the dynamic vivacity for conventionally ignited charges of various
geometries, including layered propellant charges; and (c) determine the appropriate
method for applying dynamic vivacity to ETC closed vessel data. Physically, the
dynamic vivacity has no simple interpretation, depending on the physical properties of
the propellant including its thermo-chemical properties, density, burn rate,
instantaneous surface area, and closed chamber pressure, as given in Equation (12).
From the analysis, the dynamic vivacity is sensitive to the burn rate exponent appearing
in Vielle’s Law. Other conclusions from this study follow.

If the dynamic vivacity is to be used as an indication of propellant grain surface area
behavior, then it appears to be a robust statistic to use as long as the burn rate exponent
of the propellantis in the range of approximately 0.7 to 1. For exponents in this range,
the dynamic vivacity appears to mirror the propellant grain geometry, even for realistic
propellant ignition delays and modest grain fracture. If the exponent drops below ~0.7,
the dynamic vivacity will approach zero no matter what the nature of the grain
geometry. Once the burn rate exponent exceeds 1.0, the dynamic vivacity tends to
exhibit the behavior of a progressive grain geometry. From a practical perspective of
interpreting closed chamber data, if the burn rate of a propellant is to be determined, if
the dynamic vivacity exhibits a positive slope when the grain geometry used in the
experiment is regressive or neutral, and if the calculated burn rate exponentis <1.0, the
experiment and analysis should be redone.

As mentioned in the previous paragraph, ignition delays appear to have only amarginal
impact on the dynamic vivacity results. The traditional rule of thumb of ignoring the
first 10% and last 10% to 20% (depending on the degree of grain slivering) of the
dynamic vivacity (and propellant burn rate) curve appears to be well justified and
adequate to account for ignition variability.
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Grain fracture appears to significantly distort the behavior of the dynamic vivacity curve
for progressive grain geometries. However, the distortion appears to depend on the size
of the propellant pieces resulting from the fracture. Surprisingly, itis not the fracturing
into small pieces that distorts the dynamic vivacity but the fracturing into relatively
large pieces that are present during most of the total burning time. Small fragments burn
too fast and allow the underlying geometry of the non-fractured grains to be reflected in
the dynamic vivacity curve. Itis interesting to note that the only situation encountered
in this study that resulted in a progressive grain geometry exhibiting a dynamic vivacity
curve associated with a neutral or regressive grain geometry was when the grain
fractured into fairly “large” pieces.

The dynamic vivacity is highly dependent on both the propellant grain geometry and
dimensions. This is unlike propellant burn rate calculations that are essentially
independent of the propellant grain geometry and dimensions. For layered propellant
geometries, the dynamic vivacity appears to provide relevant information about the
propellant grain geometry as well as the burn rate ratio between the inner and outer
layers. The dynamic vivacity for ETC closed chamber experiments appears to accurately
reflect the propellant grain geometry independently of the amount or timing of the
added electrical energy. No modifications of the dynamic vivacity calculation to account
for the electrical energy are required.

Insummary, based on the results of this study, the dynamic vivacity provides a very
stable indicator of propellant geometry in the closed chamber experiment. A discussion
of other important uses of the dynamic vivacity in propellant lot acceptance and quality
testing is presented in the references. Ignoring propellants with unrealistic burn rate
exponents (i.e., < 0.7), only two cases were encountered in this study in which the
dynamic vivacity did not reflect the propellant grain geometry. The first case occurs
when the burn rate exponent of the propellant exceeds 1.0. In this case, neutral and
regressive grain geometries could produce dynamic vivacity curves indicating a
progressive grain geometry. Given the new class of experimental propellants with burn
rate exponents exceeding 1.0, it is recommended that burn rate and dynamic vivacity
calculations be examined closely for consistency. The second case involves dynamic
vivacity curves for progressive grain geometries that indicate neutral or regressive grain
geometries. In this case, grain fracture into relatively “large” pieces may have occurred.
Not addressed in this report is the impact on the dynamic vivacity that would occur if
in-depth burning occurs or if the propellant is “poorly” manufactured. Specifically, what
will be the result if the propellant density is significantly below its theoretical mean
density? Finally, because of the robust nature of the dynamic vivacity exhibited during
this study, itis recommended that any data analysis or the quality of the propellant
manufacturing associated with a closed chamber experiment for which the dynamic
vivacity curve appears in any way unusual should be questioned and re-examined.
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Symbols Units
A dynamic vivacity 1/(Pa-sec)
b propellant covolume m3/Kkg
dP(t)/dt time derivative of pressure Pa/sec
d propellant loading density kg/m3
M gas molecular weight

Mo initial propellant mass kg

N total number of propellant grains

ni number of grains in Portion 1

nz number of grains in Portion 2

n(t) moles of gas )

P(t) pressure Pa

Pmax maximum pressure Pa

R universal gas constant J/kg-K
r(t) propellant burn rate m/s
S(t) propellant surface area m?

si(t) surface area of a single grain m2

T gas temperature K

Vo initial chamber volume m3

Vp initial propellant volume m3

Z(t) mass fraction burned )

a burn rate exponent )

b burn rate coefficient m/sec-Pa®
r propellant density kg/m3
xi(t) grain characteristic function
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APPENDIX A

SURFACE AREA AND DYNAMIC VIVACITY FOR
VARIOUS PROPELLANT GEOMETRIES
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SURFACE AREA AND DYNAMIC VIVACITY FOR
VARIOUS PROPELLANT GEOMETRIES

The IBHVG2 interior ballistic code[6] used to perform the simulations in this report
supports 14 different grain geometries: cord, rectangular slab, sphere, slotted stick,
single perforation, 7-perf, 19-perf, 19-perf hexagonal, 37-perf hexagonal, rosette grain,
rolled ball grain, star grain, monolithic multiple perf grain, and a general grain. The
surface area ratio and dynamic vivacity for the rectangular slab, sphere, and 19-perf
grain were presented in Section 2. Similar calculations for all but the last two grain
geometries are provided in this appendix.

Surface Area Ratio -- Cord
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Figure A-1. Surface Area Ratio for Cord Geometry.
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Figure A-2. Dynamic Vivacity for Cord Geometry.
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Surface Area Ratio -- Slotted Tube
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Figure A-3. Surface Area Ratio for Slotted Stick.
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Figure A-4. Dynamic Vivacity for Slotted Stick.




Surface Area Ratio -- Single Perf Grain Geometry
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Figure A-5. Surface Area Ratio for Single Perforated Grain.
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Figure A-6. Dynamic Vivacity for Single Perforated Grain Geometry.
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Surface Area Ratio -- Seven Perf Grain Geometry
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Figure A-7. Surface Area Ratio for 7-perf Grain Geometry.
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Figure A-8. Dynamic Vivacity for 7-perf Grain Geometry.




Surface Area Ratio -- Nineteen Perf Hex Grain Geometry
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Figure A-9. Surface Area Ratio for 19-perf Grain Geometry.
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Figure A-10. Dynamic Vivacity for 19-perf Hexagonal Grain.
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Surface Area Ratio -- Thirty-seven Perf Hex Grain Geometry
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Figure A-11. Surface Area Ratio for 37-perf Hexagonal Grain.
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Figure A-12. Dynamic Vivacity for 37-perf Hexagonal Grain.




Surface Area Ratio -- Rosette Grain Geometry
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Figure A-13. Surface Area Ratio for Rosette Grain.
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Figure A-14. Dynamic Vivacity for Rosette Grain Geometry.
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Surface Area Raio -- Rolled Ball Grain Geometry
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Figure A-15. Surface Area Ratio for Rolled Ball Grain.
Dynamic Vivacity -- Rolled Ball Grain Geometry
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Figure A-16. Dynamic Vivacity for Rolled Ball Grain Geometry.




Surface Area Ratio -- Star Grain Geometry
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Figure A-17. Surface Area Ratio for Star Grain Geometry.
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Figure A-18. Dynamic Vivacity for Star Grain Geometry.
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