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Abstract  

A new closed-bomb data acquisition and reduction program has been 
developed based on the Microsoft Excel 97 spreadsheet platform. With the 
addition of IOTech's Wavebook/512 data acquisition hardware, the voltage 
signal from the closed-bomb experiment is directly captured into the spreadsheet 
where burning rate (BR) calculations can be performed. Additionally, XLCB has 
the capability to generate pressure vs. time data based on given BRs, geometrical 
form, and propellant thermochemistry. A proposed summary sheet is included 
to better facilitate the exchange of information between interested parties in the 
propellant community. The Visual BASIC code used in this program was 
adapted from the FORTRAN algorithms in BRLCB with some additional 
improvements/modifications. The implementation of a user-friendly interface, 
the technique used to calculate the derivative, and the comparison of the 
normalized surface area and vivacity profile are some of the more dramatic 
changes. Multiple fits of the BR law (A*?11) using different pressure regimes can 
be graphically chosen from either the BR vs. pressure graph or the vivacity 
graph. 
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1.   Introduction 

The intrinsic linear burning rate of a propellant is a pivotal parameter used in 
computer simulations to predict the interior ballistic behavior of guns. The closed 
bomb has found general acceptance as the method of choice for determining this 
linear burning rate (BR). The assumptions used to deduce the BR from experimental 
closed-bomb pressure-time histories are essentially the same as those used to 
produce the pressure in lumped-parameter interior ballistics simulations. 

Various embodiments of the closed-bomb BR reduction technique have been used in 
the community [1-4]. A number of years ago, a program aimed at general 
usefulness was offered by the U.S. Army. The program, named BRLCB [5], was 
developed to provide the user the capability of reducing experimental pressure-time 
data to BRs for a wide range of multiperforated and layered grains as well as 
artificially synthesize closed-bomb pressure-time behavior for these propellants for 
use in predicting their behavior in closed bombs. BRLCB was written in FORTRAN 
as a character input-based program that would run under the then prevalent DOS 
environment. Different files were used to store the experimental data, reduction 
parameters, and output with the associated higher bookkeeping requirements. The 
linear quality of a character-based program makes it difficult to interactively control 
the reduction parameters and affects the ability to easily compare the results. 

The current effort seeks to improve upon the general usefulness of the BRLCB 
program by recasting it in a Windows environment and addressing the scatter 
apparent in many of the derived BR data. In addition, the new version, labeled 
XLCB, seeks to follow up on recommendations made at a Joint Army-Navy-NASA- 
Air Force (JANNAF) workshop [6] by incorporating a feature intended to provide 
the user an "internal standard" method to assess the "goodness" or credibility of the 
BR data. Finally, a suggestion is included concerning the potential use of the Data 
Summary Output File structure from XLCB as a generalized format for BR data 
exchange in the JANNAF community. 

2.   XLCB Program Overview 

XLCB is a closed-bomb data reduction program aimed at taking advantage of the 
interactive capabilities of the Windows environment and the computational and file 
manipulation capabilities offered by Microsoft's Excel spreadsheet program. Using 
an Excel template created for this purpose provides closed-bomb data file 
structuring. The template provides cells for storage of the experimental data as well 
as needed propellant identification, comments, and parameters used in the data 



reduction. A blank template file is provided for the user as part of the program 
software. The file structure is generally compatible with the Microsoft Office 
environment to facilitate the movement of data and graphics for the preparation of 
reports and presentations. 

XLCB preserves most of the capabilities of its predecessor BRLCB [5], improving 
some aspects of the reduction while providing a user-friendly interface. The 
program has been designed to encompass all of the pertinent information on the 
propellant and experimental conditions into one file. A spreadsheet environment 
was chosen due to the large amount of data and parameters needed to reduce the 
data from a closed-bomb firing. Due to the universal availability of the Microsoft 
Excel spreadsheet program, XLCB was developed for this platform. Currently at the 
U.S. Army Research Laboratory (ARL), an acquisition system (see section 2.1) has 
been developed that permits data to be collected directly into the proper position in 
XLCB for reduction. However, the pressure vs. time data (strictly in ASCII format at 
this time) from other sources can also be imported into the spreadsheet. A snapshot 
of a portion of the new program spreadsheet is shown in Figure 1. The program 
was designed as an Excel add-in, which has the advantage of producing smaller 
data files and eases code maintainability. All of the functionality is accessed 
through the menu <XLCB> placed to the left of the default menu <Data>. The 
<CBDAC> menu item is a separate add-in that is used to control the data 
acquisition hardware installed at ARL. Because of this hardware dependence, the 
program is not part of the public release version of XLCB. However, the specifics of 
this code are available upon request. 
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Figure 1. Screen capture of XLCB add-in menus. 

The program comes with a user manual that explores the detailed operation of the 
program. Therefore, only a brief outline of some of the operational aspects follows. 
The <XLCB> menu is arranged such that the flow of operations that needs to be 
completed are in top to bottom order. Although all of the reduction/simulation 



parameters can be accessed directly from the entries in the spreadsheet, there are 
certain calculated parameter values that would not be correctly updated. Therefore, 
it is recommended that all parameter data be accessed through the menus. 
Experimental data needed as input to the reduction code is acquired directly into 
XLCB by the data acquisition system recently installed at ARL. For pre-existing 
data, XLCB supports two functions to import pressure vs. time data. The first 
method was implemented to import data gathered from the legacy Nicolet 
oscilloscope data-acquisition hardware system recently replaced. The other import 
function is more general and will import ASCII-format data files that have pressure 
and time in column form. 

The final pressure-time data needs to conform to some basic rules for the reduction 
to be successful. The reduction assumes that at the first pressure point, all of the 
igniter has been consumed and all of the propellant has been uniformly ignited. 
Calculating the pressure due to the igniter and deleting all early points below this 
pressure approximates this requirement. The reduction also assumes that the last of 
the propellant has been consumed at the maximum pressure (Pmax). As a 
consequence, all points after the occurrence of Pmax need to be deleted. Both of these 
operations can be performed automatically by the selection of <Auto select pressure 
region of interest (ROI)> (Figure 2) accessed by selecting the <Data prep> menu 
item. Other optional procedures can also be performed from this form. 
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Figure 2. Screen capture of data preparation form. 



Each tool can be run individually or as a set. The choices made can be saved in a file 
to be applied across many experiments. The <Convert to engineering units> tool is 
used when there is voltage-time data gathered directly from the pressure 
sensor/amplifier output. The <Wildpoint>, <Smoothing>, and <Force data 
monotonio tools are optional procedures that attempt to minimize the effects of 
noise in the pressure signal. The Wildpoint filter will replace outlier points with a 
local average. Smoothing of the data is accomplished by fitting a number of nearest 
neighbors to a quadratic function. The point being smoothed is then replaced by the 
functional value at this point. The number of neighbors can either be chosen (fixed) 
or allowed to float depending on the nature of the curve at that point. If a floating 
bridge is chosen, then the program will select the largest bridge, less than 35, which 
will encompass a pressure change less than 10% of the maximum pressure. As will 
be discussed in section 2.2, the code will need to search for the instantaneous burn 
depth of the propellant. BRLCB and developmental incarnations of XLCB used, as a 
starting point, the previous calculated depth for this search. A pressure drop would 
then appear in the code as some amount of propellant becoming unburned, clearly 
not physical. A solution to this problem was to force the data to monotonically 
increase. After a new search routine that always starts at depth=0 (not burned) was 
implemented, this function became an optional feature to further minimize jitter 
effects and to maintain compatibility with previous data. The last parameter input 
on this form is the <Reduction Derivative Bridgelengthx This is a new mandatory 
parameter that is used when deriving the burning rate from the calculated depth 
profile and will be further discussed in the following section on BR reduction 
(section 2.2). Calculation of the vivacity and the quickness (dp/dt) are 
automatically executed when the BR procedure is complete. However, either 
calculation can be forced by selecting the <RUN> option in Figure 2. 

2.1    Data Acquisition 

To increase the working pressure range and system efficiency, a new data 
acquisition system has been installed for the micro-closed-bomb. The pressure- 
sensing element is a piezoelectric transducer from Kistler* capable of pressures up 
to 1,000 MPa. The charge from the sensor is converted to voltage and amplified by a 
Kistler model 5010B1 dual-mode charge amplifier. The voltage signal output is then 
captured and digitized by IOTech's Wavebook/512 multichannel analog-to-digital 
converter capable of 1 MHz (single channel with the addition of IOTech's WBK21 
Industry Standard Architecture [ISA] card) data acquisition rate at 12-bit resolution. 

The Wavebook has the advantage of being directly computer controlled with the 
ability to record vast amounts of data limited only by the capacity of the computer's 
memory and hard-disk space. However, the current Excel program limits the 
number of data points to 65,000. Routines have been written for Microsoft Excel 
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that will interface the data acquisition hardware and computer and allow for the 
direct retrieval of the results into a spreadsheet compatible with the XLCB reduction 
software. As the reduction code calculates the BR based on the pressure-time 
history of the experiment, XLCB has the capability to convert the voltage-time trace 
output from the hardware to the form required. Two curves are acquired for each 
firing run: calibration and data. The calibration consists of a voltage step function 
supplied by a precision voltage reference* passed through a pushbutton switch to 
the amplifier's voltage input. The voltage measured after the amplifier compared to 
that of the known input gives the amplification factor of the acquisition system. 
This factor, together with the sensitivity of the pressure gauge, is used to produce 
the pressure-time trace. 

2.2   BR Reduction 

The current data reduction routine (XLCB) and its predecessor (BRLCB), calculates 
the mass of propellant that must have burned in order to produce the pressure seen 
in the bomb at a particular time. Ideally, the energy liberated during the 
combustion of the propellant will appear as the thermal energy of the resultant gas. 
However, the walls of the chamber provide a heat sink to the combustion products 
of the propellant. At a given time t, the energy balance in the chamber, is given by 
[5], 

Eo=Es(t) + Ei(t), (1) 

where E° is the initial energy in the combustion chamber in the form of the chemical 
energy of the unburned propellant, and Es and Ei denote the energy remaining in the 
solid and the energy liberated in the combustion process. This liberated energy is 
partitioned into the thermal energy of the resultant gas products Eg (manifesting 
itself as pressure) and an additional energy term, Qw, representing the cumulative 
heat loss to the chamber walls: 

El(t) = Eg(t) + Qw(t). (2) 

The amount of heat lost will depend on the ratio of the bomb's surface area to 
volume, with the larger bomb expected to have the lower heat loss. Comparisons 
[7] between results of the 200-cm3 and 25-cm3 closed bombs have shown a 
discrepancy (~3%) in the calculated burning rate. In these tests, identical loading 
densities and reduction parameters were used. The heat loss treatment, being 
considered the most likely culprit, is a subject of further investigation. The 
treatment of heat loss is, unfortunately, not a trivial matter and several approaches 
have been attempted [2, 8]. Currently, the heat loss is assumed to be directly 
proportional to the experimental pressure 
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Qw(t) = Qmax 
Pch 

nmax 
rch (3) 

where PCh is the chamber pressure and Qmax represents the total heat loss at 
maximum pressure. The deduced burn depth will be greater as a result of the 
inclusion of heat loss for a given pressure. The effect would be an apparent upward 
shift in the resulting burning rate. The magnitude of Qmax, which will affect the 
extent of the burning rate curve shift, is derived from the maximum experimental 
value of pressure P^. Assuming all of the propellant is consumed by the time of 
maximum pressure, equations 1 and 2 state that the total heat loss, Qmax, is the 
difference between the initial energy E° and the thermal energy of the gas products: 

Q^=E°-TC 
max 

ch Cm. C   +mC + mgC )/ (4) 

where Cv is the heat capacity at constant volume, and m is the mass (ig = igniter, a 
= air, g = gas, s =solid propellant). The adiabatic temperature of the gas at 
maximum pressure T^m, can be obtained (using the Noble-Abel equation of state) 
from 

Lch     ~ rch 
VcH-hi%

m%-hama-hS
m°^ 

"vig""ig       ~*a     a s     s       , 
(5) 

where Vch is the chamber volume, b is the covolume of the gas products, mx° is again 
the mass of the ingredients initially in the chamber, and 9?x is the universal gas 
constant divided by the molecular weight of component x. 

The Noble-Abel equation of state is also used to determine the amount of propellant 
that must have burned (mass fraction) to produce the experimentally measured 
pressure. A form function that relates the current dimensions of the propellant to 
the remaining solid mass is used to calculate the area of the propellant surface for 
each pressure-time point. For some geometries, the depth reached for a given mass 
burned is not in closed form and must be found by a numerical searching method. 
A new technique (Brenfs method [9]) was implemented to increase the depth/area 
calculation throughput. The BR is then calculated using the derivative of the mass 
generated at each time step. Knowing the propellant density (p), the BR is then 

dM, 
BR 'dt 

M 
(6) 

where M is the mass generated, and As is the total propellant surface area provided 
in the form function. 

BRLCB used a "finite-difference" method to perform the derivative of the solid 
propellant mass as a function of time. This technique is very sensitive to any jitter in 
the data. As a consequence, the calculated BR-pressure graph was subject to large- 



magnitude, high-frequency fluctuations that can hide more subtle features. To 
combat this problem, an algorithm based on the Savitzky-Golay derivative 
technique [9] was instituted in XLCB to perform this operation. This algorithm 
determines the derivative by least-squares fitting of a polynomial of degree n 
(quadratic in the current configuration) to m nearest neighbors where tn+1 
constitutes the chosen bridgelength. The mass generation rate dM/dt is simply the 
derivative of this fitted polynomial evaluated at the point in question. The results of 
the two different reduction programs, BRLCB and XLCB, are shown in Figure 3. 
The propellant used for this test was 7-Perf JA2* fired in the 200-cm3 closed bomb. 
Except for the derivative treatment, both data sets were treated in a similar manner 
(i.e., the same preparation [smoothing, wildpoint, etc.] parameters were used). The 
Savitzky-Golay derivative technique [9] clearly minimizes the noise without 
removing any of the underlining BR trends. The differences in the noise level 
between the two data sets is due solely to the derivative method as the data was also 
reduced in a version of XLCB that employed the identical finite-difference method 
used in BRLCB. In this case, the data produced by the two programs were 
indistinguishable to 1-2 parts in 1,000. 

10 

60 
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Finite-Difference 

10 100 

Pressure (MPa) 

Figure 3. Effect of derivative method. 

It has been suggested [10] that the vivacity, V, is a critical piece of information in the 
evaluation of the BR data. The vivacity as used in XLCB, is defined in reference [10] 
as 

*A double-base, type-classified formulation. 



dp/ 
y _      /dt 

P'P- 
(7) 

where the pressures P and Pmax are determined from the experimental data. 
Although a calculation option in BRLCB, the automatically calculated and plotted 
vivacity is used in XLCB as a confidence guide to the pressure regimes of the 
calculated burning rates. As an example, JA2 in a form of right-circular cylinders 
(cord-form factor) was fired in a 200-cm3 bomb (0.34 loading density [LD]) resulting 
in the vivacity plot in Figure 4. Also plotted in Figure 4 is the calculated surface 
area normalized to the vivacity at 50% maximum pressure. As a measure of the 
geometrical progressively of the propellant, the normalized surface area as 
compared to the vivacity gives a good indication of where in the pressure range the 
assumptions used in the reduction are valid. In this case, the propellant has a 
regressive form function with a corresponding negative slope in both the vivacity 
and the surface area function. 

o 

> 

P/Pn 

Figure 4. Comparison of vivacity and normalized surface area. 

In contrast, the vivacity in Figure 5 is for a 7-perf granulation, JA2 propellant fired in 
a 200-cm3 bomb. The vivacity and surface area both reflect the progressive nature of 
the 7-perf form function. However, both Figures 4 and 5 exhibit a clear mismatch at 
both the lowest and highest pressures. The mismatch at the lower pressures is 
probably due to flamespread during the ignition of the propellant charge. The high- 
pressure mismatch may indicate the point at which some of the propellant grains, 
ignited earlier in the ignition process, are burning out. Both conditions are contrary 



P/Pn 

Figure 5. Vivacity of 7-perf geometry. 

to the working assumptions of the reduction. The more subtle differences between 
the surface area and vivacity in the central pressure regime are not as 
straightforward to explain. Both experiments [11] and simulations [12] suggest that 
if the BR exponent is much greater than 1, then the vivacity will exhibit non-linear 
behavior. It is not known from the experiments whether the large exponent is real 
or the result of deviation from the assumed combustion conditions. The 
simulations, constrained to follow the assumptions, also demonstrate similar 
behavior. If flamespreading occurs at the lowest pressures, it is not known at what 
pressure the propellant becomes fully ignited and to what extent the assumption of 
the homogeneously burning and instantly ignited propellant bed is still valid. For 
propellants that are progressively neutral, the effect of flamespreading should be 
less apparent. For propellants with a strong surface-area dependence on the depth 
in the grain, this effect is more pronounced. In addition, there may be a chemical 
progressivity introduced into a "homogenous" propellant by the manufacturing 
process [13] that is not accounted for by the simple surface area progression. 
Greater mismatch between the surface area and the vivacity profiles is evident for 
the propellant shown in Figure 6. In this case, JA2 cord propellant was purposely 
damaged by partially cutting through half of the grains in the charge. 

Using the vivacity as a guide, the coefficients of portions of the BR data are fitted to 
the familiar functional law 
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Figure 6. Vivacity of pre-cut grains. 

BR = APn, (8) 

where the parameter A is the prefactor, P is the pressure, and the exponent n being 
dimensionless. Previously, the pressure regimes used in the calculation of equation 
8 were either chosen prior to reduction or the data would need to be imported into 
another program. XLCB allows the choice of up to four different pressure regimes 
to be chosen for calculating the coefficients of equation 8. Two such pressure 
regimes were chosen with the results displayed graphically in Figure 7. The 
program is able to choose these regions graphically using the computer's mouse 
from either the BR or the vivacity curves. Alternatively, for precise control, the 
pressure regions may be numerically chosen as absolute or relative pressures. 

Both the vivacity curves (Figure 4) and BR (Figure 7) are contained on one sheet of 
the Excel program to better facilitate the use of the vivacity in choosing the pressure 
regimes. The vivacity chart (Figure 4) includes two straight lines at the top of the 
graph that demarcates that portion of the vivacity curve that corresponds to the 
burning rate linear fits in Figure 7. 

3.   Pressure Simulation 

The capability to simulate the pressure-time behavior of a propellant in a closed 
bomb has been preserved from BRLCB. Simulated pressure-time curves are useful 
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Figure 7. BR of JA2 with linear fits. 

when attempting to understand the anomalous behavior of an existing propellant or 
helping to predict the performance of a notional charge. In addition to the 
propellant thermochemistry and geometry, the burning rate for the propellant must 
be supplied. This information can be in the form of a tabulated BR vs. pressure or 
the BR can be in functional form specified for each propellant layer. The output of 
the simulation is placed directly into the proper worksheet where a subsequent 
reduction can be performed. 

3.1   XLCB Summary Sheet 

To better f acilitate the sharing of data among the propellant community, a proposed 
form of a BR summary is included with XLCB. The method for the presentation of 
results is similar to that developed earlier for the Naval Surface Warfare Center 
(NSWC) at Indian Head, MD [14]. XLCB, however, attempts to integrate the 
collection, processing, and presentation of the data into one program. The summary 
(Figure 8) contains the interpolated values of the BR at fixed multiples of 10 MPa in 
pressure. Using this method, the comparisons between different CB firings can be 
done at consistent pressures. Firing information, charge (propellant and igniter) 
information, propellant geometry, and thermochemistries are also presented in the 
summary. The summary also contains information for the calculation of the relative 
quickness, defined as 

±>T 7    n    pi 

(9) 
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where Pt and Pi are the derivatives of the pressure at up to 5 time points for a test 
and reference experiment, respectively. The maximum pressure, Pmax, is stored in 
the summary for later calculation of the relative force, defined as 

RF^JT* (10) 
max 

where Pmax and Pmax are the maximum pressure obtained for the test and reference 
shots. 

An option to print this summary along with two other pages is provided. The 
second page includes both of the graphs presented in Figures 4 and 7. The final 
third page (Figure 9) provides the parameter information regarding the linear least- 
squares fit of BR vs. pressure described previously. This printed package provides 
the basic information about the propellant characteristics most important to the end 
user. 

BURN RATE PARAMETERS 

n rA2 
Max. Pressure (Mpa)= 562.7216187 

Region          Start Press (Mpa) End Press (Mpa) Ps/Pmax      Pe/Pmax    a (cm/s) 
1 112.046 505.3351 0.1991 0.898 0.1353 0.9458 0.9936 
2 19.8816 99.8009 0.0353 0.1774 0.1911 0.8624 0.9854 
3 -1 0 -0.0018 0 0 0 0 
4 -1 0 -0.0018 0 0 0 0 

Current region 2 

Figure 9. Screen capture of BR parameters page. 

3.2    Comparison Tool 

The XLCB-generated master file warehouses all the information concerning a single 
experiment. Once a series of related closed-bomb runs have been performed, it is 
often desirable to compare the results. In addition, multiple experiments are usually 
performed under the same conditions for statistical reasons. The BR and vivacity 
results from multiple experiments can be gathered together for analysis by using the 
companion spreadsheet template named "Comparison Tool." A screen capture of 
the main worksheet is shown in Figure 10 with three areas highlighted and labeled 
with roman numerals. Using the built-in tools (region I) data can be imported, 
averaged, the linear BR (equation 8) can be calculated, and the results of these 
operations plotted. Along with the average, the standard deviation is also 
calculated. Three types of information are imported from each selected master file 
(see Figure 10, region II). Both the BR as a function of pressure (region II) and the 
vivacity (region III) are extracted to the template. The ability to calculate the relative 
force   (RF)   and   relative   quickness   (RQ)   requires   the   information   from 
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Figure 10. Comparison tool template. 

multiple closed-bomb runs. The data required for the calculation is placed in the 
spreadsheet labeled RQRF (region III). 

Using the comparison tool, the BR law (equation 8) can be applied to any of the 
plotted series. The graph produced by the Comparison Tool program is shown in 
Figure 11. The BR vs. pressure for both imported files along with the average is 
plotted. The linear fit (delimited by the arrows in the figure for clarification) of the 
average in the region between 50 and 500 MPa is also included on this graph. 

4.   Conclusions 

A new closed-bomb reduction and pressure simulation software package has been 
developed with a much improved user interface. A new technique to calculate the 
derivative of the depth function has greatly reduced the appearance of high 
frequency noise in the BR vs. pressure graph without loss of information. A new 
format has been proposed that will ease the sharing of BR data among the 
community at large. Detailed user manuals for the described programs are 
available from the authors. 
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