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SUMMARY

TINT equivalencies were determined for seven chemical mix-
tures in their process configurations from continuous TNT
production facilities. Blast output was measured and TNT
equivalency was computed based on a comparison with the ex-
plosive blast output of a surface burst of a hemispherically
shaped TNT charge. The results of the program are summarized
in the following table and figures.
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A technique was developed to predict the airblast out-
put and TNT equivalencies produced by a wide variety of chem-
ical mixtures in similar configurations using a limited amount
of experimental data and thus minimizing the number of exper-
iments required. The technique relies on correlating the
experimental data by applying an "energy equivalency' to the
explosive mass. The experimental data from all the cylindri-
cal configurations condenses quite nicely onto single peak
overpressure and scaled positive impulse curves.
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1. INTRODUCTION

1.1 Background

On May 31, 1974, an accidental explosion occurred at the
Radford Army Ammunition Plant (RAAP) continuous TNT!' produc-
tion line (reference 1). Considerable damage was sustained
due. to the high TNT and detonable nitrobody content of in-
process materials. Initially, there was an indication that
more energy was released in the blast than could be accounted
for by the quantities of TNT and other detonable nitrobodies
present (reference 2). Perhaps the acid could be contributing
to the explosive output in some way.

To reduce the quantity of explosive materials present in
a reconstructed line, it is intended to utilize dynamic sep-
arators in lieu of the slower acting gravity separators which
were previously in the RAAP continuous TNT line. This change
should reduce the total TNT content in the Nitration and Pur-
ification Building from 8740 kg (19,250 1b) to a nominal
4310 kg (9500 1b) (reference 3).

1.2 Program Objectives

The program described in this report was designed to de-
termine the explosive airblast output (1n terms of TNT equiv-
alency?) of selected components present in the '"old'"?® RAAP TNT
production line and the planned '"'mew'?® line which will utilize
dynamic separators. The components which were selected from
the old RAAP system are shown in figure 1 in their locations
in the Nitration and Purification Building. These components

lrrinitrotoluene

2The concept of TNT equivalency is discussed in Appendix B.
Pressure TNT equivalency is defined as the ratio of TNT
weight to test explosive weight (X100%) that will produce
the same peak overpressure at the same radial distance for
both charges. Similarly, impulse equivalency is the ratio
of TNT weight to test explosive weight which will produce
the same impulse at the same radial distance. The standard
TNT charge for comparison is always a hemlsphere placed on
a rigid surface at ground level.

In this report the prefix "old" refers to the continuous TNT
production line utilizing gravity separators involved in the
RAAP explosion, whereas the prefix ''mew'" refers to the plan-
ned continuous TNT line utilizing dynamic separators.
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are nitrator 3A, nitrator 6, separator 6, a sellite wash tank,
and the inlet mixing compartment of the acid wash tank. Three
nitrators were originally selected for the new system utiliz-
ing dynamic separators: nitrator 4, nitrator 5 and nitrator 8.
Nitrator 4 is functionally similar to old nitrator 3A and ni-
trator 8 is functionally similar to old nitrator 6. Nitrator

5 was selected to be tested only if nitrator 4 did not detonate.
Since nitrator 4 detonated in the first trial, nitrator 5 was
not tested.

1.3 Report Organization

In section 2 of this report the experimental system de-
signs are described in a fair amount of detail. The section
is divided into three parts. The first part presents the
philosophies used in (a) selecting the general program ap-
proach, (b) selecting the components to be tested, (c) pro-
ducing the chemical mixtures, and (d) scaling. The second
part describes the total system design used in the original
program tests. These tests were conducted at the IIT Research
Institute (IITRI) facility at Kingsbury Ordnance Plant (KOP)
near LaPorte, Indiana. The explosive limit for that test
site is approximately 22.7 kg (50 1b) of TNT or equivalent.
In designing the KOP tests, 22.7 kg (50 1b) of nitrobody (TNT
and DNT*) were allowed per shot. The results of these small-
scale tests indicated that the 22.7 kg (50 1b) size was at or
near the threshold for detonation for most of the components
tested (see sections 4 and 5). Therefore it was decided that
scaling should be verified by conducting tests at a larger
size. Such tests were planned, designed, and constructed pri-
marily by IITRI persomnel for execution at Edgewood Arsenal
Resident Laboratory at the National Space Technology Labora-
tories (NSTL) near Bay Saint Louis, Mississippi. These tests
were for 90.8 kg (200 1b) of TNT and DNT per system. This
corresponds to.about one-tenth scale for nitrator 6. Due to
an unfortunate series of operational problems at NSTL only
one large-scale test was successfully completed. Because the
major product of the large-scale test effort was consequently
the system design, the design is presented in detail in the
third part of section 2..

*Dinitrotoluene



In section 3, the general test plan and procedures are
presented for the small-scale (22.7 kg, 50 1lb size) and the
large-scale (90.8 kg, 200 1b size) test efforts. Test re-
sults are presented in section 4 and analyzed in section 5.
A technique for predicting TNT equivalency of chemical mix-
tures in their process configuration using limited test data
is described and used to predict peak overpressure, scaled
positive impulse and TNT equivalencies for the acid wash
tank compartment, for which the experimental data generated
in this program were not adequate. The implications of the
results of this program are discussed.

2. DESIGN OF THE EXPERIMENTS

2.1 Preliminary Investigations and Decisions

Prior to conducting the tests described in this report,
a considerable amount of planning had to be done. The com-
ponents tested are physically quite complex. Many of them
are agitated and have complex internal geometries. The chem-
ical mixtures present contain nitrobodies (TNT and DNT) dis-
persed as oil droplets (or settled in a layer) and dissolved
in nitrating acid or wash solution. Most of the systems are
agitated. Many trace compounds are present which probably
do not have a significant influence on blast energy released
but could have a significant influence on sensitivity (i.e.,
whether or not detonation can be initiated). Before the
test program could be developed, many decisions had to be
made and philosophies defined.

2.1.1 Selection of General Approaches for Simulating
the Chemical Mixtures

Four approaches were evaluated for producing the chem-
ical mixtures to be tested in the scaled model system com-
ponents:

1, Extract chemicals from an active TNT line, such
as at Joliet AAP or Volunteer AAP.

2. Use cold nitrating acid and solid TNT flakes
dispersed in the acid.

3. Use nitrating acid at the proper process tem-
perature and pure liquid TNT dispersed and al-
lowed to partially dissolve in the acid.

4. Use nitrating acid at the proper process tem-
perature, pure liquid TNT dispersed and allow-
ed to partially dissolve in the acid, and
liquid DNT extracted from the Joliet AAP TNT line.

4



Option 1 clearly would be the most realistic if it could be
accomplished safely without significantly altering the chem-
ical compositions. The major advantage of this approach was
the inclusion of trace compounds which could not be repro-
duced simply and accurately in a batch. Both Joliet AAP and
Volunteer AAP were visited to discuss and evaluate this ap-
proach. For upstream nitration reactors, such as nitrator 3A,
the chemical mixtures are quite reactive. To stop the reac-
tion for shipping chemicals to the IITRI test site, the
chemicals would have to be extracted from the adjacent gravity
separator and frozen quickly. At the IITRI test site, they
would have to be melted, transferred to the model reactor,
and detonated quickly to avoid excessive continued reaction
and a possible premature fire or explosion. There was no

way to use this approach for tests related to the new dynamic
separator system because that system is not in operation at
the present time. Because of the many complexities and haz-
ards of this approach, it was eliminated from contention.

Option 2 clearly provided the most unrealistic simula-
tion of the real system but it might be the simplest and
safest approach to accomplish. No trace compounds would be
present. Nitrobodies would not be dissolved in the acid
phase and the resultant intimate contact for reaction would
be lost. It would be difficult if not impossible to properly
disperse the solid TNT flakes in the acid. The flakes would
get caught in the mock cooling coils and block flow. The
flakes would disperse differently than liquid droplets in the
acid and produce a wrong internal geometry. Because of all
these inaccuracies, it is likely that some important phenom-
enon would have been lost in the testing and the test program
would have been made meaningless. Therefore, this approach
was not used.

Option 3 was to use nitrating acid at the proper temper-
ature and liquid TNT dispersed in the acid. This was the ap-
proach used for most of the tests conducted, It was used for
all systems which were basically nonreacting (all systems ex-
cept old nitrator 3A and new nitrator 4), 1In all cases, the
liquid TNT was added to the acid or wash solution well be-
fore the initiation (on the order of an hour in most cases)
and agitated to assure that some TNT became dissolved.

Option 4 was used for old nitrator 3A and new nitra-
tor 4. Option 4 was to simulate the composition in reac-
tive components using a batch process to make TNT in the
field. Rather than start with raw toluene, a shortcut was
taken by adding a mixture of THT and DNT to nitrating acid.



Small scale experiments were conducted early in the program
to determine the reaction time required to reach the desired
compositions in nitrators 3A, 4 and 5, In each case a prop-
er nitrating acid was mixed and brought to the continuous
process reaction temperature, An amount of liquid TNT less
than the desired quantity was then added to the acid. Then
an amount of DNT greater than the desired quantity was added.
As the DNT to TNT nitration progressed, samples were ex-
tracted and analyzed. Temperature was maintained constant
during the experiments using cooling coils. In this way the
required reaction time for each reactive nitrator test was
determined. The DNT used in the TNT equivalency field tests
was extracted from the Joliet Arsenal continuous TNT line in
crude form, Crude DNT was used in an attempt to add realism
to the chemical mixture by maintaining some of the trace com-
pounds present in the actual system,

2.1,2 Selection of Components to be Tested

As previously noted, five system components were select~
ed from the old RAAP continuous TINT line (nitrators 3A and
6, separator 6, a sellite wash tank, and a mixing compart-
ment of the acid wash tank). Three components were origin-
ally selected from the new system incorporating dynamics
separators (nitrators 4, 5 and 8), Old nitrator 3A was
selected because the explosion at RAAP was initiated at or
near this reactor, An operator was using a rubber hose to
clean white compound out of the pipe connecting separator /A
to nitrator 3A when the hose apparently got caught in the
agitator and pulled into nitrator 3A. The temperature rose
in parts of the nitrator but it is difficult to say if the
nitrator detonated first or merely initiated, for example,
TNT is an adjacent gravity separator, Since nitrator 3A was
where the problem began, it was unique and worthwhile test-
ing, Nitrator 3A was simulated using a batch process ni-
trating DNT to form TINT as described above (option 4).

Nitrator 6 was selected for two reasons. First, it
contains the highest concentration of TNT of the nitrators
and was considered to be a probable worst case for that rea-r
son. Second, because it contains almost no DNT, the nitro-
body composition could be simulated quite well by using pure
TNT, making the tests simpler,

Separator 6 has essentially the same composition as
nitrator 6 and was therefore the separator selected for
testing, A separator was tested for two reasons. The chem-
ical mixture is in the settled state with a layer of liquid
TINT floating on a layer of acid with some TNT dissolved in
the acid, In addition, the component geometry is quite



different from the reactors. In the tests, the separator

was simulated by a box with no coils or agitator inside. A
set of heating coils and an agitator were temporarily mounted
on the box cover to prepare the chemical mixture. These were
removed prior to initiation.

A sellite wash tank was selected to evaluate the effect
of replacing the nitrating acid by water in a similar cylin-
drical tank configuration with coils inside. The acid wash
tank was selected because it is a large tank containing a
very high TNT content.

New nitrators 4 and 8 serve functions parallel to old
nitrators 3A and 6 respectively. These were evaluated to
help guage safety improvements represented by the new design
utilizing dynamic separators. If nitrator 4 did not deto-
nate, nitrator 5 was to be tested. Nitrator 5 contains a
slightly higher TNT concentration and was originally thought
to be more easily detonable for that reason. Since nitrator
4 detonated in the first trial, nitrator 5 was not tested.

2.1.3 Design of the Batch Process

Nitrators 3A(old), 4(new) and 5(new) are all quite re-
active systems containing from 4 to 16 percent DNT by weight.
These systems could not be simulated with confidence by re-
placing all nitrobody by TNT, Therefore, a batch process
was used to make TNT in the field and simulate the composi-
tions in the more active nitration reactors, When the batch
composition was approximately equal to the composition pres-
ent in the continuous process reactor, detonation of the
booster was initiated.

To determine the proper detonation time for these tests,
small scale experiments were conducted, One test was com-
pleted for each of the three reactors with a duplication run
for nitrator 4.

The equipment used for the laboratory runs consisted of
a small polypropylene reactor, an electrical laboratory mixer
with a stainless steel agitator shaft, and a 0.64 cm (0.25
inch) 0.D. stainless steel tubing wound into a coil was used
to cool the reactor. The experimental procedure for each of
the runs was as follows:

e The reaction acid was prepared at IITRI by mixs
ing the appropriate quantities of 65 percent
oleum, 67 percent nitric acid and 71 percent
nitric acid, Sufficient acid was made for two
experimental runs of nitrator 4 and one each of
nitrators 5 and 3A,



e At KOP test site, the Ere—mixed nitration acid
was heated to about 85°C (184°F) and the ap-
propriate amounts of DNT and TNT were weighed
and melted in a hot water bath.

e The hot acid was added to the polypropylene re-
actor, agitated, and then the melted TNT was
added.

@ The reaction mixture was then cooled by the in-
ternal cooling coils to about 77°C (170°F) for
nitrators 4 and 8 and maintained at 85°C (184°F)
for nitrator 3A.

@ The time was recorded and the melted DNT was
added into the reactor.

o The reaction was sampled by removing 0.5-1.0 cc
(OD3—0.06inch3) of the reaction mixture with
a syringe and injecting the sample into 55 cc
(3.36 inch3) of distilled water.

e The samples were analyzed at IITRI by gas chro-
matography to determine the relative amounts of
DNT and TNT.

A summary of the small-scale chemistry experimental re-
sults is presented in table 1. 1In each case, the starting
composition, target detonation composition and required reac-
tion duration is given, An 85°C (184°F) reaction temperature
was required for nitrator 3A to prevent crystalization of TNT
at 77°C (170°F).

Figure 2 shows the nitrobody weight percent of DNT as a
function of time in the two nitrator 4 runs. This is the
weight of DNT divided by the total nitrobody (TNT and DNT)
weight multiplied by 100 percent. The target value for ni-
trator 4 was 37.4 weight percent DNT. The discrepency in
results between the two laboratory runs (9.5 and 7 minutes
required from runs 1 and 4 respectively) was attributable to
equipment difficulties during run 4. In run 1, the tempera-
ture was closely controlled between 75° and 80°C (166° and
175°F) for the first 5 minutes, whereas the temperature
ranged between 75° and 90°C (166° and 193°F) in run 4, Even
with the difference in reaction temperatures, the detonation
compositions were within 10 weight percent DNT at 9.5 min-
utes of reaction time.
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Table 1

Summary of small-scale chemistry experiments

Target
Starting detonation
composition composition Required reaction duration
System (weight %) (weight %) for field tests

old nitrator 3A 23.07% DNT 16.6%Z DNT
24 .,0% TNT 32.07% TNT 2.5 minutes (adjusted to 3
9.37% HNOs 7 .07 HNOj minutes to account for DNT
34.5% H,S0, 38.0% H,SO, drop time) at 85°C (184°F)*
9.2% SO3 6.47% SO3

new nitrator 4 14.27% DNT 9.0% DNT
8.5% TNT 15.07% TNT 9.5 minutes (adjusted to 10
9.87% HNOj 8.0% HNOj; minutes to account for DNT
57.2% HoS04 60.0% H2S80, drop.time) at 77°C (170°F)
10.3% SO3 8.07% SO3

new nitrator 5 10.0% DNT 4 .07 DNT
9.5% TNT 17 .0% TNT 6.5 minutes (adjusted to 7
12.17% HNOj3 10.07 HNOj minutes to account for DNT
48.8% H2S04 52.0% H2S0, drop time) at 77°C (170°F)
19.6% SO3 17.0% SO3

*
In nitrator 3A, 85°C (184°F) was required to keep the TNT in the
liquid state in the small-scale experiments.

Figure 3 shows the nitrobody weight percent of DNT ver-
sus time for nitrators 3A and 5. Nitrator 3A was found to
require a 2.5 minute reaction time and nitrator 5 required
a 6.5 minute reaction time. 1In the large-scale experiments
it took about 2 minutes to transfer the liquid DNT from the
drop tank into the model reactor. To approximately compen-
sate for this DNT transfer time, 30 seconds was added to each
of the reaction times which were determined from the small-
scale chemistry experiments.

In the large-scale TNT equivalency tests, the same pro-
cedure used in the small-scale experiments was followed.
That is, the initial nitration acid was accurately mixed and
weighed into containers at IITRI, Chicago. Sufficient acid
was made for several detonations and therefore each batch of
nitration acid was identical for a series of shots. The
nitration acid was heated in the test reactor at the detona-
tion site. After heating the acid, liquid TNT was added to
the agitated reactor. The DNT was melted and placed in an

10
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overhead reservoir (the DNT drop tank) with the addition con-
trolled by a solenoid valve. At time zero the solenoid valve
was opened and all the liquid DNT was allowed to flow into
the reactor, At the predetermined time after the start of
the DNT addition, an explosive booster in contact with the

tank bottom was detonated.
4

2.1.4 Scaling Philosophy
2.1.4.1 General Considerations

Correlation of experimental data is generally accom-
plished using dimensionless groups derived by conducting a
dimensional analysis on the experimental parameters or the
equations governing the phenomenon being studied. Several
investigators (Hopkinson, Sachs, Lutzky and Leto, Baker,
Doering and Burkhardt, Brown, etc.) have developed such scal-
ing laws for explosive airblast output. Hopkinson scaling
is the most common form and is used for presentation of data
in section 4 of this report. Hopkinson, or 'cube root",
scaling presents peak overpressure (P), scaled positive phase
duration (t/W'/?), and scaled impulse (I/W!/®) in terms of
scaled distance (R/W!/?®), where T is positive phase duration,
I is impulse, R is distance from the blast center, and W is
the explosive weight. The explosive weight represents the
total energy of the blast source, E, and W can be replaced
by E in the scaling relations. Hopkinson scaling strictly
only applies to blast waves produced by sources of the same
explosive material in the same atmospheres with geometric
similarity conserved. 1In section 5, it will be shown that
replacing W by E in the Hopkinson scaling parameters largely
accounts for differences in the TNT process vessel chemical
composition and correlates the data quite well. Many other
factors not considered in Hopkinson and other commonly used
blast wave scaling laws can also significantly affect the
airblast output produced. These factors are summarized in
table 2 under four categories: (a) amount of energy released,
(b) rate of energy release, (c) configuration and (d) ambi-
ent conditions. These factors were considered in designing
the experiments to maintain the most important features of
the system design.

12



Table 2

Explosive airblast output significant factors

(a) AMOUNT OF ENERGY RELEASED

@ Chemical energy released in detonation

Oxygen balance and potential for afterburning

e Amount of water in detonation products in comparison to usual ex-
plosives (effect on ratio of specific heats -- reference 4)

e Expected confinement influence (too much confinement absorbs en-

ergy while too little confinement allows spalling or may prevent

the development of detonation)

Critical explosive weight

Critical explosive dimension

Critical booster size

Unusual reaction kinetics

® ® 6 O

(b) RATE OF ENERGY RELEASE
Characteristic Dimension
Detonation Velocity

e Reaction durationav

(c) CONFIGURATION

Energy density

Charge shape

Internal charge geometry
Charge orientation
Booster location

Ground reflectivity
Height of burst

® ®© 0 @ © 9

(d) AMBIENT CONDITIONS

® Pressure
e Speed of sound (or temperature)

2.1.4.2 Chemical Composition Related to Scaling

As discussed in sections 2.1.1 and 2.1.3, considerable
emphasis was placed on closely simulating the chemical mix-
tures found in the full-scale continuous process TNT manufac-
turing facilities. A comparison of the actual and "mock"
chemical mixtures for each component tested is provided in
table 3. Reproducing the composition was important to assure
that the chemical energy released in a detonation per unit
weight of material would be independent of the scale. 1In
addition, the reaction kinetics, available oxygen and reac-
tion products would be the same as in a full-scale system.

13



Weight composition of major constituents

Table 3

for TNT process components being evaluated
(all values are weight percents)

__Test series DNT TNT " TNB TNBA HNO3; H,S04
1. Nitrator 3A

Actual 16.22 31.27 0.001 0.001 6.82 36.98

(trace) (trace)

Mock 16.6 32.0 0 0 7.0 38.0
2. Nitrator 6

Actual 0,15 38.01 0,002 0.01 8,93 33,48

(trace)

Mock 0 38.0 0 0 9,0 33,5
3. Separator 6

Actual 38,16 (trace) 0.01 8.9 33,48

Mock 38,0 0 0 9.0 33,5
4, Acid Wash

Actual 0 85,00 0 0 0,74 1.31

Mock#* 0 53.12 0 0 3.33 4,83
5. Sellite Wash

Actual 0 49.00 0 0 0 0

Mock 0 49.0 0 0 0 0
6. Nitrator 4

Actual 8.55 14.03 7.80 57.01

Mock 9.0 15.0 8.0 60.0
7. Nitrator 5

Actual 3.87 16.59 0 0 9.62 50.74

Mock 4.0 17.0 0 0 10.0 52.0
8. Nitrator 8

Actual 0.02 21.86 O 11.44 41.76

Mock 21.9 0 0 11.44 41.8

HNOSO,

2.44

0

o

o

H,0 50,
0 6.27
0 6.4
0 19,31
0 19,5
19,31
0 19,5
12.75
(yellow water)
38,72 0
51,00
Red Water
(H,0/Sellite)
51.0 0
0 7.
8.0
0 16.53
17.0
24.57
0 24.6

* The composition tested in the acid wash tank series was incorrectly mixed,
as discussed is a subsequent section of this report.



Crude DNT was even used for reactive tests to introduce
trace compound which might have an effect on sensitivity to
initiation, By closely approximating the chemical composi-
tion, both reaction duration (or detonation velocity) and
energy density would also be maintained in the scaled model
components,

2.1.4.3 Explosive Mass Scaling

ITTRI's explosive test facility near LaPorte, Indiana
has a limit of approximately 22,7 kg (50 1b) of TNT or equiv-
alent per test. Early in the program it was decided to scale
down the test components from full-scale so that 22,7 kg
(50 1b) of nitrobody would be present in each test. The
nitrobody consists of TNT and DNT dispersed and in solution
in each system. For each component to be tested, the mass
of nitrobody (Mp) in the full-scale system was determined
from references 5 and 6. Since the mass density of the chem-
ical mixture is independent of scale, a volume scaling factor
(ny) could be determined using relation:

_22.7k 50 1b
Ny = M"I?gﬁ ° ¥ 1b

n

To scale down the geometry of each system so that it
contained 22.7 kg (50 1b) of nitrobody, each linear dimen-
sion was multiplied by a linear scale factor ny,, where

Similarly, for the 90.8 kg (200 1b) tests, the volume scale
factor was defined as

- SIOE8 J& 200 1b

= _N;—KE& or TQTTE—
and the linear scale factor n'y was computed from
n', = (nl)

The scaling factors used in designing the test components

are summarized in table 4, These exact scaling factors
guided the design of the test components, but practical con-
siderations such as available sheet metal thicknesses, avail-
able coil wire sizes, and simplifications to reduce cost and
increase ease of fabrication dictated the exact dimensions
of the mock system components,
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Table 4

Summary of scale factors used in design

Small-scale tests Large-scale tests
22.7 kg (50 1b) 90.8 kg (200 1b)
System Component nv g n; ﬂé
01d nitrator 3A 0.0214 0.2777 - -
01d nitrator 6 0.0241 0.289 0.0964 0.459
01d separator 6 0.093 0.453 - -
0ld sellite wash tank 0.0571 0.385 - -
01d acid wash tank 0.331 0.692 1.0 1.0
New nitrator 4 0.0375 0.335 0.150 0.531
New nitrator 5 0.038 0.336 - -
New nitrator 8 0.035 0.327 0.140 0.519

2.1.4.4 Confinement Scaling

As noted in table 2, too much confinement will absorb
and reduce the blast output, and too little confinement may
prevent the occurrence of detonation or allow unreacted mate-
rial to be thrown off (e.g., spalling in solid materials).

In most TINT equivalency test programs, the configuration is
relatively simple. A container holds the explosive within
its walls. 1In these situations, confinement is scaled by
keeping the wall mass to explosive mass in a constant ratio,
i.e., multiplying the wall thickness by the linear scale
Faetcms (n2 or n}).

Most of the continuous TNT process components evaluated
in this program have much more complex confinement. The out-
er tank wall is only one portion of the total confinement
present. Within the tank wall, several rows of tightly
packed spiral wound cooling coils are present in many of the
tanks. Within the coils is another layer of metal, the draft
tube. The cooling coils contain a significant mass of metal
which can absorb energy or confine a developing detonation
and allow it to propagate into a full detonation.

Ideally, the overall confinement of such a complex sys-
tem could be scaled by applying the proper linear scale fac-
tor to the outer tank wall thickness, the draft tube wall
thickness, and the coil geometry (tube ID, tube 0D, coil
length, and pitch). The coils should also be filled with
liquid of the same density as the heat transfer fluid used

16



in the full-scale system, Due to practical constraints,
this could not be accomplished precisely for the mock com-
ponents in this program. The first constraint was that
steel tubing to fabricate the coils had to be purchased in

a bulk quantity. The selected tubing diameter approximated
the scaled diameter for all the 22.7 kg (50 1lb) systems, but
was not exact for any of them. Only two of the spiral coils
were active in each nitration reactor tested. These were
filled with water, while the remaining four coils were
crimped closed at each end and contained air. 1In all cases,
the coil volume (and displaced liquid volume) was scaled
properly from the full-scale system design. Thus, the
liquid level inside the tank was scaled properly, but exact
internal geometry and coil (plus heat transfer fluid) mass
were only approximately scaled.

2,1.4.5 Agitation Scaling

It was not sufficient to test the correct chemical com-
position inside each system component, The chemical mixture
consists of an oil phase containing liquid nitrobodies (TINT
and DNT) dispersed in an acid or wash solution. The acid
or wash solution also contains dissolved nitrobodies. To
scale the mixing action from the full-scale system in order
to simulate droplet size distributions and flow patterns,
agitator revolutions per minute (rpm) was selected to pro-
duce the same impeller tip speed as exists in the full-scale
system. This approximately reproduces the flow velocity in
the draft tube (volume flow rate per unit area) and the maxi-
mum shear action in the liquid at the tip of the impeller
blade. If the impeller blade geometry were scaled directly
for each full-scale system, mixing action would be reproduced
in the model components quite well, Impeller geometry was
not scaled for each system. A commercially available pro-
peller quite similar to that used in the sellite wash tank
was used in all tests. Therefore, mixing action was only
approximately reproduced in most of the tests,

2.1.5 Total Test Arrangement

The detailed system design is presented in section 2,2
for the 22,7 kg (50 1b) size and in section 2,3 for the
90.8 kg (200 1b) size, Each test consisted of a scaled TNT
process component, a heating/cooling system, a TNT and DNT
melt/pour system, the test site, and instrumentation. The
scaled component was a tank with a cover and in most cases
a draft tube, coils, and an agitator. Some of the coils
were active, used to heat the acid or wash solution above
the melting point of TNT and to establish the proper mixture
temperature for the test, The heating/cooling system pro-
vided hot and cold water to the active coils, Liquid TNT
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and/or DNT was prepared for each test and transferred into
the test component at the proper time., The test component
was set up in the field with pressure transducers located

at a range of distances from the explosion center. Chemical
mixture temperature, rpm, and detonation velocity were mea-
sured. The total test arrangement for each system is de-
scribed in detail in the following sections.

2.2 Design of Small-Scale 22.7 kg (50 1b) Experiments

Test conducted at the IITRI explosive test facility
were designed so that 22.7 kg (50 1b) of nitrobody was in-
volved in each test. This explosive weight is the test site
approximate limitation. The mock TNT process components,
instrumentation, and support equipment for these tests are
described.

2.2.1 Design of Mock TNT Process Components

Seven TNT process components were evaluated in this
test program. These are old nitrator 3A, old nitrator 6,
old separator 6, old acid wash tank mixing compartment, old
sellite wash tank, new nitrator 4, and new nitrator 8. Con-
struction drawings for these systems were provided by
ARRADCOM and the mock components were scaled from
these drawings. The reference construction drawings are
given in table 5,

The nitration reactors and sellite wash tank were cyl-
indrical vessels with a cover, draft tube, agitator, and
heat transfer coils. The separator and acid wash tank were
rectangular box-shaped components. A schematic representa-
tion of the cylindrical components is shown in figure 4.
The dimensions of the 22.7 kg (50 1b) size scaled system
are presented in table 6. Each system consisted of four
basic parts: (a) a cylindrical outer vessel, (b) a cover
and draft tube assembly, (c) an agitator assembly, and
(d) a set of heat transfer coils.

2,2.1,1 The Cylindrical Outer Vessel

The vessel was fabricated from 0,159 cm (1/16 inch)
thick carbon steel sheet. The seam and bottom edge were
welded to prevent leakage of the acid/nitrobody mixture dur-
ing the tests. Two chromel alumel thermocouples penetrated
the tank wall through small holes. One was at the midheight
of the tank and the other was just above the tank bottom.
The base of each thermocouple was sealed with Hysol epoxy
to prevent an acid leak,
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2.2.1.2 The Cover and Draft Tube Assembly

The cover and draft tube were welded together as a
single unit. The full-scale draft tube was simplified in
each case prior to applying the appropriate linear scaling
factor. For example, the actual system had a series of
slotted holes near the top of the draft tube and several
holes at the impeller height of the tube. In the model,
the flow area of the slotted holes was maintained but was
represented by four circular holes evenly spaces around the
tube, Similarly, four circular holes were drilled at the
impeller level to represent the openings in the real system,
A pipe was welded at about a 45 deg angle between the cover
and draft tube as shown in figure 4, This pipe connected
to the DNT drop tank and routed DNT into the draft tube
during tests involving a batch nitration reaction,

2.2.,1.,3 Agitator System

In the small-scale tests, mixing was accomplished by
using pneumatic motors. The agitation system was purchased
as a unit including an air motor, shaft, and propeller as
shown in figure 5. The shaft lengths were modified to
reflect the proper scaled dimensions for each test requiring
an agitator. Table 6 shows the different shaft lengths for
the cylindrical configurations tested and table 7 gives
shaft lengths for each box-shaped system tested. Prior to
the tests, the motor was calculated to determine rpm versus
air pressure with the impeller immersed in the test liquid.
The motor was fastened to the cover and airpowered by using
a compressor and storage tank as shown in figure 6. To
record mixer rpm, a small magnet was positioned on the
agitator shaft with a magnetic pickup located nearby on the
cover. The rpm was scaled from the actual system so that
the impeller tip speed was maintained constant. Table 8
is a list of the scaled rpm required for each test series.
This produced approximately the same mixing action as
existed in the full-scale systems.

The expendable pneumatic motor concept was chosen as
the power system because of safety, and economic considera-
tions. The pneumatic system was a simple design with few
moving parts, therefore, the probability of malfunction was
minimal. In contrast, the alternative was to design a per-
manent drive motor system with a variety of pulley sheaves
to indirectly link the stirring rod and drive system. The
permanent drive motor was to be buried underground in a
protective enclosure, Capital and design costs for this
concept were relatively high when compared to the expendable
pneumatic motor concept,
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Fig 5 Agitator assembly
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Table 8

Scaled rpm for small-scale tests

Actual

Test Scaled agitator full-scale
series Model component rpm rpm*

1 01d nitrator 3A 1710 450

2 01ld nitrator 6 1710 450

3 01d separator 6 not applicable not applicable

4 Acid wash tank 980 350

5 Sellite wash tank 1860 375

6 New nitrator 4 2318 450

7 New nitrator 5 2318 450

8 New nitrator 8 2318 450

%
reference 7

2.2.1,4 Heating/Cooling Coil Configurations

In the initial stages of design, two mock coil config-
urations were investigated. One alternative was to use a
vertical orientation of the tubing surrounding the draft
tube. A series of 180 deg hairpin turns would be necessary
to allow for direction change of the coil, 1In this case
the important aspects of internal geometry and confinement
would not be sacrificed and the series of nested coils sur-
rounding the draft tube assembly would maintain nearly the
same packing as the full-scale spiral configuration. The
second alternative was to scale down the spiral arrangement
existing in the real system. Both cases were studied for
cost reduction and ease of fabrication and assembly, The
spiral coil configuration was selected because it is the
best simulation of the actual system and easiest to fabricate.

The scaled heat transfer coils served two functions in
the experiments. First, they simulated the actual system
internal geometry and resultant confinement. Second, they
were used to heat the liquid in the tank to above the melt-
ing point of TNT and to cool the chemical mixture during the
nitration of DNT. A spiral coil is depicted in figure 7 and
the mock coil dimensions are presented in table 9 for each
component tested. The coils have been numbered in order
radially outward from the draft tube for identification.
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Fig 7 Active heating-cooling coil for reactor (22.7 kg)
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Nitrator 3A

Acid
washer

Sellite
washer

Nitrator 6

Nitrator 4

Nitrator 8

Nitrobody coil design scaled dimensionsa; 22.7 kg (50 1b)

Table 9

(reference figure 7)

C

I

Separator

D L N Pitch (P)
Coil cm (inch) m (ft) (turns) cm  (dinch)
T 12.38 (4.88) 10.91  (35.80) 30 1.35 (0.53)
2 15.56 (6.13) 13.29  (43.60) 29 1.35 (0.53)
3b 19.37 (7.63) 15.67  (51.40) 9 1.59 (0.63)
4 22.54 (8.88) 18.00  (59.06) 27 1.59 (0.63)
5 26.35 (10.38) 20.35  (66.78) 26 1.59 (0.63)
6b 29.53 (11.63) 22.70  (74.50) 25 1.59 (0.63)
Total: 100.88 (331.00)
1 13.65 (5.38) 18.40  (60.40) 46 1.11 (0.44)
2 16.19 (6.38) 22.36  (73.35) 46 1.11 (0.44)
3b 19.37 (7.63) 26.33  (86.40) 46 1.11 (0.44)
4 22.54 (8.88) 30.37  (99.50) 45 1.11 (0.44)
5, 26.35 (10.38) 34.25 (112.36) 43 1.11 (0.44)
6 29.53 (11.63) 38.21 (125.35) 43 1.11 (0.44)
Total: 169.77 (557.00)
1 13.65 (5.38) 8.08 (26.50) 21 2.22 (0.88)
%) 16.19 (6.38) 9.68  (31.75) 21 2.22 (0.88)
3b 19.37 (7.63) 11.28  (37.00) 20 2.54 (1.00)
4 22.54 (8.88) 12,89  (42.30) 19 2.54 (1.00)
5 26.35 (10.38) 14.48  (47.50) 18 2.70 (1.06)
6°  29.53 (11.63) 16.08  (52.75) 18 2.70 (1.06)
Total: 72.50 (238.00)
1 16.19  (6.38) 7.92  (26.00) 17 2.06 (0.41)
1 21.27 (8.38)  14.02  (46.00) 22 1.43 (0.56)

(no coils present in separator)

8Tube diameter for all coils was 0.95 cm (3/8 inch) OD)

Denotes active coils used as heat exchangers

c . . ;
Center to center basic diameter of coil
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Coils number 3 and 6 were active coils used for heating and
cooling the liquid in the tank. The remaining four coils
were inert with the ends crimped to prevent liquid from
entering.

2.2.1.5 Separator and Acid Wash Tanks

The separator and acid wash tank vessels represent the
noncylindrical reactor configurations of the test program.
A rectangular steel box was chosen to simulate the separator
configuration. Figure 8 shows the scaled separator geometry.
The acid wash tank simulation is illustrated in figure 9.
Only the single mixing compartment at the TNT inlet was
modeled. The model system consisted of a rectangular box
and a cover assembly (including a draft tube). The heating
jacket on the actual system draft tube was simulated by a
heating coil in contact with the outer surface of the draft
tube. Table 7 gives the significant dimensions for the
separator vessel and acid wash tank compartment. See table 9
for the appropriate coil dimensions.

2.2.1.6 Booster Location

The booster arrangement for the agitated components is
illustrated in figure 10. The test vessel sat on a wooden
stand which was just high enough to fit a cylindrical C-4
explosive booster with a length to diameter ratio of 1. The
flat upper face of the booster was in good contact with
the thin steel tank bottom. Two tetryl pellets were used in
each test to minimize the chance for a misfire,

For the separator tests, the cylindrical booster was
placed on a wooden stand so that the flat surface of the cyl-
inder would contact one end of the rectangular box at the
height of the liquid TNT layer,

Several alternative booster arrangements were originally
considered for the agitated systems before selecting the de-
scribed arrangement. The first concept involved hanging the
booster into the liquid from the tank cover, The booster
and leads would be wrapped in a plastic bag for protection
from the acid. This sytem was rejected because the booster
would be moved around by the circulating liquid. The loca-
tion of the booster would be uncertain; it could get caught
in cooling coils, the draft tube or the stirring rod, de-
pending on where it was hung; the bag might develop a leak
and liquid could contaminate the booster either reacting with
it or inerting the initiators. Another option was to drop
the booster into the tank by means of a solenoid immediately
before initiation. This option was considerably more com-
plicated and less certain when compared with simply booster-
ing from underneath the tank.
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Test vessel
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Fig 10 Booster underneath tank
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2.2.2 Instrumentation

The instrumentation system used in the small-scale test
series is described in this section. The rationale for trans-
ducer selection and the experimental procedures used in the
test program are included. The diagnostic data consisted of:
pressure-time measurements, pressure impulse-time measure-
ments and detonation velocity measurements. Temperature mea-
surements and agitator shaft speed measurements were used to
monitor and control the pretest conditions.

The recording equipment was housed in a field trailer
located about 137 m (450 ft) from the test area. The control
equipment was located in a hardened bunker located about 76m
(250 ft) from the test area.

2.2.2.1 Pressure and Impulse Measurements

It is important to report IITRI procedures for obtain-
ing the experimental data, but an in-depth description would
be somewhat lengthy to present in the main body of this re-
port. Accordingly, a detailed description of the instrumen-
tation equipment, calibration method, and computational
procedures is included in Appendixes A and B.

Pressure measurements were made at the designated sta-
tions on each of two gage lines. The gage lines were centered
in two 23 m (75 ft) long by 3 m (10 ft) wide concrete slabs
located at right angles to one another. The gage lines are
designated the north line (N) and the east line (E). The
pressure transducers were installed flush with the top sur-
face of the concrete slab in steel plates. The steel plates
cover a channel in which the transducer leads are laid. The
transducers were electrically isolated from the steel plate
and from each other by using insulated mounting adapters.

The pressure transducers were located in both gage
lines at the same relative distance with respect to the cen-
ter of the test area (i.e., intersection of the gage lines),
Two types of pressure transducers were used; the piezoelec-
tric type and the capacitive type. The positioning of the
transducers by type was the same on both gage lines. Table
10 summarizes the transducer layout along each gage line.

Piezoelectric type transducers were used in positions
where the pressure-time profile is characterized by high
peak overpressure and short positive duration. The capacit-
ance type transducers were used in the last four positions
because high pressure resolution and DC response are de-
sireable at these locations. Gage position 7N was added to
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the north gage line for this test program. The transducer
is mounted in a steel plate, 0.61 m (2 ft) by 0.61 m (2 ft)
by 2.54 cm (1 inch) thick. The steel plate is staked to
the ground by four pins, one at each corner.

Table 10

Transducer assignment

Transducer
Location
Gage position m (ft) Type
IN 1E 2.7 (8.8) Piezoelectric
2N 2E 3.7 (12.0) Piezoelectric
3N 3E 5.2 (17.0) Piezoelectric
4N 4E 8.2 (27.0) Capacitance
5N  5E 12.0 (39.4) Capacitance
6N  6E 24.5 (80.5) Capacitance
7N 43.0 (141.0) Capacitance

The pressure-time functions were recorded on magnetic
tape and reproduced on an oscillograph recorder. Similarly,
the pressure signals were integrated, real time, and pres-
sure impulse was recorded on magnetic tape and reproduced on
an oscillograph recorder. The oscillograph printouts provide
the means for assessing the blast wave characteristics as a
function of scaled distance.

2.2.2.2 Detonation Velocity Measurements

From the outset of the experimental program, it was
recognized that detonation velocity measurements for the
TNT nitrobody tests presented a challenging instrumentation
problem. To obtain this measurement, it was necessary for
the gage system to survive in a hostile environment for an
extended period of time prior to the test event. Harsh acid,
at elevated temperature, and continuous agitation of the test
material describes the environment in general terms. The
acid is electrically conductive, thus presenting an impelmen-
tation problem for using ionization probes.

The value of obtaining detonation velocity was apparent;
however, development effort, including major modifications,
was not considered to be within the scope and time frame of
the program. Relatively minor modification of existing
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systems was viewed as the acceptable approach. Accordingly,
the established methods for obtaining detonation velocity
were reviewed. The IITRIWapproach was to determine which

of the measurement techniques used could be modified for

use in this application. Also, to determine the modifications
required and to assess the influence of the modifications on
the measurements. Limiting the methods to those used by
IITRI was not arbitrary because the system(s) selected had
to be available in a timely manner, This, in turn, required
that the equipment and operating procedure be readily
available.

The measuring techniques used by IITRI on previous test
programs include high-speed photography, ionization probes,
fiber optics probes, and continuous velocity probes.

High-speed photography is a proven method for measuring
the arrival time of the detonation front, The test item
configuration necessary to implement this method conflicted

with other program requirements and the method was not seri-
ously considered,

Ionization probes are used routinely for obtaining time-
displacement measurements in explosives. They are reliable,
rugged, and easily used. The serious shortcoming for this
application is that they cannot be used in an electrically
conductive material.

Fiber optics probes can be used in conductive materials,
Unfortunately, preliminary test showed that the plastic light
guide could not tolerate the acid environment; however, the
the PVC sheathing would survive the acid environment.

Continuous velocity probes are usually made of thin-
walled aluminum tubing. The basic design could not be used
because the aluminum tubing would not survive in the acid
mixture.

The initial IITRI appraisal indicated that the fiber
optics probe would be the logical choice. Modification of
the existing system would require a glass bead protective
covering over the exposed fibers. Similar systems use a
lens system at the receiving end so it did not appear that
the measurements would be unduly influenced by the protec-
tive glass cover. The ionization probes also require a glass
bead cover over the exposed ends to provide electrical insul-
ation. In this case, however, the glass must be broken by
the detonation front before the ionization could be detected,
This presented some uncertainty regarding the reliability of
the measurement,
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The continuous velocity probe appeared to be the least
attractive choice. Coating the aluminum tubing with acid
resistant material did not appear to be a reasonable ap-
proach because the probes are fragile and do not tolerate
excessive handling. Changing the sheath material was con-
sidered but this appeared to be a significant modification
at the time. However, this“approach was eventually adopted
as described in subsection 2.3.2.2.

The IITRI decision was to use the modified fiber optics
system as the primary measuring system. Previous experience
showed that this was a reliable and simple system to use.

The equipment required to field this system was on hand and
the experimental procedures were understood. Backup measure-
ments were desirable because of no first hand experience in
using the modified system in the test environment. Simulat-
ing the test conditions for evaluation and performance test-
ing was not practical because the effort required for a valid
simulation was roughly equivalent to fielding the test item.

Modified ionization probes were used as a backup sys-
tem. The uncertainties regarding the influence of the modi-
fication were recognized but it was believed the method had
potential that required consideration, This was a logical
selection since the equipment and techniques were available
and the modification was relatively simple. It should be
noted that in theory, the modified version of the ioniza-
tion probe is analogous to the continuous probe. Both sys-
tems require a structural failure (crushing) to generate a
data signal. A notable exception is that the ionization
probes produce signals at discrete locations while the con-
tinuous velocity probe system, as its name implies, provides
a continuous time-displacement record.

Ionization Probes: The ionized gases at the detonation
front are electrically conductive and the ionization probes
are used to detect the arrival of the electrically conduc-
tive gases at the measuring stations. In its simplest form,
the ionization probe consists of two conductors separated
by an insulator, usually the explosive material. A conduc-
tive path is established between the conductors at the time-
of-arrival of the detonation front,

Clearly, many methods could be used to sense the exist-
ence of the conductive path because it is simply a switch
closure. The signal conditioning circuitry used here is a
simple series circuit shown in figure 11(a). In the actual
test, the individual circuits were cascaded and polarized
so that signals from six probes were recorded on a single
oscilloscope channel, The theory of operation is similar
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for the multi-probe unit and the single probe unit shown.
Referring to figure 11(a) and noting the charge path for

the capacitor, C, is through R,. The charge time is approx-
imately 5R,C = 0.5 sec. The capacitor remains charged until
ionization occurs and the discharge path is completed. The
discharge path is through R, and R;, thus producing a dis-
charge time of 5C(R» +Rj3) = 75 x 10" sec. The discharge cycle
will produce a voltage rise across R of 7.5 volts. In sum-
mary, the arrival of the detonation front at the measuring
station will produce a voltage pulse of 7.5 volts at the
output of the unit. The pulse will decay to zero at an expo-
nential rate in 75x 10"% sec. The occurrence of additional
pulses is effectively "held off" for a time determined by
the resistance of the charge path.

For the present application, glass insulators were
placed over the conductors to insulate the probes from the
conductive acid. Accordingly, the measure may represent the
breaking of the glass insulators due to the arrival of the
shock front. '

Fiber Optics Probe: The basic operating principle of
the fiber optics probe is: The intense light generated at
the detonation front in an explosive is conducted to the sen-
sitive element of a photodiode by means of optical fiber. An
electrical pulse is produced by the photodiode when the deto-
nation front reaches the fiber end in contact with the explo-
sive. The electrical pulse is displayed on a single sweep
oscilloscope.

The fiber optics probe has been shown to be a reliable
technique for the measurement of the arrival of a detonation
front. Measurements can be made in electrically conductive
materials. It is not necessary to bring voltage near the
explosive during the measurement which makes this method
attractive.

The IITRI fiber optics probe was developed with the aid
of work reported by Leslie (reference 8). The schematic
diagrams of the IITRI system is shown in figure 11(b). Crofon
plastic light guides are positioned at locations within the
explosive material. Sixteen strands of 10 mil plastic fiber
enclosed in PVC sheath form the Crofon light guide. The
light guides are bundled and the open ends were positioned
near the active area of a PIN-10D photodiode. The active
area of the photodiode is 1.0 cm® (0.16 inch?) and the unit
is operated in the photoconductive mode.

As previously mentioned, a glass bead was cemented over
the tip of the light guide to protect the plastic fiber from
the acid in the present application. The glass bead was
held in place with epoxy cement.
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Evaluation: The modified probes were tested using con-
ventional explosives to verify the operation of the system.
Both probes worked well as anticipated, This confirmation
is a necessary step before using the probes in the nitrating
acid mixtures.

During the initial testing in the acid environment, the
quality of the data was not good; particularly with the fiber
optics probes. The test work continued and different scale
sensitivities and probe orientations were tried. Finally,
after the fifth test, the test program was stopped to inves-
tigate the problem related to the fiber optics probes. A
faulty circuit component was discovered and replaced and the
test series continued. The quality of the data improved but
not to an acceptable level. Our decision was to continuously
work to improve the data without further interrupting the
scheduled testing.

2.2.2.3 Temperature Measurements

Temperature measurements were made in the melt kettle
and in the reactor tank. Cromel-alumel thermocouple probes
were inserted through the side wall of the reactor tank near
the bottom and at the middle of the tank. Epoxy was used
to hold the probes in place and to provide a seal. The ther-
mocouple probes were 15 cmx 0.16 cm diameter (5 inchx1/16
inch diameter).

The reference junction was located near the test area
and the data signals were conducted via shielded cop-
per cable to the recording station, The data was recorded
on a multipoint strip chart recorder. Thermocouple refer-
ence tables were used to convert the voltage readings to
temperature readings.

The temperature measurements were used to determine the
pretest conditions of the test item and to provide informa-
tion for operating the heating/cooling system. The system
did not have the required response characteristics for
monitoring temperature data during the tests.

2.2.2.4 Agitator Shaft Speed Measurements

The agitator shaft speed was monitored by using a per-
manent magnet (Alnico V) and a miniature magnet reed switch.
The permanent magnet was bonded to the shaft where it enters
the reactor tank. The magnetic reed switch was mounted on
the agitator motor holder (see figure 5). The spring
between the magnet and the reed switch was about 0.48 cm
(3/16 inch), thus providing a switch closure for about 60 deg
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of shaft revolution. Actuating time for the reed switch is
less than 1 msec.

The switch closure was used to shunt a load resistor
in a simple current limited voltage supply. The output sig-
nal was a series of pulses whose repetition rate was propor-
tional to shaft speed. The shaft speed data was displayed
on an electronic counter.

2.2.3 Support Equipment and Test Site

The described mock TNT process components required sev-
eral support systems to complete the tests. A heating/cool-
ing system was required to supply hot water to the active
coils inside the test vessels during the heating of the acid
or wash solution and to supply cold water to the active
coils to cool exothermic reactions, such as the nitration
of DNT. A melt system was required to provide .liquid TNT
and DNT for the tests. Finally, the site had to be instru-
mented with two mutually perpendicular pressure transducer
lines for determining TNT equivalencies. Protective struc-
tures to house equipment and personnel had to be present at
the test site.

2.2.3.1 Heating/Cooling System

The heating/cooling system for the experiments is dia-
grammed in figure 12. Water was heated in the hot water
reservoir using a propane gas burner. During the heating
cycle, a 746 watts (1 hp) centrifugal pump circulated water
in the loop shown through the active coils in the test ves-
sel. When cooling was required the centrifugal pump would
be turned off and all solenoid valves energized simultaneously.
Cold tap water was forced through the active coils and then
drained onto the ground.

2,2.3.2 Explosive Melt-Pour System

DNT and/or TNT explosive flakes were weighed and then
manually heated in a large melt kettle heat exchanger until
liquid. Once the melt cycle was completed, liquid TNT was
manually added to the acid in the test vessel and liquid DNT
was poured into the DNT remote feed tank in the field.

The DNT remote feed tank is shown in figure 13. This
19 liter (5 gallon) container was located above the reactor
vessel and connected to the reactor through a pipe extension
protruding at about a 45 deg angle from the cover plate.
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Fig 12 Reactor heating-cooling system
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Fig 13 DNT remote feed system
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Two heating tapes surrounded the DNT holding tank to main-
tain the DNT contents above its freezing temperature during
the period just prior to detonation. A heating tape was
wrapped around the pipe extension feed line to prevent
freeze-up during the drop cycle. A normally closed solenoid
valve was positioned in the pipeline to act as the gating
mechanism. When the solenoid valve was activated, the DNT
would flow through the 45 deg angle pipe through the cover
and into the draft tube.

2.2.3.3 Test Area

The 22.7 kg (50 1b) scale tests were conducted at the
IITRI Explosives Research Laboratory near LaPorte. Indiana.
A schematic diagram of the physical arrangement of the test
area is shown in figure 14. It consists of two concrete
slabs 22.9 m (75 ft) long by 3.05 m (10 ft) wide on which
12 pressure transducers were installed. The pressure trans-
ducers were mounted flush with the top surface of the con-
crete slab in mechanically isolated steel plates. One
additional pressure gage was mounted in a steel plate and
positioned on the far north leg (see figure 13). The steel
plate was securely anchored to the ground. The test com-
ponent was positioned at ground zero as indicated on fig-
ure l4. The test charge for each configuration was placed
on a 45.72 cm (18 inch) by 45.72 cm (18 inch) by 2.54 cm
(1L inch) thick 1020 carbon steel witness plate. For the
agitated vessel configurations, a wooden stand was positioned
between the reactor and witness plate to support the struc-
ture and allow clearance for placement of the booster charge
(see section 2,2.6).

Pressure and impulse measurements were made 2.67 m
(8.75 ft) to 42.96 m (140.9 ft) from the charge. Scaled
diameters yang,ed from 0.99 m/kg?/* (2.26 ft/1b*/*) to
14.6 m/kg!/® (36.8 £t/1b'/* ). Table 11 gives the exact
gage locations used during this test program.

Table 11

Pressure transducer gage locations
22,7 kg (50 1b) nitrobody reactor system

North Distance East Distance
Gage m (ft) Gage m (ft)
iN 2,69 (8.83) 1E 2.67 (8.75)
2N 3.66 (12.00) 2E 3.70 (12.13)
3N 5.18 (17.00) 3E 5.16 (16.92)
4N 8.38 (27.50) 4E 8.22 (26.96)
5N 11.98 (39.20) 5E 12.03 (39.48)
6N 24.61 (80.75) 6E 24,59 (80.67)
7N 42,96 (140.90) -
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Support equipment including a hot water reservoir, pumps
and solenoid components ‘were positioned behind a rivetment
approximately 53 m (175 ft) from ground zero in line with the
east gage line. In the same proximity at 60.96 m (200 ft)
from ground zero an existing steel building was used to house
the control equipment for the tests. The temperature record-
er, the heating tape variac the DNT solenoid switch, the air
compressor system and pressure reducing station, the propane
gas cylinders and firing line switch were located at the
steel building.

2.3 Design of Large-Scale 90.8 kg (200 1b) Experiments

Eight large-scale tests were to be completed at the
NSTL facility near Bay Saint Louis, Mississippi. Due to op-
erational and weather problems, only one of those tests was
successfully completed. That test was from the new nitrator
8 series and did not detonate, Considerable effort went into
planning the tests and designing the system. The large-scale
tests may be worthwhile completing in order to verify scaling.
It is possible that these tests or similar experiments for
another chemical process will be required. So that such
tests can be completed with a minimum of effort at another
facility in the future, the complete system design is de-
scribed in this section.

2.3.1 Design of Mock TNT Process Components

The mock nitration reactors to be tested at NSTL con-
sisted of a cylindrical steel tank, a cover and draft tube
assembly, an electric agita<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>