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ABSTRACT 
Because of the low humidity environments required in the fabrication of nuclear 

explosives, assembly technicians can be charged to tens of kilovolts while operating, for 
example, compressed air, venturi-type, "explosion proof' vacuum cleaners. Nuclear 
explosives must be isolated from all sources of, and return paths for, AC power and 
from any part of the lightning protection system. This requirement precludes the use of 
static ground conductors to drain any charge accumulations. Accordingly, an 
experimental study of the basic charging mechanisms associated with vacuum 
operations were identified, the charge generation efficacies of various commerical 
cleaners were established, and a simple method for neutrializing the charge was 
devised. 

INTRODUCTION 

The electrostatic discharge (ESD) from a person or an object that has become 
electrically charged is a very real and practical potential threat environment to the safe 
handling and reliable operation of advanced weapons. Personnel routinely become 
charged to and maintain voltage levels of 6 to 12 kV or more from triboelectric 
processes associated with normal daily activityl. Under conditions of low humidity, an 
individual operating a vacuum cleaner can develop substantially higher voltage with 
respect to the surroundings. 

and the home workshop is the "wet/dry" vacuum. Because of its popularity, and those 
features which make this device almost a workshop necessity, it has found a place in 
many maintenance facilities. It is durable, reliable, inexpensive (typically, less than 
$40.00 with attachments) and easy to use. Unfortunately, it is a very effective 
electrostatic charge generator. In a series of laboratory measurements the hose 
attachment attained voltages in excess of 50 kV resulting from intake of abrasive sand, 
resulting in a corona discharge which apparently limits the charge. 

An evaluation of the wet/dry vacuum from the standpoint of nuclear and personal 
safety is informative. The Underwriters Laboratory (UL) requires that a three-conductor 
grounding cord and plug be used to provide power to these devices. The power head, 
that is, the motor including the fan, is usually "grounded" by means of the "green" lead. 
The green lead presumably reaches an "earthed counterpoise." It is likely that the third 
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or "neutral" wire eventually reaches the center tap of the 220 V pole transformer in a 
typical power distribution system. Any surge on the line induced by a nearby lightning 
stroke, for example, after some attenuation depending on the effectiveness of the 
counterpoise, could pass on to the power head. Accordingly, the following general 
requirements of nuclear explosive safety must be observed: 

Nuclear explosives must be isolated from all sources of, and return paths for, ac power. In 
particular, nuclear explosives must be isolated from what is commonly referred to as 
"green ground," which could be connected to the grounded, neutral portion of an  ac power 
distribution system. This requirement precludes the use of any "explosion proof' vacuum 
cleaner that contains a low resistance path from the working end of the hose to "green 
ground." 

The power head of a conventional, UL-approved vacuum cleaner is doubly insulated 
to protect the operator. Therefore, a surge on the line cannot be propagated to an 
assembly undergoing maintenance; that is, nuclear safety is not compromised. 

ll environments have motors that are totally enclosed so that commutator sparking 
provides no threat when operated in those environments associated with flour milling, 
refinery operations, or any activity resulting in accumulations of ignitable dust or vapors. 
Typically, heat exchangers cool the totally enclosed, high-powered (3 - 4 HP) motors 
used and electrical continuity is maintained from the grounding plug at the end of the 
power cord to the metallic attachments to the conducting vacuum hose. Although this 
arrangement eliminates the hazards associated with electrostatic discharges (ESD), 
unfortunately, nuclear safety is compromised because the ground for the power 
distribution system becomes connected to an explosive device. If non-conductive 
vacuum attachments or pneumatic extensions are used to circumvent the nuclear 
safety hazard, these modifications introduce an ESD hazard. 

(EEDs) are never performed in UL class I or II environments. The explosives 
themselves are always contained, that is, enclosed in a metallic, plastic, or ceramic 
shell. 

Figure 1 shows a typical EED. A fine bridgewire, imbedded in a sensitive explosive 
mix serves as an electrothermal converter. When an electrical current passes through 
the bridgewire its temperature rises; and, if the temperature is great enough, the 
sensitive mix is initiated, it explodes and detonates the secondary explosive. 

"Explosion proof' industrial type vacuum cleaners approved for use in UL class I or 

It should be noted here that maintenance operations on electroexplosive devices 
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. .  FIGURE 1. TYPICAL ELECTROEXPLOSIVE DEVICE (EED) , .  
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Initiation of the explosive mix can also result inadvertently if an electrical arc occurs 
between either pin and the metal case, that is, a pin-to-case discharge. This can be 
avoided by shunting the pin and case by either a spark gap or large resistance. Most 
modern EEDs are protected this way. However, some of the older EEDs are not 
protected and an arc path can be established through the primary explosive by 
inadvertent application of only a few kilovolts. The electrostatic charge required to 
produce the arc is generated very efficiently by the vacuum. The resulting hazard can 
be mitigated by either attenuating the charge induced by the vacuum process or by 
ensuring that the attachments, operator, and EED (leads and case) are all at the same 
electrical potential. Elaboration on both options are presented in this report. 

The question addressed next is whether or not a shop-type vacuum cleaner may be 
safely used to clean loose dirt, dust or other foreign matter from weapon assemblies in 
view of the ESD hazard introduced by these cleaners. The answer is yes, provided a 
simple electrical modification is made on the cleaner. 

NON-CONDUCTING HOSE TESTS 

Figure 2 shows two vacuum/system test configurations using a non-conducting 
hose. The system on the right side is the "victim," and as the hose attachment 
approaches or touches the system, charge on the hose is transferred to it. The 
resistance between a conducting point on the tank and laboratory ground was found to 
be greater than I O  GQ. For all the tests described here the resistance between the tank 
and ground can be considered infinite. All voltage and resistance measurements are 
referenced to laboratory ground which is the copper pipe system used to distribute 
cooling water to various laboratory power supplies. The block labeled system is some 
conductive object bonded to an EED. This system makes physical contact with the hose 
by means of an accessory attachment, for example, a crevice tool or gulper nozzle. In 
all tests, abrasive sand was used to simulate dust. However, little difference was noted 
between observed electric field intensities resulting from ingestion of either abrasive 
sand or ordinary desert sand. 
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FIGURE 2. VACUUM CILEANEWSYSTEM CONFIGURED WITH NON- 
CONDUCTING HOSE. (DASHED LINES INDICATE PNEUMATIC CONTINUITY). 
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All tests were performed in the Sandia EM Analysis and Test Department ESD 
laboratory. Electrostatic fieldmeters were used to detect charge buildup on the plastic 
container and non-conducting hose resulting from the uptake of a small amount of 
sand. The hose attachment (and hose) attained a maximum voltage in excess of 50 kV, 
negative, while the container attained a voltage of 8 kV, positive, that is, as the non- 
conducting hose becomes negatively charged, the tank becomes positively charged. 
Although the physics is probably much more complex, it may be postulated that a dust 
particle colliding with the vacuum hose loses an electron to the hose in a triboelectric 
exchange. The dust particle, which is now positively charged as a result of loss of an 
electron, is propelled by the high-velocity air stream into the container where it gives up 
its positive charge to the container. 

Tests performed using sand clearly were designed for maximum charge buildup. 
However, hose charging occurred even with ambient air particulate uptake. The 
maximum voltage attained by the hose was -6 kV at the attachment end; the minimum 
voltage was zero at the container end of the hose. The container itself charged to 2 kV 
positive maximum. It is notable that the charge distribution along the hose does not 
decrease uniformly to zero. Instead, successive maximum and minimum occur in the 
unipolar charge distribution along the hose. 

VC 
System - Conducting hose * V=V, 

CONDUCTING HOSE TESTS 
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Normally, vacuum hose and attachment accessories are non-conducting. Separate 
conducting hoses priced under $50 are available from a number of vendors. The hose 
used in these tests consisted of a plastic hose reinforced by a steel helix. A "pig-tail" at 
the female end of the hose provides an electrical connection with the helix. The other 
end of the helix was connected electrically to a metallic male termination. 

Figure 3 shows schematically the experimental arrangement for the conducting hose 
tests. In the first setup, the conducting hose was electrically isolated from the container. 
The maximum voltage attained by the hose from sand uptake was -8 kV; the container 
charged to +800 V. 

t 
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FIGURE 3. VACUUM CLEANENSYSTEM CONFIGURATIONS 
(CONDUCTING CONTAINER, CONDUCTING HOSE) 
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Proceeding on the assumption that the negative charge on the hose could be 

in series between hose and container. A current of 5 pA was observed during sand 
uptake and the voltage on the hose decreased to 800 V. 

Because the electrostatic energy stored in a capacitor is proportional to the square 
of the voltage, the energy constituting the ESD hazard is attenuated by a factor 
somewhere between four and six orders of magnitude. 

The capacitance of the conducting hose was determined to be 50 pF. The total 
electrostatic energy threat to a victim system (CV2/2) is only 16 pJ if a conducting hose 
attachment is electrically connected to the conducting tank. Details of the modification 
to a typical vacuum cleaner are shown in Figures 4 and 5. Without the modification, that 
is, the same vacuum with a non-conducting hose, threat energies as high as 60 mJ are 
possible. Even higher threat energies (of the order of tenths of a joule) would result if 
the more powerful vacuum systems are used. 

neutralized by the positive charge on the container, an ammeter was placed electrically 

FIGURE 4. MODIFIED SHOPoVACG3 

FIGURE 5. FEEDBACK WIRING DETAIL 
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VENTURI VACUUMS 

From a nuclear safety standpoint, the venturi vacuum cleaner is unsurpassed. The 
device is driven by compressed air, has no moving parts, and has no electrical 
connections. Essentially, a venturi cleaner consists of a short tube with a tapered 
constriction in the middle that causes an increase in the flow velocity of air in the 
constriction with a corresponding decrease in air pressure thereby creating a suction. 
The air exhausts through a porous canvas bag which retains debris taken in by a 
conventional vacuum hose with attachments. 

An ESD evaluation was made of venturi type cleaner along with a non-conducting 
hose attachment. The same test procedure used with the electric cleaners was followed 
with the same results. Uptake of abrasive sand led to several tens of kilovolts negative 
charge on the hose while the bag charged to a positive one kilovolt. 

Following the reasoning described above, a conducting hose was substituted for the 
non-conducting hose and the bag was made conducting by an inner lining of hardware 
cloth and an outer layer of copper screen (see Figure 6). Electrical contact was 
established between the aluminum venturi tube, inner and outer screen, and the 
conducting hose to provide a mechanism whereby electrons from the hose would be 
neutralized by the positively charged screen. With these modifications the electrostatic 
potential of the conducting vacuum system was reduced to zero. The experimental 
arrangement is shown in Figure 7. Therefore, the system may be considered both ESD 
hazardless and explosion proof. 

FIGURE 6. LAMINATED BAG MODIFICATIONS FOR USE WITH VENTURI VACUUM CLEANER 
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FIGURE 7. EXPERIMENTAL ARRANGEMENT FOR CONDUCTING 
BAG VENTURI VACUUM EVALUATION 

Subsequently, the complex bag was replaced by one fabricated from a conductive 
fabric, consisting of a polyester fabric which is plated with either copper, nickel, or a 
combination of both. Surface resistivity measurements were made (surface resistivity of 
a material is the ratio of the potential gradient parallel to the current along its surface to 
the current per unit width of the surface and is numerically equal to the surface 
resistance between two electrodes forming opposite sides of a square. The size of the 
square is immaterial.) Surface and resistance measurements were made using the 
EOS/ESD-DS1 I .I 1-1 91 guidance. By multiplying these measurements (in ohms) by a 
factor of 10, estimates are obtained of the ASTM D257 equivalent surface resistivity in 
ohms/square (Reference 1). The ASTM surface resistivity of the fabric used in the test 
was 5 ohms per square. 

Figure 8 shows the venturi cleaner with a metallized vacuum bag. The mechanical 
durability of the bag is unknown. It should be noted, however, that normal use of the 
vacuum would be only for very short duration periods which would occur very rarely. It is 
assumed that the cleaner will be dedicated to only those operations involving 
subsystems incorpo 

FIGURE 8. VENTURIE CLEANER WITH METALLIZED VACUUM BAG 
(NOTE VIBRATING REED SENSOR) 

AlTACHMENT CHARGING 

To avoid compromise of nuclear safety when using an "explosion proof' vacuum 
cleaner, it has been suggested that non-conducting attachments be used with a 
conducting hose. The acceptability of this approach depends on the extent to which the 
attachment acquires a charge. Accordingly, a series of measurements were made to 
determine the efficacy of this process. 
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An "explosion proof' vacuum system was simulated by a shop vacuum cleaner with 
a conducting hose which was connected to laboratory ground. The attachment used 
was a 10-inch-long plastic crevice tool, an accessory supplied with the cleaner. A 
fieldmeter was used to determine that a copper foil wrap on the outer surface of the 
crevice tool attained a voltage in excess of 10 kV negative from the uptake of abrasive 
sand. 

The external foil wrap on the crevice tool was electrically connected to an 
aerodynamic shape which charged to 1 kV by sand uptake (see Figure 9). The 
capacitance of the system referenced to laboratory ground was 2 nF and the 
corresponding charge (Q = Cv> was 2 micro coulomb, which corresponds to a stored 
energy of 1 mJ. The relative humidity at the time of the test was 25 percent. Again, it 
should be noted that much larger threat energies are possible at lower relative 
humidities, especially if the more powerful vacuum systems are used. Therefore, plastic 
vacuum attachments should not be used in the vicinity of EEDs. 

same aerodynamic shape charged to 0.8 kV when a non-conducting hose and a 
conducting attachment were used. This illustrates the charge build up which results if 
an "explosion proof' vacuum cleaner is made "nuclear safe." Accordingly, "explosion 
proof' vacuum cleaners modified to satisfy the nuclear safety requirement should not 
be used in weapon assembly or maintenance areas unless the conducting attachment 
is electrically bonded to the assembly. 

By use of the setup shown schematically in Figure 10, it was demonstrated that the 

Container Attachment V = l  kV 

FIGURE 9. SYSTEM CHARGING RESULTING FROM USE OF PLASTIC ATTACHMENT 

~ 1 Metal I - ~ - - . ~ ~  1 System 1 
FIGURE 10. SYSTEM CHARGING RESULTING FROM USE 

Container Attachment V = 0.8 kV 

OF NON-CONDUCTING HOSE AND CONDUCTING ATTACHMENT 

CONCLUSION AND RECOMMENDATIONS 

An evaluation of representative, commercially available vacuum cleaners commonly 
used in weapon assembly and maintenance areas has been made. Significant 
differences between these representative cleaners were found. The so-called 
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"explosion proof' machines were excluded from the study because their use 
compromises nuclear safety; indeed, "explosion proof' cleaners should not be used. All 
models tested were found to be effective generators of electrostatic energy, typically 60 
mJ at voltages in excess of 50 kV. Even greater energies and voltages would be 
expected in production environments where extremely low atmospheric humidity must 
be maintained. These energy sources could lead to the inadvertent initiation of sensitive 
electroexplosive devices. Accordingly, it is recommended that a standard cleaner 
design be designated as the most suitable for use in operations involving nuclear 
systems. 

a commonly available type of commercial utility vacuum cleaners. Conducting hoses 
and conducting attachments should be used exclusively in vacuuming operations. 
Canvas dust collecting bags used in venturi-type cleaners should be replaced by 
metallized fabric bags; the venturi assembly itself should be metallic. Venturi type 
vacuum cleaners are preferred to electrically powered cleaners because the venturi 
cleaner is isolated from the electrical supply system and the facility ground. However, if 
compressed air is unavailable and electrical shop type cleaners must be used, these 
should be doubly insulated and the tank, which should be conducting must be isolated 
from the "green ground." Provision should be made to ensure that electrical contact 
between the tank, hose and attachments is made automatically when these machines 
are in use. On some models of tank cleaners the required modification consists simply 
of replacing a non-conducting rubber gasket by one that conducts. It should be 
emphasized that issues relative to radiation safety have not been addressed in this 
study; modifications recommended here are restricted to issues relevant to ESD safety. 
Suitability of changes recommended here should be endorsed by a radiation safety 
study. 

The threat posed by pneumatic devices can be mitigated by simple modifications to 
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