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Abstract

Cases and containers made of aluminum or steel are used to protect explosive
components. It is possible in an accident that the cases and containers could
contact parts of an ac power system. If such contact occurred, tens of
kiloamperes of current might flow for tens to hundreds of milliseconds. This
report shows that currents in the 20-to-40 kiloampere range lasting for tens to
hundreds of milliseconds burned through both aluminum and steel with
thickness up to 13 mm. Analyses of arc-to-metal heat transfer and experimental
results are given.






Contents

1. Summary ... ... 7
2. Introduction . . ... ... 9
3. Background . . ... 11
4. Cooperative Program with VNIIEF .. ... ... ... ... ... ...... 17

Subtask 2A Report .. ... ... . 18

Subtask 2B Report . .. ... ... 18

Final Report . . ... ... . . 21
S. Discussion . ... ... 29
6. Conclusions . ... ... ... .. 31
References . ... ... ... e 33
A. VNIIEF Report on Subtask 2A . ... ... ... ... . ... ... ... ... A-1
B. VNIIEF Report on Subtask 2B . ....... ... ... ... .. ... ...... B-1
C. Final Report from VNIIEF .. ...... ... ... ... . ... .. . .. ... C-1

Figures
1. Partitioning of power systems . . ......... . ... . ... .. 11
2. High-voltage transmission lines on Kirtland Air Force Base ......... 12
3. Distribution-level power lines on Kirtland Air Force Base ........... 13
4. Cabinets for 480-V service transformers ........................ 14
5. Predicted temperature profiles ........ ... ... . ... L L. 20
6. Time versus temperature at the back surface of the plate ........... 20
7. The test fixture, the test object, and electrical connections are shown .21
8. Back surface temperature-time data for aluminum cylinder, Shot 7 .. .25
9. Back surface temperature-time data for aluminum cylinder, Shot 9 .. .25
Tables

1. Short-circuit currents for 480-V transformers .................... 15
2. Data from experiments . ........ ... . ... . 23



Nomenclature

DoD U.S. Department of Defense
DOE U.S. Department of Energy
VNIIEF Russian Federal Nuclear Institute for Experimental Physics



1. Summary

Cases and containers made from aluminum or steel are used to contain and protect
explosive components. Various alloys and wall thicknesses up to at least 12.7 mm
(one-half inch) are in use.

Electric power lines and other electric power equipment such as transformers and
switch gear are located along transportation routes, at manufacturing and mainte-
nance sites, and at various sites controlled by the U.S. Department of Energy (DOE) or
the U.S. Department of Defense (DoD). In an accident, a case or container might be
exposed to a power line or some other part of a power system. Loescher and Duran
(1997) discussed electric power challenges to explosive safety. Their report points out
that currents of tens of kiloamperes might flow for tens to hundreds of milliseconds
between power sources and cases or containers.

Analyses and experiments were conducted to investigate ac current burn-through of
13-mm-thick aluminum and steel. Much of the work was done in cooperation with
researchers at the Russian Federal Nuclear Institute for Experimental Physics (the
Russian name leads to the acronym VNIIEF). Cooperation with VNIEEF provided
access to special expertise and needed equipment. The analyses showed that impor-
tant phenomena include arc stability, arc heating, and magnetic pressure. Six high-
current burn-through-of-aluminum experiments and six high-current burn-through-
of-steel experiments were conducted. Burn-through of 13-mm-thick aluminum was
observed after 52 milliseconds, when the current was 19.4 kA. Burn-through of steel
was observed after 125 milliseconds, when the current was 36.9 KA.

This report includes, in appendices A, B, and C, three reports submitted by VNIIEE






2. Introduction

Aluminum and steel with thickness up to 13 mm are used by DOE as barriers to pro-
tect explosive components from unintended energy. Shipping containers and ord-
nance cases are examples of such barriers. As the result of an accident, a metallic bar-
rier could contact electrical power conductors. Electric power challenges to nuclear
explosive safety were discussed by Loescher and Duran (1997). They reported that
fault currents of tens of kiloamperes could be available at the low-voltage side of sec-
ondary distribution transformers. When they wrote their report, they did not have
data on the damage that such large currents could do to metallic barriers. This report
provides information on the damage that could result from arcing between a source of
high current and a metallic barrier.

Section 3 provides information on power systems and on the possibility of contact
between ac power apparatus and cases or containers. Section 4, Cooperative Program
with VNIIEF, describes work done under contract by VNIIEE. Researchers at VNIIEF
submitted three reports (Appendices A, B, and C). The section provides a guide to the
contents of these reports. The final two sections of this report discusses the results
obtained and conclusions.

The author was the technical advisor for the contract placed with VNIIEF. Much of
the work described in this report was done at VNIIEF. This report was written to
ensure that a record of the work done at VNIIEF would be available in the library at
Sandia National Laboratories.
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3. Background

Many DOE explosive components have outer metal cases, and many are shipped and
stored in metal containers. For most cases and containers, the metal is either alu-
minum or steel, and the wall thickness is less than 13 mm. Cases and containers do
not normally come in contact with sources of electric current. However, contact
might occur as the result of an accident.

An electric power system can be partitioned into facilities and equipment that have
the principal functions of generation, transmission, sub-transmission, primary distri-
bution, secondary distribution, and usage (Figure 1).

T, Primary :
Transmission ’ Usage

R

Sub- Secondary
Iransimission Dastnbution

Creneration

Figure 1. Partitioning of power systems.

Accidental contact between a DOE case or container and electric energy at a power-
generation site is extremely unlikely because these DOE items are not transported
through such sites.

Electric energy is most often transmitted from a generation facility at high voltages;
the most common voltages are greater than 100 kV. For example, electric power is
brought into the Albuquerque area at 115 kV and 345 kV. High-voltage lines are
strung from tall towers or frames that are placed well away from the edges of roads.
The frames used to transport power onto Kirtland Air Force Base at 345 kV are shown
in Figure 2. Wherever possible, the DOE uses transport routes that follow interstate
highways. Most high-voltage power lines are routed perpendicular to or well away
from such highways. Even if a power line were to fall, the walls of transport vehicles
would isolate cases and containers from electric power. For these reasons, accidental
contact with high-voltage power lines because of a motor vehicle accident is unlikely.
Contact might occur as the result of an aircraft accident because such accidents are
most likely during take off or landing and because there can be power lines near the
ends of runways.
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Figure 2. High-voltage transmission lines on Kirtland Air Force Base.

High voltages used for transmission of electric power are stepped down to lower distri-
bution level voltages at substations. Distribution level voltages range from a few kilo-
volts to a few tens of kilovolts. The level of 12,470 V is used extensively within
Sandia National Laboratories sites, on Kirtland Air Force Base, and at the DOE Pantex
plant. The level of 4600 V is common in older systems. Distribution wiring may be
placed on single poles that are located close to the edge of roads. This is shown in
Figure 3. It is credible that a vehicle transporting cases or containers could slide into
a power pole located only a few feet from the edge of pavement.
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Figure 3. Distribution-level power lines on Kirtland Air Force Base.

Distribution wiring on industrial and military sites often connects to transformers that
step the voltage down to 480 V. Such transformers are used to supply power to indus-
trial and commercial buildings. On a military base, such transformers might be used
to supply power to offices, maintenance buildings, shopping centers, or fast food
restaurants. Along transportation routes, one might be found at a truck-refueling
plaza. The transformers are commonly located outside of buildings, but close to
them. When in cabinets, such transformers are not considered a significant threat to
public safety, and therefore, they are usually not placed behind fences or other barri-
cades. Two cabinets that contain such transformers and two that contain switches are
shown in Figure 4; the cabinets are located at Sandia National Laboratories just west
of Building 836. Metal cabinets isolate the transformers from casual contact, but
could be torn open if hit by a truck.
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Figure 4. Cabinets for 480-V service transformers.

The principal threat from 480-V service transformers is the high current available to a
short circuit across the output terminals. Representative values are shown in Table 1.
These currents are up to two hundred times the currents used to arc weld 13-mm-
thick aluminum or steel. Table 1 shows the current that could flow if the short circuit
were at the output terminals of the transformer, and it shows the current that could
flow if the short circuit were 100 feet away from these terminals. The assumed size of
the wire between the transformer and the 100-foot distant short is shown in the table.
Contact at a transformer could occur if a protective cabinet were torn open during an
accident. Contact some distance from a transformer could occur if high-current
wiring became exposed during an accident.

Loescher and Duran (1997) explain that circuit breakers and other protective equip-
ment are designed to clear faults in tens of milliseconds to a few hundred millisec-
onds. The exact time depends on the fault current and design of the circuit breaker.
They point out that power might be reconnected to a fault one or more times
through the action of re-closers. (A re-closer reconnects power to a circuit after a
specified interval. They are used in power systems because some faults, such as those
caused by wind-blown tree limbs, clear themselves).
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Table 1. Short-circuit currents for 480-V transformers
(from Loescher and Duran 1977, Table 2).

Transformer Rating
(Number and size of copper wires Distance to Fault Fault Current
between transformer and fault)

225 kVA rms 0 (at transformer) 7.5 kKA rms
(1 @ 0.5 inch diam.) 100 ft 6.6 KA rms
750 kVA rms 0 (at transformer) 20.5 KA rms
(2 @ 0.5 inch diam.) 100 ft 17.5 kA rms
1.5 MVA rms 0 (at transformer) 40.0 kA rms
(2 @ 0.71 inch diam.) 100 ft 31.6 kA rms

The brief examination of power systems has shown that currents of tens of kiloam-
peres could be available for tens to hundred of milliseconds at or near the output ter-
minals of 480-V transformers. It was also shown that such transformers are relatively
common and not always protected against vehicle impact.

Contact between a case or container and a source of power could be direct metal-to-
metal contact or arcing contact. More damage is expected from arcing contact
because a high-current electric arc is a source of large amounts of heat. The voltage
drop across an arc is approximately independent of the current. A reasonable initial
estimate of the voltage is 100 V. Lower voltage drop and, therefore, less power and
less heat flux are expected at a metal-to-metal contact.

The damage that a high current arc might do can be estimated. Welding engineers
estimate that 10% to 20% of the power in an arc is transferred to the metal to be
welded. Make the following assumptions: the current is 20 kA, the voltage drop is
100 V, 10% of the power is transferred as heat flux, and the material is aluminum. For
these assumptions, the heat flux is 200 kilowatts. The specific heat of aluminum is
about 900 joules per kilogram-degree centigrade, and the melting temperature is about
500°C. The exact value of the specific heat depends on the temperature, and the
exact melting temperature depends on the alloy. Exact values are not needed for this
discussion. For the values given, approximately 400 grams (a little less than one
pound) of aluminum would be melted in 1 second. A 2-inch-diameter by 0.5-inch-
thick plug of aluminum weighs about 36 grams. The assumed heat flux would pro-
vide the energy required to melt this amount of aluminum in less than 100 millisec-
onds.

The energy-balance calculations show that there might be enough energy for burn-
through. They provide no insight into the geometric and other conditions for which
it would occur. The author knows of no published information, other than this
report, on arcs and burn-through that applies to the conditions of interest.
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Before a study of burn-through could be conducted, the importance of case or con-
tainer contents had to be determined. Dean Dobranich of the Fluid and Thermal
Analysis Department (Dobranich 1996) provided essential judgement. He pointed out
that because the time of heating would be at most a few hundred milliseconds, there
would be very little heat transfer between the metal walls of a case or container and
its contents right up to the time of burn-through. His judgement was confirmed by
results, reported later in this report, from experiments on hollow cylinders that simu-
lated cases or containers.
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4. Cooperative Program with VNIIEF

Although there was interest in environments that could challenge the safety of cases
and containers, there was no funding to do a burn-through study at Sandia, or to pay
for tests at a domestic test facility. Staff at one facility estimated that testing would
cost at least $5,000 per day. Furthermore, they pointed out that work on burn-
through would be different from the work usually done at the facility and, therefore,
might be much more expensive. Along with the lack of money, there was was a lack
of experience with electric arcs. The author did not have the technical knowledge
required to plan and conduct burn-through tests.

While looking for away to proceed, the author mentioned his needs to a program
manager for cooperative programs between the United States and Russia. The U.S.
Congress had set aside money for cooperative programs between DOE laboratories and
Russian nuclear laboratories. The program manager introduced the author to two
researchers at VNIIEF, Dr. Boris Skripnik, the senior member of the team, and Dr.
Nicolai Prudkoi, who were interested in the work and who had experience with elec-
tric arcs. These researchers also had access to test equipment located at the All Russia
Electrotechnical Institute. After discussions with Skripnik and Prudkoi and after
obtaining a commitment of financial support, the author submitted a Request-for-
Quote to VNIIEE. After some negotiation, a contract was placed for a study of burn-
through. Drawings and visual aids were submitted for classification review and were
approved as unclassified before they were presented to the Russian team. The author
learned that all material provided by the Russian team underwent an equally rigorous
classification review by authorities at VNIIEE.

The work was divided into five tasks. Task 1 was to provide a detailed plan for analy-
ses and experiments. Task 2 was divided into Subtasks 2A and 2B. Subtask 2A,
required that the researchers assemble and report information that was needed to
design experiments. Subtask 2B required that the researchers investigate and report
on the relation between damage and parameters such as electric current and electrode-
to-cylinder spacing. Task 3 was to conduct experiments, and Task 4 was to compare
results with expectations derived in Task 2. Task 5 was to prepare and deliver a final
report.

In accordance with the provisions of the contract, Skripnik and Prudkoi prepared
three reports. The first two reports were required by Subtasks 2A and 2B, and the
third and final report was required by Task 5. The contents of these reports, which are
reproduced in Appendices A, B, and C, respectively, are discussed below.
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Subtask 2A Report (Appendix A)

A copy of the report submitted to complete this subtask is contained in Appendix A.
The report addresses four principal topics: arc stability, current source, temperature
measurement, and design of experimental fixtures.

Section 1 of the report addresses the stability of arcs between 20-mm-diameter copper
electrodes and cylinders of aluminum or steel. The diameter of the copper electrode
was chosen to approximate the diameter of electrical connections on transformers.
Skripnik and Prudkoi calculated that for a current of 30 kiloamperes and a time of 0.3
second, the end of the electrode would recede by 23 mm. If the electrode nearly
touched the cylinder at the beginning of the arc event, the total arc length would be
about 36 mm if burn-through occurred near the end of the interval. The value of 36
mm is the sum of the distance that the end of the electrode would move away from
the surface, 23 mm, and the thickness of the metal removed, 13 mm. They concluded
that an arc of this length would not be stable; that is, it would move away from the
initial strike point. In fact, they concluded it would move until the arc length
became so long that the arc would extinguish. The author does not know enough
about the behavior of arcs to comment on the correctness of the analyses done by
Skripnik and Prudkoi. The analyses led to an experimental design, described in
Section 4 of their report, that produced stable arcs.

Sections 2 and 3 of the Subtask 2A Report describe work done to select a source of ac
impulse current and the method used to measure temperature. Section 4 describes
the experimental fixture designed to assure a stable arc attachment point.

Subtask 2B Report (Appendix B)

In the Subtask 2B Report, Skripnik and Prudkoi show that an arc to a flat plate is a
good approximation to an arc to a cylinder with an outer diameter of 30 cm and
13-mm-thick walls. This obtains because the estimated lateral dimensions of arcs and
the thickness are small compared to the diameter.

They show that heat input from the arc will be much greater than heat input from
resistive losses in the metal. They introduce a way to treat the arc as a heat source. In
particular, they assert from references in Russian publications that the radius of the
arc will be approximately proportional to the square root of the current (Equation 2.8
in the Subtask 2B Report). This result is equivalent to stating that the current density
is approximately constant in arcs between a given anode and a given cathode. In
Equation 2.9 of the report, they provide values for the constant of proportionality.!

1 The value shown in the report with a superscript plus (*) refers to the cylinder at positive potential with
respect to the copper electrode.
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They further assert that the heat flux from the arc will be proportional to the area of
the arc, and they provide values for the constant of proportionality between heat flux
and arc area (Equation 2.11 in Subtask 2B Report).2 The assertion that the arc area is
proportional to the current and the assertion that heat flux is proportional to arc area
combine to an assertion that heat flux is proportional to arc current.

If the equations and constants of proportionality for arc area and heat flux per unit
area are combined, one obtains q*+ equal to 8 watts per ampere and q- equal to 11
watts per ampere. The quantities g+ and q- are defined on page 7 of the report. These
are close to the result of 10 watts per ampere obtained for assumptions that the arc
voltage drop is 100 V and that 10% of the arc power goes into heating metal. The
agreement does not mean either is correct, but it does increase confidence. The calcu-
lation results in g+ smaller than q-,which is inconsistent with the information given in
Equation 2.11 of the report. It is also inconsistent with information from a welding
engineer (Knorovsky 2001), who reported that greatest heating occurs when metal
being welded is at positive potential with respect to the welding electrode. The
author does not have an explanation for the discrepancy but thinks it possible that
the values listed for k+ and k- in Equation 2.9 were reversed. In any case, it is expected
that the most heat will be deposited when the cylinder is at positive potential with
respect to the copper electrode.

In Section 3 of the Subtask 2B Report, they examine one-dimensional and three-
dimensional solutions for arc-to-plate heat transfer. They show close agreement
between results from the two methods.

In Section 4 of the Subtask 2B report, they present a thermal model that includes loss
of material as the arc burns through the plate. They state early in this section that
loss of material will be driven by strong electrodynamic forces. They use the model to
calculate times of burn-through for a range of assumptions on the melt temperature
and temperature at which the metal is removed. Results are given in Table 4.2 of their
report (see Appendix B, Table 4.2).3 They also used the model to calculate the temper-
ature profiles shown in Figure 4.1 of their report. Figure 5 is a copy of this figure. It
is seen in Figure 5 that their model predicts steep temperature profiles. For example,
the model predicts that the metal only 2-mm behind the arc front will be only slight-
ly above the initial temperature. This same prediction is shown in a different way in
Figure 6, which is a copy of Figure 4.2 from the report. It is seen in Figure 6 that the
temperature at the back surface of the plate remains almost constant until the arc
front reaches the back surface.

2 The value shown in the report with a superscript plus (*) refers to the cylinder at positive potential with
respect to the copper electrode.

3 In the reports from VNIIEF, tables and figures are designated by numbers of the form #.#, e.g., Table 4.2.
In this SAND report, tables and figures are designated by an integer, e.g., Figure 2.
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Section 5 of the report is difficult to understand. It addresses the effect of electrode-
to-arc attachment point spacing on burn-through and the effect of current amplitude
on time to burn-through. Skripnik and Prudkoi estimate that during most of a high-
current burn-through event, the electrode-to-surface spacing will be greater than the
spacing that would produce the fastest burn-through. They refer to Russian references
to support their conclusions. The author was not able to confirm their conclusions.
In this section, they also assert that the time to burn-through will be independent of
current. They base their assertion on information in Russian language publications.
The author was not able to confirm their assertion.

Final Report (Appendix C)

The final report supplied by Skripnik and Prudkoi contains information on the experi-
ments that were conducted, results from the experiments, a discussion of heat trans-
fer, and a comparison of results from the experiments with expectations derived from
the analyses.

The arrangement of a copper electrode, a metal cylinder, and the power supply buses
is shown in Figure 7, which is a duplicate of part of Figure 1.1 in the Final Report.
Photographs of the arrangement are given in Figures 1.2 and 1.3 of the Final Report.
The arrangement provided stable arc attachment points. The set up was designed so
that a metal cylinder could be used for more than one test. Multiple use is seen in
Figure 1.3 of the Final Report.

/ |
Lo the
— — -i-— - — . tegt bed

Figure 7. The test fixture, the test object, and electrical connections are shown.
Designations: (1) test cylinder, (2) initial arc-to-cylinder spacing, (3&4) return
circuit conductors, (5) insulator, (6) electrode conductor.
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A photograph of the impulse generator at the All Russian Electrotechnical Institute is
shown in Figure 1.4 of the report. The impulse generator consists of a motor, shown
in the lower left part of the photograph, and a generator. The motor, although quite
large, takes a few minutes to get the generator up to speed. When the generator is at
speed, a large amount of energy is stored as kinetic energy of rotation in the armature.
This stored energy is used to generate very large currents for fractions of a second.
Some energy is also stored in the armature of the motor, but most is stored in the
generator. Information on the capability of the generator is contained in Section 2 of
the Subtask 2A Report. Both the motor and the generator are quite large. The author
does not have dimensions of the equipment, but remembers that the motor-to-gener-
ator drive shaft was about head height — about 180 cm above floor level. The genera-
tor supplies current at 50 Hz. This frequency is common to power generation in all of
Europe. The difference between 50 Hz and 60 Hz, which is used throughout the
United States, is not important for the experiments. A circuit schematic for the cur-
rent supply and monitoring is shown in Figure 1.5. Instrumentation is discussed in
Sections 1.3 through 1.5 of the report. The arrangement of the experiment in a test
bay is shown in Figure 1.10.

Six high-current burn-through experiments were conducted on aluminum cylinders,
and six experiments were conducted on steel cylinders. Details for each experiment,
along with results, are shown in Table 2. This table is a slightly augmented version of
Table 2.1 in the Final Report. The values of current and voltage in this table are peak
values. For each experiment, the Final Report contains time-amplitude records of cur-
rent and voltage, records of back surface temperatures, and photographs of the dam-
aged region. The scale markers in the Final Report for the time-current traces (for
examples, see Figure 2.4) are easy to interpret because the symbols used to indicate
amperes, A, and seconds, s or S, are the same as are used in English. However, on the
time-voltage traces, (for example see Figure 2.5), a symbol that looks like the letter B
written in Italics is used to indicate volts.

The peak current was 18.5 kA in experiment 1, it was 11.3 kA in experiment 2, it was
19.4 kA in experiments 4, 5, and 6, and it was 36.9 KA in the rest of the experiments.
The intent was to test at two level of peak current. The lower than intended level of
11.3 kA may have been the result of an incorrect setting of the controls on the
impulse generator. The peak current values of 18.5 kA and 19.4 kA are essentially the
same; the difference arose from a variation in the operation of the generator.
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Table 2. Data from experiments

Shot 14 Current Arc Time Damage Time to Peoak Post
No. Peak kA | Voltage (V) | (ms) Burn- T(C) Arc

Through Inner Photo

(ms) Surface | (Final
Report)

1 Steel 18.5 81-96 170 Crater: 40 mm diameter, 10.5 mm deep N.A. ** 160 Fig. 2.7
2 Steel 11.3 N.M.* 200 Crater: 34mm diameter, 9 mm deep N.A. 196 Fig. 2.10

3 Steel 36.9 N.M. 200 Through hole: 57 mm top, 15 mm bottom 130710 Fig. 2.3
4 Alum. 19.4 N.M. 200 Through hole: 56 mm top, 38 mm bottom 521 Fig. 2.14

5 Alum. 194 70-90 150 Through hole: 55 mm top, 31 mm bottom 79 t1 Fig. 2.2
Fig. 2.18
6 Alum. 19.4 55-85 100 Through hole: 38 mm top, 13 mm bottom 89711 Fig. 2.22
7 Alum. 36.9 85-95 50 Crater: 55.5 mm diameter, 12 mm deep N.A. 145 Fig. 2.27
8 Alum. 36.9 85-100 70 Through hole: 55 mm top, 25 mm bottom 48 t1 Fig. 2.30
9 Alum. 36.9 85-85 60 Crater: 48 diameter, 12.5 mm deep N.A. 195 Fig. 2.35
10 Steel 36.9 115-165 150 Through hole: 54 mm top, 8 mm bottom 126 T1 Fig. 2.38
11 Steel 36.9 100-135 130 Crater: 51 mm diameter, 12.5 mm deep N.A. 200 Fig. 2.43
12 Steel 36.9 90-145 170 Through hole: 58 mm top, 10 mm bottom 125+1 Fig. 2.46

* N.M. means the value was not measured for the shot.

** N.A. means that the column is not applicable for the shot.




Burn-through of 13-mm-thick aluminum# was observed for peak currents of 19.4 kA
that lasted 100 milliseconds and for peak currents of 36.9 kA that lasted as long as 70
milliseconds. It was not observed for currents of 36.4 kA that lasted for

50 milliseconds or 60 milliseconds. However, these durations produced craters that
almost penetrated the material. The outer diameter of the crater or penetration was
in the range between 48 mm and 56 mm for all experiments except 6. It is not
known why this experiment produced a crater with a diameter of only about 38 mm.
The peak arc voltages measured in the experiments were in the range from 55 V to
100 V.

Skripnik and Prudkoi provide temperature-time data for the experiments in which
burn-through did not occur. Data were not available for the experiments in which
burn-through occurred because electrical noise from the arc was much larger than
thermocouple signals. Temperature-time data were obtained in the two experiments
with aluminum cylinders. The data for experiment 7 are given in Figure 2.26 of the
VNIEEF report and the data for experiment 9 are given in Figure 2.34. The data in
these figures are reproduced below in Figures 8 and 9, respectively. It is seen in
Figures 8 and 9 that the temperature directly behind the arc attachment point
reached, but did not exceed, 200°C. It is also seen that the temperatures measured 25
mm out from the attachment point did not exceed 80°C.

4 Information on the composition of the aluminum is given on page 11 of the VNIIEF report.
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Figure 8. Back surface temperature-time data for aluminum cylinder, Shot 7.
Conditions: 36.9-kA peak current, 50-milliseconds duration. Refer to Figure 2.26
in Appendix C for explanation of the thermal couple locations and of the traces.

% ..l-
s I s = e
L8 i, N,
o DS
J ‘H‘- L —
u 1 Tn-ql-‘h_ 1 1
| "1-.1‘-‘.*‘-
|
| e 0 i v e o~ O R
|Ir.|":." w“'“'m"'**lmﬂilw+:
beomill
I 1 o | -
- " '
Tirmai_ &

Figure 9. Back surface temperature-time data for aluminum cylinder, Shot 9.
Conditions: 36.9-kA peak current, 60-milliseconds duration. See Figure 2.34 in
Appendix C for explanation of the thermal couple locations and the traces.
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Burn-through of 13-mm-thick steel> was observed for currents with peak amplitude of
36.9 KA and durations of 150 to 200 milliseconds. Burn-through was not observed for
the following conditions: peak amplitude of 11.3 kA and duration of 200 millisec-
onds, peak amplitude of 18.5 kA and duration of 170 milliseconds, and peak ampli-
tude of 36.9 kA and duration of 130 milliseconds. The holes had inner diameters
between 8 mm and 15 mm and outer diameters between 54 mm and 57 mm. The
current with peak amplitude of 36.9 kA and duration of 130 milliseconds produced a
crater with a depth of 12.5 mm,; that is, this combination of peak current and dura-
tion almost produced burn-through.

Temperature-time data were obtained for steel cylinder experiments 1, 2, and 11. The
data are shown in Figures 2.6, 2.9, and 2.42 in the VNIIEF report. Peak back surfaces
temperatures of about 180°C were recorded in experiments 1 and 2 and peak tempera-
ture of about 200°C was recorded in experiment 11. The highest temperature was
recorded in the experiment that produced the deepest crater. Whereas, the highest
back surface temperature was recorded on the experiment that produced the deepest
crater, nearly the same peak temperatures were recorded in the other two experi-
ments. There are not enough data to determine how the variables of arc current, arc
duration, and crater depth individually affect back surface temperature. In all three of
the experiments for which there were data, the off axis temperatures were lower than
the on axis temperature. Also, the off axis temperatures showed slower rates of rise.

Section 3 of the Final Report shows analyses of heating by high-current arcs. The
model presented in this section is the same as the one presented in the Subtask 2B
report. The model includes heat of fusion, but does not include heat of vaporization.
Heat of vaporization is not included in the model because it is assumed that molten
metal is removed by magnetic forces rather than by evaporation. The finite difference
method shown as Equation 3.9 in the report was not verified. The values for physical
properties of aluminum alloys given in Section 3.2 of the report are consistent with
values given elsewhere (Carslaw and Jaeger 1959).

Skripnik and Prudkoi used the model to calculate times to burn-through for two
assumptions about heat of fusion and two assumptions about heat flux from the arc.
They assumed that the heat of fusion was either nil or 3.9E4 J/kg, and they assumed
that heat flux was either uniform across the arc or followed a Gaussian distribution.

A burn-through time of 116 milliseconds was calculated for uniform heating and heat
of fusion set to zero. The value of 154 milliseconds was calculated for the same heat-
ing, but with heat of fusion set equal to 3.9E4 J/kg. The values for a Gaussian distri-
bution of heat were 58 milliseconds and 77 milliseconds respectively. These values
are compared with data from experiments below. The model predicts very steep tem-
perature profiles behind the melt zone. The profiles are consistent with those present-
ed in the Subtask 2B report.

5 Information on the composition of the steel is given on page 11 of the VNIIEF report.
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Skripnik and Prudkoi also applied the model to the estimation of time to burn-
through of steel shells. They obtained 420 milliseconds for uniform distribution of
heat, and 211 milliseconds for a Gaussian distribution of heat. To obtain these results,
they assumed that the heat of fusion was zero. Steep temperature profiles behind the
melt zone were also predicted for steel shells. Calculated profiles are shown in Figures
3.9 and 3.10 of their report.

In Section 4 of their report, Skripnik and Prudkoi observe that burn-through of both
aluminum and steel cylinders was achieved. They further observe that the time to
burn-through did not have a strong dependence on the current. The data for both
aluminum cylinders and steel cylinders show that burn-through time decreased by
less than a factor of two when current was doubled. In fact, the shortest time to burn-
through of 52 milliseconds for 19.4 kA was nearly the same as the time of 48 millisec-
onds observed for burn-through with 36.9 kA. They observe that the arc voltage was
in the 55 to 100 volt range for arcs to aluminum and in the 81 to 165 volt range for
arcs to steel. They also observe that the arc voltage increased as the arc length
increased.

They conclude that there is satisfactory agreement between estimated and measured
times to burn-through. This conclusion is explored further in the next section.
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5. Discussion

Burn-throughs of 13-mm-thick sections of aluminum and of steel were observed for
arc currents and arc durations that could occur in an accident. The observations
imply that burn-through of thinner sections could occur for the same currents and
durations or, possibly, for smaller currents or shorter durations. The data show that
time to burn-through decreased as current increased; this relation was expected.
However, the data do not support a simple reciprocal relation between current and
time. That is, the data do not show that time to burn-through decreased by a factor
of 1.9 when the current was increased by a factor of 1.9.6 In fact, the time decreased
by less than a factor of 1.9 when the current was increased by this factor. Data show
that the outer diameters of burn-through holes were larger for larger currents. This
observation is consistent with the result that arc diameter increases with increasing
current that follows from the assumption that arc current density is approximately
constant for a specified electrode pair.

The experiments did not explore the boundaries of arc stability. The issue of arc sta-
bility is discussed in the Subtask 2A Report. Concerns about stability led to the design
of the fixtures used for the tests. Stable arcs were obtained with the fixtures. It is not
known what variations in arc length, current return path, and other details would
have led to loss of stability. The impulse generator was operated with an open circuit
voltage of at least 2 kV so that a stable arc would be initiated. The minimum voltage
for initiation of stable arcs was not determined. Skripnik and Prudkoi were interested
in exploring the limits of stability, but there was no funding for such work.

During an accident, the voltage available to initiate arcing might be much larger than
the nominal voltage because of inductive effects. An arc could be initiated when a
conductor in contact with a metal shell pulls away from the shell. If current were
flowing at the time of pull away, the voltage induced in circuit inductance could be
much larger than the nominal voltage. Therefore, the use of 2 kV to initiate arcing in
the experiments does not mean that stable arcing could not occur at lower voltages.

The thermal analyses done by Skripnik and Prudkoi, the photographs of craters and
nearby surfaces, and the thermocouple records lead to following description of burn-
through. Heat from the arc melts a layer of metal. There is pressure of the molten
metal from magnetic forces. The pressure, which is greatest near the electrode, is in
the direction to push the molten metal into the still solid metal. Because the pressure
is greatest near the center, molten metal moves out from the center and flows away
along the walls of a developing crater. The magnetic pressures are very large because
the currents are very large. Therefore, molten metal and heat are rapidly removed
from a developing crater. The arc supplies heat to melt a film of metal, and the

6 The value of 1.9 is equal to the ratio of 36.9 kA to 19.4 kA.
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molten metal is removed immediately. Therefore, little heat is applied to the metal
behind the melt front. This expectation is consistent with all of the thermocouple
records. The records for experiment 9 (Figure 2.34 in the Final Report) show that the
temperature directly behind the bottom of the crater did not reach 200°C even
though the bottom of the crater came within one-half millimeter of the back surface.

Some of the molten metal ended up just beyond the edges of the crater, and some was
sprayed quite far away. Metal close to the edge of a crater is seen in Figure 2.3 of the
Final Report, and the spraying of metal can be deduced from comparison of Figures
1.2 and 2.3.

The times for burn-through estimated from the models, particularly for burn-through
of steel, are longer than the measured times. This result is surprising because one
might expect that processes not included in the simple models would reduce the
efficiency of heat transfer and metal removal. To improve the agreement between
calculation and experiment, Skripnik and Prudkoi assumed for some calculations that
the heat of fusion was zero. This assumption is not consistent with the presence of
re-solidified material outside of craters. Such material is seen in post-exposure
photographs contained in the Final Report. A more credible explanation for the
discrepancy between calculated and observed burn-through times is that their models
underestimated arc-to-melt-zone heat transfer.
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6. Conclusions

Electric arc burn-through of 13-mm-thick aluminum and steel was demonstrated.
Experiments were conducted with 50 Hz ac arc currents with peak amplitudes
between 11.3 kA and 36.9 kA and with durations between 50 milliseconds and 200
milliseconds. Burn-through of aluminum was observed after 52-millisecond exposure
to a 19.4 KA current. Burn-through of steel was observed after 125-millisecond expo-
sure to a 36.9 kA current. These current amplitudes and durations might occur in an
accident in which an aluminum or steel container contacted a distribution-voltage-to-
480-V step down transformer. Burn-through of less than 13-mm-thick aluminum or
steel is certainly possible in such an accident.

Two phenomena make primary contributions to burn-through. Heat from the electric
arc melts metal. Magnetic forces rapidly move molten metal away from the melt zone
and out of the growing crater. A large amount of the heat deposited into the metal is
carried away by the molten metal. Therefore, the metal near the crater does not get
very hot until burn-through occurs.

The analyses, design and operation of fixtures and equipment, and reporting by
Skripnik and Prudkoi were all excellent. Their willingness and ability to turn a request
for quote into a technical program and then execute the program were essential to
completion of the work described in this report.
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CHAPTER 1.

Main Mechanisms of the Short—Circuit Current Effect on Metallic
Enclosures

Under fault condition (short —circuit) the pulse currents being much higher
thar rated occur in the power networks. The maximum magnitude of short — circuit
currents may achieve many tens of kiloamperes with duration being tenth fractions
of a second. The two physical phenomena form the basis of undesirable effects of
the pulse currents flow: energy release in the form of heat in the conductors when
the current is flowing through them and creation of magnetic field in the space
around conductor and in the conductor itself as well. The pulse current flowing in
the medium with a specified electrical causes heating of the medium which is often
close to adiabatic heating. Under heating, mechanical properties of the medium
and its thermophysical parameters change and phase transformations occur. A so—
called “specific effecl” is considered lo be a generalized parameter describing the
energy release in the pulse current flow:

A = [ jdt (1.1
L]

where | — current density.

The temperature of conductor afler the current has flown is defined by the
value of "specific effect”.

In many cases the pulse current flow is accompanied by the arc burning
between metallic electrodes. In the contact points between the arc and the metal
erosion is observed, which is manifested by evaporation, melling and spraying of
metal /1/. Erosion processes are defined by the rate of the energy intreduction in
the electrode. In the majority of cases erosion is caused by a surface heat source
coming from the near—electrode arc zone. Since the near—electrode voltage drop
is slightly dependent on current, the energy coming into the eleclrode is
proportional to the charge Q, carried by the current [:

Q= [1dt, (1.2)

and erosion is usually associated with Q.

For a model of the arc effect on metallic enclosure, sel in the conltract
[Fig. 1.1), the effective wvalue of the short—circuit current is 30 kA at
duration = 0,3 s.
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Fig 1.1
In a sel model the arc burning, besides burm —through of the enclosure, is
accompanied also by erosion of the copper electrode. As a result of erosion, the
length of the copper electrode decreases. The copper electrode shortening may be
estimated by extrapolating the results of experimental studies /2—3/ :

ar o 0ol T _4.7.30-10°-03
““Txdp | m20°-89

=23mm |, (1.3)

where mg, =7mg/C — specific erosion of the copper electrode; d =20 mm -

diameter of the copper electrode; p=8.9 r:‘n_a;u"mm3 = copper density; 1=3010" A—
effective value of current; T=0.3 § —duration of current pulse.

In the experiments Af_ may serve as a step measure of variation of
clearance between the electrode and the object.

The open arc column located between the electrodes is affected by:
electrodynamic forces of the interaction between the arc current and surrounding
magnetic field; force of the air resistance to a gas arc column motion; force of the
inherent hear flux effect.

Under the influence of these forces
the reference points of the arc may move,
and the arc itself may increase in the length.

For relatively short arcs, typical of
our case, a decisive influence on the arc
motion is produced by two factors: clearance
and magnetic field. It follows from studies

% /4, 5/ that the influence of clearance on the
8 b dm arc motion is either determining (zones I-—

Fig 1.2 Influence of clearance on the rate 111 Fig. 1.2) or is completely absent.

of the reference arc points motion under Zone | is characterized by the
magnetic fleld effect absence of directed shift of the arc reference
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points, only spontaneous migrations of the arc channel near the point of its origin
are observed. According to Ampere's law, the absence of reference points shift is
explained by insufficient electrodynamic force affecting the arc. These conditions
are characterized by intensive destruction of the enclosure.

The presence of spontanecus migrations results from the need to ensure a
discharge at minimum energy consumption /6, 7/. Since, actually, the arc
reference points are fixed, a melting zone forms on the enclosure, which is defined
by the integral effect of the heat sources moving within the limited area.
Dimensions of this area are determined both by the heat source power and
duration of its application as well as by the enclosure material.

Zone Il is characterized by the presence of directed shift of the arc
reference points but in this case the shift rates are not significant. This shift is
accompanied by a strong fusion of the enclosure surface.

It may be supposed that the rates of the reference points shifts are defined
by the rates of advancement of the melting zone of material in front of the arc
reference point which depend both on the material thermophysical properties and
the heat source power. Since in this case a distance between the electrode and the
enclosure is short and “rigidity” of the arc channel is high, the interaction between
the arc reference points and the enclosure material produces a decisive effect on
the arc shift character. To specify the boundaries of Zone II origin, the following
criterion may be used /8/.

HI&® > k, (1.4)
where H — magnetic intensity; 1 — arc current; § — clearance; k — constant
dependent on material and state. The estimated value is k ~ 10 A2 . m.

Zone 111 is characterized by a rapid increase of the rate. It follows from the
numerous studies that this zone is described by the marked instability of the arc
behavior.

Zone IV comresponds to the arc movement rate defined by the experiment
conditions. In this case, despite continuous increase of a distance between the
electrodes, the growth of the rate does not occur /8/ gives a criterion which allows
to specify a boundary of this zone origin:

H5' > k,, (1.5)
where k, — constant. The estimated value is k; ~ 107" A-m®,

As applied to a set model of the effect produced by the arc on the
enclosure and considering that the external magnetic field affecting the arc may be

estimated by the formula

I
H= D (1.6)



conditions (1.4) and (1.5) may be written as follows:

%5 V2aDk i V2x-0.3:10 =0.15-107%m = 0.15mm (1.7)
| 30-10°
A
5 . 327Dk, =dln-ﬂ.3-lsﬂ ©2.10~ m = 2mm (1.8)
1 30- 10

These estimations are, of course, rather approximate but they allow to get
some idea of the character of processes occurring during the arc burning between
the electrode and the enclosure.

The relationships (1.7, 1.8) show that at any initial clearance the major part
of total time of the arc burning is favourable to the arc movement.

In these conditions it may be thought that, when moving in the magnetic
field, the arc column behaves somewhat like a rigid body, since due to a high
temperature in the column the penetration of gas through it is difficult. To
approximately estimate the arc column movement, the following empirical
dependencies /9/ may be used:

v = 40yTH? / (1 + 04H™)?, (1.9)

v=37 (1.10)
where [—arc current, A; H-—magnetic intensity, A/em, v —wvelocity, sm/s; and
where the latter relationship is the lower boundary estimate for the rate of free—
burning arcs movement.

The estimates based on (1.9, 1.10) show that the average velocity of the arc

movement is higher than tens of meters per second.
As applied to the arc effect model (Fig. 1.1), it means that if special measures to
stabilize the arc reference point on the enclosure
surface are not taken, the reference point will shift
within = 10 ms to the upper seclion of a cylinder
after which the shift will take place with fixed
reference point. The expected character of the arc
movement is given in Fig.1.3.

In this case a scenario of the arc
development depends on the relationship between
the arc resistance and the source voltage.

Experimental studies have shown thal the arc voltage gradient does not
practically depend on current and, according to /10— 14/, the arc active resistance,
Ohm, is advised to be defined using the following formulae which differ in
coefficient values and, sometimes, in their structure:

Fig. 1.3
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rg =27810 s (1.13)
- =2E[U+I'??_1]; (1.14)
o
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T =25mi-; (L.15)
=}
e = 28700 Ijl:t . (1.16)
eff

where [ — effective arc current value in amperes in the formulae (1.11), (1.12),
(1.13), {1.15), (1.16) and in kiloamperes in (1.14); | ; — arc length, m; U— voltage,
kV; t— time, 5; vy, — wind velocity. km/h.

In Russia, according to studies /11/, the arc voltage gradient, as being
slightly dependent on current at its high values, is assumed to be constant and
equal to 1100— 1500 V/m.

The ac open arc extinction occurrs when the circuit voltage is not sufficient
to maintain the arc burning. In this case the arc extends achieving a critical length,
the circuit current gradually decreases and the circuit completely opens. The
moment of the current opening coincides with the moment of its passage through
2ero,

At longitudinal gradient of the arc E;=1500 V/m and effective source
voltage U=280 V, the conditions favourable for the arc extinction are created at:

U 280

| e —

Eoe 1500
This means that the arc extinction will occur approximately within:

= 0.2 m=20 cm [1.17)

it —=—=0.02 s (1.18)

i.e. after two half — periods of current.



&

Time of the arc burning set in the model (0.35) may be achieved only at
voltages higher than 4 kV,

If the arc reference point on the enclosure is stable, the arc will move with
fixed reference point (Fig. 1.4). Under the influence of electrodynamic forces the
arc column extends and the voltage in the gap increases. At a considerable value
of length the gap break —down occurrs on the short path. A relationship between a

£
complete arc length and a clearance may achieve " 5+20 /15/.

Then, a critical clearance at which maintaining
the arc burning is possible equals & =1+4 cm. This
value is comparable with the copper electrode erosion,
therefore it is likely that in this situation the time of
the arc burning will also be less than set in the model.

The arc is also exposed to the influence of the
upward heat flows occurring near the arc column. The
Fig. 1.4 rate of the upward heat flows, according to /16/, is

1.4— 1.5 m/s and the effect produced by these flows on
the arc is not significant as compared to the magnetic field effect.

The analysis made shows that:

—if the arc reference point is not stabilized on the enclosure, the time of
the arc burning at a set in the model effect of the source voltage does not exceed
~ 20 ms at practically any clearances between the electrode and enclosure;

— if the arc reference point is stabilized on the enclosure, a rather long arc
burning is possible at clearances & < 1+4 cm, however, there is a good probability
that this time interval will be several times less than set in the model;

— set in the model time of effect may be surely achieved only when using
high voltages (several kilovolts) or with the arc column localization.



CHAPTER 2
Short—circuit current modelling

Pulse currents at comparatively low power in the load may be obtained
directly from a circuit in conditions close to short —circuits. Thus, for connecting
the load and switching off the current the switching equipment is required. The
highest power in the load develops at the load resistance close to the internal
source resistance. To comply resistances of the source and the load, step—down
transformers are usually used. Such method of cobtaining pulse currents is
employed in various technological operations of manufacturing constanl magnets,
particularly for magnetic treatment, magnetization. However, in our case it is not
applicable since, first, it is dangerous for a circuit and, second, the current
durations required exceed the settings of short—circuit protection. High pulse
current generators usually serve as the energy storages.

The most widely used storages include capacity, inductive, mechanical (e.g.
impact — excited generators), chemical storages (pulse accumulators) and various
combinations of storages. Each of the enumerated storages may serve as a source
of pulse currents with specified magnitude, shape and duration. Capacity storages
in combination with inductive storages and impact —excited generators are used to
obtain oscillatory current pulses and all the rest storages, including capacity and

A : inductive ones, are used
10° lo obtain unipolar pulse.
2 I The idea of potentialities
b I 1 2 “\-\, of this or that source is
10° —t / H’“\ = presented in Fig.2.1 which
10° = shows the limits of
10 ./ K 4 P —| achieved currents  at
- / / ’4 .; H\"\,, specified pulse durations
5 .,r' !’ -‘Z : for conventional wersions
10
-2 - -8 s P ol e g of storages. With
10° 160 10 10 100 10 10 10 s additional operations for
example reducing
kg 2.1 Maximum values and durations of pulse cuments discharge circuit

produced from different sources: 1-explosive generators; Z- inductance of an impact —
capacity energy storages; 3—inductive energy sltorages; 4— excited generator, using
puls¢ accumulators; 5—Gorevs conlour; G—impact—excited matching transformers,
generalors. ’ etc., it is possible to
considerably expand the areas shown in Fig.2.1. Impact—excited generators are
widely used in testing the high—voltage switching equipment /17, 18, 19, 20, 21,
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22, 23/. Switching capability testing of apparatus is carried out to control the
performance of the switch during turning on and off the rated currents, overload
and short — circuit currents up to the limiting values warranted by manufacturer.

Impact —excited generators are the upgraded three — phase turbogenerators
having power up to 300 MV-A in which mechanical and electrical winding strength
is improved, excitation system is modified and short —circuit power is considerably
increased. -In short —term conditions the power being one order of magnitude
higher than rated is obtained from the impact —excited generators. With the power
about 10% kW of the engine rotating the generator rotor with a flywheel having a
total weight up to several hundreds of tons the generator develops the power up to
10° kV - A within tenth fractions of a second. Usually the impact—excited
generators have the voltage 10—20 kV. To test the switches of various voltage
classes, slep—up transformers are used which allow to adjust voltage by means of
various connections of transformer windings.

At the duration 1071—1 s the energy stored in the impact—excited
generators achieves 10 J and maximum currents attain several hundreds of
kiloamperes.

Fig. 2.2 gives a typical oscillogram of the abrupt short —circuit current and
the voltage on the apparatus subjected to the switching capability test /24/.

At the moment of time t; a circuit with closed contracts of the apparatus
under test is switched on the vollage source.
The abrupt short—circuit current occurrs.
The vollage falls practically to a zero. At the
moment of time ty during the abrupt short —
circuit current passage through a zero the
apparatus contracts open. During one of the
current passages through a zero the electric
arc extinction occurrs (moment of time t5).

The second mode of operation of the
impact —exciled generators includes testing
the switchgears for the arc resistance. In this operation the explosive wires are used
to initiate the arc. The wire explosion is followed by formation in the gap between
the electrodes of a channel filled with neutral nonconducting vapor, liguid metal
drops floating in it. The conductor explosion leads to a rapid increase of resistance
in the gap between the electrodes and to discharge current fall. The overvoltage
produced by the wire explosion resulls in a breakdown of gas clearance and
termation of the arc. As the arc starts burning, the voltage falls to the minimum
and remains practically constant up to the end of the current pulse. The fall of
resistance in the process of the arc development is subordinate to the following
empirical dependence /26/:

Fig 2.2 Cecillogmam of abrnept shon — circwil cumment
and voltage af the swilching appamius contacls
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R, =ke, /[i,dt, (2.1)

where | ,— length of the gap between the electrodes; i; — arc current; k—

Tepler's constant being 3- 10~ 2 5-V/m for the air.
iOhm

2 Fig. 2.3 shows a variation of the arc channel
:HI“ 1 resistance during a halfperiod of current /27/.
31:4& gy = 57 KA At the initial moments of lime the arc
2ol A I has a high resistance and to prevent ils
ol 175 A ; extinction the source voltage should be
, %E — sufficiently high. Experimental studies show

"'T  that a reliable initiation of clearances with a

length up to 10 ¢m may be achieved at the
voltage = 2 kV. /25/

To carry out experimental studies, we have chosen a test unit (Fig. 2.4)
based on the impact —excited generator TI— 100— 2. Besides the generator, the test
unit also includes: set of transformers, reactors for controlling the current strength
and swiltching equipment. The limiting characteristics of the test unit in modelling
a single — phase short —circuit are given in Table 2.1.

Table 2.1 Characteristics of generator test unit TI-100-2

Voltage |effective value), KV 6 7.5 12 15 | 24 | 48 | 70
Current (effective value), kA 130 | 100 | 100 | 80 | 37 | 18 | 12
Power, MVA ¥BO | ¥50 | 1200 | 00O | BOO | BES | 40

0.2% 05 0r5 1.0

Fig. 2.3

Maximum duration of the test unit current pulse is= 0.3 s,

It follows from the characteristics of specified test unit that it ensures a
required amplitude and duration of short—circuit current as well as the voltage
sufficient to initiate the arc.
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CHAPTER 3

Internal enclosure surface temperature measurement

3.1. Specification of scheme and method of temperature measurement.

To measure the surface temperature, thermocouples, plane resistance
thermometeres (thin — film of wire —typed), thermosensitive pencils and paints, fuse
links and pyrometers are more frequently used. Thermosensitive pencils and paints
and fuse links are the single—action indicators and hence are not suitable for the
set task.

The use of pyrometers is limited by sophisticated calibration, body surface
state recording, scanning organization and external factor effect consideration.

The most simple way to measure the body surface temperature is using
plane resistance thermometers or thermocouples. The temperature measured by
resistor or thermocouple is actually a sensor temperature. Resistance thermometers
designed to measure the surface temperatures resemble tensometers and are made
of nickel and iron—nickel alloys using photochemical technique. Metal thickness
is several micrometers and resistor thickness is of the order of 1 cm. Operating
lemperature range is —195° C + 260° C for nickel and iron—nickel alloys and —
2607 C + 1400° C for platinum. Sensors are applied to the surface the temperature
of which is to be measured. High value of the ratio between a sensor surface area
and its volume and small thermal resistance between a sensor and surface provide
very small wvalues of delay time (about 1 ms). It should be noted that a
thermometer, in principle, like a tensometer, is sensitive to the deformation of a
specimen which it is applied to. Irregular expansion of a sensor and specimen is
another source of the error. This factor also causes the problems in mounting a
sensor. Moreover, such sensors change the surface cooling conditions and impede
fast filming of the surface.

In cur opinion, the most acceptable way is to measure the object surface
lemperature using thermocouples. Since the measuring information comes from the
iunction which may be very small —sized, this ensures fasl operation and allows to
make point—by—peint temperature measurements. Also, due to their small size,
thermocouples are no barrier to the fact filming. Mentioned features define the
advantage of using thermocouples, as compared to resistance thermometers.

To measure the object temperature we propose to use chromel—alumel
thermocouples (chromel—alumel thermocouples have the limiting tempetature
1300°C and are the most heatproof among series—produced base metal
thermocouples). Thermocouples are mounted by pressing in the depth being more
than a thermocouple wire diameter. Measuring scheme is shown in Fig. 3.1. The
signals from five thermocouples come to the input of a five—channel amplifier.
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Every channel has a differential input for thermocouple connection. The signal
from the amplifier outputs are supplied to the inputs a multichannel recorder H. In
measuring temperature from 0° to 1000° C a thermocouple efficiency varies within
0+45 mV. Since the range of recorder input signals is £1 V, we assume the
coefficient of amplification to be 20.

For time reference the sixth channel of recorder is used where a
synchrosignal from the camera is supplied. The amplifiers and recorder are
powered via the isolation transformer. A recorder is remote—controlled via
decoupler based on the oploelectronic transistor. To reduce the interferences
occurring al the arc discharge, the amplifier assembly and recorder are placed in
the screened chamber.

i - T T T
Object under study | Amplifier assembly Recorder
l{ c=20 Channel 1
jC=20
. V
T <R W (=== |
=20 B [P
’ |

Channel B |

Screened :hamh:rl

V'V

= I Synchrosignal
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3.2. Estimation of thermocouple parameters
Time resolution of a thermocouple may be estimated using a model
presented in Fig. 3.2.

medium with . - m:;“:ﬁ ::i:“
temperature —_— temperature
T=const 21q To# T
timet<o time t=0
Fig. 3.2

The principle of this model is that if at the moment t=0 in the medium
with constant temperature T a thermocouple is instantly placed, which has the
temperature T, different from the medium temperature, the time of the junction
temperature relaxation (from T, to T) will characterize the time resolution of
thermocouple. The following approximations are assumed in the model:

a) T=const for any moment of time t = §;

6) thermocouple wire is a cylinder with the length | being much longer
than its radius r,.

Distribution of temperature U in a cylinder section is described by the
following system:

180 &u — heat conduction equation;

a’ & o — initial condition; 3.1)

Uxt=0)=T, =const  _ poundary condition;

U(xf,t =0) =T =const

2

where a® = — ( k — heal conduction, p — density, ¢ — heat capacity).

E
pe
Solution of (3.1) is / 28 /:

nl"lp tm.lﬂ th
U=T+2T, T]E TG “) .p-r— 0= (3.2)

a &

In (3.2) J,,Jy— are first type Bessel functions of zero and first order, in
pe = roots Jo (1, (") =0).
The line in (3.2) quickly converges and, in particular, for r=0 we have:

Ulr =0,t) = T+(T, -T)-{L6e" +034e ™™+ YT +(T, -Th ¥, ()
whence it follows that relaxation time t is:
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(3.4)

Using relationship (3.3) we can define radius r, at specified 1. The
calculated values r, for various materials for 1 = 10~ 5 are given in Table 3.1.

Table 3.1
Material W,/ m°K c, ] 0, kg Iy, mm
ks oK m!
Chromel 7.7 602 8,7 103 0,2
Alumel 47,7 548 85 103 0,24

We have chosen a thermocouple with diameter of wires d=0.2 mm that
corresponds to the time constant t<024-107,

The influence of the leads on the lemperature measuring accuracy may be
estimated using a model shown in Fig. 3.3.

i junction .
To#T! To, / V Ta 7T
—4 .
-£ E.
leads

Fig. 3.3

The principle of this model is that if the sources with constant temperature
T # T, are applied to the boundaries x=1| a system uniformly heated up to the
temperature T, (see Fig. 3.3) at the moment t=0, the time t during which the
temperature T, is maintained in the junction is considered to be a threshold time
for the measuring system. The following approximations are assumed in the model:

a) Al << ;

6) thermophysical characteristics of both thermocouple leads are the same.

It should be emphasized that since heat exchange between a thermocouple
and an object is not considered in the model, it provides many times lowered
values.

Distribution of ternl;erature U along the length is described by the
following system:



iU{x,t =0) = T, = const
U{xft =0) =T = const

17

— heat conduction equation;
— initial conditions; (3.4)

where a

Solution of (3.4) is:

o, =

£

z_k

— boundary conditions;

-U{x,1]= T+2T, - T}i %c""{' cosm X

(3.3)

The line in (3.5) slowly converges, therefore the estimation of the
coefficient at t in the exponent for n=0 gives a rough result. Given in Table 3.2

are the results of calculating the time 1 during which |I.J{D. t)-T,

<001-T, for

various materials and various lengths (£) (the line in (3.6) was broken at n=350).

Table 3.2
Material T 8
f=7 mm | {=10 mm
Chromel 0.43 0.88
Alumel 0.31 0.62

the object surface at length 7 mm.

Thus, the estimation analysis
made shows that temperature
measurements with sufficient accuracy
and fast operation may be carried on
using chromel=alumel thermocouples
with diameter of wire 0.2 mm, pressed in



CHAPTER 4

Arrangement of experimental studies of the electric
arc effect on metallic enclosures

It follows from the analysis of regularities of the short—circuit current
effect on metallic enclosures that in the experimental sludies measures should be
taken on the arc reference peints stabilization and the arc column localization.

Stabilization of the arc reference points allows to ensure a maximum
possible effect on the enclosure and to arrange the influence on any enclosure area
set beforehand.

localization of the arc column allows to aveid the early arc extinction and
prevents from transfer of the arc column to the other enclosure areas.

In the experimental studies stabilization and localization can be achieved
by taking simple enough measures:

— installation of dielectric barriers;

= using rational conductor design.

We propose to carry out experiments in a configuration shown in Fig.4.1.

Dielectric barrier

L —

towards the
e | CUTTENL SOUICE

Fig. 4.1 Configuration of an experiment on the arc
effect on metallic enclosure

In a configuration proposed the conductors form a balanced system that
makes it possible to reduce magnetic field which moves the arc on several orders.

Dielectric barrier thickness is specified so thatl the time of its burn—out is
15—30 ms. In this case the presence of a barrier does not manifest itself on the
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CHAPTER 1
Statement of the task

1.1 The objective of this stage was to develop theoretical models for
estimating the effect of electric arc of the short circuit current on cylindrical

enclosure (see Fig. 1.1).

Electrode
Elc e il W
\Nf‘# a. c. source
h=12.7mm T = 38 sin{2x- 60 t)kA
R=150mmi. ™. Enclosure
-\.E.E ,
Fig. 1.1

1.2 For computation and theoretical estimations of the electric arc operation
geometry of a set problem given in Fig. 1.1 may be simplified if a curvature of the
cylinder lateral surface is neglected. It is quite permissible, since

fk
h<< R, Et' << R f1/

where k, p, ¢ — heat conduction, density and heat capacity of cylinder material,

T = 38sin(2x 60- 1) kA respectively; tp —short

l circuit  current  pulse
Electric arc plasma duicstion.

Hence, when

building theoretical

models, we have limited
ourselves to consideration
of axially symmetric
geomelry (see Fig. 1.2).




CHAPTER 2
Theoretical model of a thermal action.
Selection of defining parameters

2.1 When the current is flowing through the clearance between the
enclosure and the electrode a concentrated energy release occurs in some cathode
and anode sections (spots). At currents and durations which are typical of the short
circuit a macrobath of melted metal is formed and evaporation and spraying of
metal from the entire surface covered with spots begins in the region of the arc
effect. As a result, with these conditions the task of estimating the arc effect is
reduced to calculation of the average heating of enclosure within the surface
covered with spots.

In general, the equation of heat conduction in a solid body, according to
/2/, may be written as follows

T§=diu{kgad1‘}+f (2.1)

where T —temperature, S—volume unit entropy, k—heat conduction factor, {—heat
source density.

It is shown in /2/, that for a solid body with unfixed boundaries the
equation (2.1) is reduced to the equation:
G -

s=S 13T
: ]a_m\{kmﬂ]u

3

which, since at constant volume ¢, heat conduction in solid bodies is practically
undistinguishable from heat capacity at constant pressure ¢, is reduced to the
ordinary heat conduction equation

m%:m\{kmﬂﬂn. (2.2)
where ¢ = Cp = Cy — specific heat capacity, p— density.

The equation (2.2) is valid both for solid and liquid phase. In calculating
the distribution of the temperature being above the melting temperature the
equation (2.2) shold be added by the phase interface motion; or in (2.2) heat
capacity C should be replaced by effective capacity /3, 4/:

: plc+ LE{T-T}]% = div(k gradT) + £ (2.3)



where 4 — melting heat, T" — melting temperature.

2.2 For metallic enclosure shown in Fig. 1.2 the two channels of heat inflow
can be distinguished, such as a 3—D heat source { defined by Joule —Thomson
effects and a surface source q defined by the heat flow from the reference zone of
the arc channel.

A 3D source f, according to /5/, is

2

i s
f=—-Tjgrada (2.4)
o

where o—metal conductance and a. as shown in /6/ and /7/, may by represented
as follows
~’'kiT
a=
g

(2.3)

In (2.5) ki, —Boltzmann's constant, e —electron charge, gg—electron energy at
Fermi level.
A surface source q, if §—Dirac function is used, may be identified as three—

dimensional and may be included in the right part of equation (2.3), however,
introduction of q in the system of boundary and initial conditions may be more
clearly represented for (2.3):

T(r,z,t=0)=T, = const

k2 =u(T-T.),2=0,r>1,

oz

1 . aT (2.6)
—kE=q.z=l}.l}5r51‘,

L (T-T,) z=h,0sr<w

oz
In system (26) Ty—initial temperature of the plates, p—factor of heat
exchange with the air.
2.3 To analyze the degree of the heat sources f and q influence on solution
of the heat conduction equation, we use the data given in /8/ (see Table 2.1).
Table 2.1

T, (=) T,(=)
Metall
j=10f = j=107 iz
A
Al 0.049 0.016
Cu 0,080 0,028
W 0.560 0.177




]

In Table 2.1 T,(x) and T,(=) —stationary temperatures of the surface, respectively,
when heated by 3—D and surface heat sources; j—current density.

It is seen from Table 2.1 that for the high—conducting metals the
contribution of 3—D heat source is perceptible only at current densities being

higher than 10° A/em2.

According to theory, current density in the current —conducting channel of
electric arc is practically constant and depends only on plasma temperature T, but
not on the magnitude of current flowing in the channel /9/:

i~5-T 27)

This is also confirmed by experimental data /10/. In particular, it follows from /10/
that for pure aluminium and its alloys j~10° A/cm? i e. we can state that 3—D

sources are not significant.

2.4 From (2.7) the radius of the arc channel reference zone may be written

o = ke o] (2.8)

The coeeficient k. is independent on current /9/, and so it follows from

(2.8) that with the change of the current magnitude J only the radius of the
reference zone 1y changes.

A comparative analysis of experimental values of k. based on the data given
in /10/ shows that the values of k. for the alloys DI6T, AMr—3M, 1420 differ
slightly from the values of k. for pure aluminium. Therefore, we may preliminary
assume that for aluminium alloys

K =011:107 m/A%

(2.9)
ki) =014-107 m/ A%

The values k'* k'’ correspond to the cases when a metallic plate—electrode
is considered to be anode and cathode, respectively.

A surface heat source q in (2.6) has a power per unit of surface and, for
quasidirect currents, is a constant dependent on material and electrode type. For
alternate currents we may assume that



q1*1-1 I1<0 0
=] =
4 qi—}1 I>0 [2 ]

where g!*), gl~!—heat fluxes in the cases when the plate is considered to be

anode and cathode, respectively. Suppose that ql*), gql~) for aluminium alloys
match the data for pure aluminium /8/

q™ = 21-10"W/m’

q'=1810'W/m' i)



Chapter 3
Linear analytical three and one—dimensional models

3.1 Let us solve the problem on heating and burn—through of metallic
enclosure (see Fig. 3.1), assuming that heat conduction and heat capacity of
enclosure are independent on temperature, without considering phase transition.
The above mentioned limitations form the basis of linear model of the electric arc
thermal effect for which one can easily find the analytical solution.

Ny
LTI

Fig. 3.1
So, assume in (2.3) that A=0 and turn from the temperature T to the
function U=T =Ty, then from (2.3) and (2.6) we obtain

|I

r/ heat glow

au

'?il—=a].|!|.U: a' =k/pc

L{r,:.,t=ﬂ}=ﬂ

-wk%mq. z=0; 0=r=sr, (3.1)
du

II:'E.E =ul, z=0; r>1,

_—k%=uu. z=h; O0sr<eo

Let us make a formal turn from a surface heat source to a 3—D one

q L,0=sr=r,
F= EE[ﬂ.{ul _— (3.2)

and let us distribute conditions of natural heat exchange in the ring z=0,

r > rp that is quite permissible, since pu - U << q up to the temperature of metal
evaporation. As a result, we obtain



E:— =a'AU+F
Ulr.zt= D} =0
3, 2U (3.3)

kE=|,IU. z=0

du
T e =h
| X fird e, %
Applying Hankel transformation for (3.3) and(3.2), we obtain:

rU:r.zfl] = IPU,{I-'L}J.,[F}"P
1 : (3.4)

H:r.i.,t} = Ipf; [21 I}J.,{Pl'}dP

In (3.4) J— zero order Bessel function of the first kind.
Let us substitute (3.4) into(3.3) and turn to cylindrical coordinate system,
then after simple transformations we obtain:

au &'uU
= G-vu )+
U,(z,t=0)=0
{ au, (3.5)
e L
au
- k?:l-: HU;, z=h

Mote that for a source F set in (3.2) F, is /11/:

L
F, =&E{=1-;-11[pr.] (3.6)
where J; — first order Bessel function of the first kind.
Let {“i{ﬂ}:, be the orthogonal basis, then we may write
U,(z.t)= 2 T()v,(2)
=l

i (3.7)
E(z,1)= 2 f(0v,(2)

Substituting (3.7) into (3.5) we obtain



i{{:'u *T%Euil-q.fp "Eu_-f,u,}=
T(t=0)=0
' (3.8)

du
bz B =
k = MV Z 0

s
~k—t=py,z=
,  dz by, 2=h

Since up to now there existed an arbitrary rule in choosing the orthogonal

basis {uv;}, suppose for definiteness that {u} is a solution of the following problem
on eigenfunctions and eigenvalues:

d]
—5 = Plo; = =My,
d:u
1kE'-n=uu,.==lJ (3.9)
du
-~k =m, z=h

Thus, substitution of (3.9) into (3.8) gives

a9,
a =g (3.10)
T(t=0)=0

It i%asjr to check up, that a solution (3.10) is

T(9= [ ()

In (3.7) Fp is a known function and so, applying orthogonality property of

{ug}. we may write that

b
(0= B (2 0v,@dz o f’[z)dz

N§

Thus, distribution of temperature in the metallic plate is set by the following
gystem



11
.29 = o 1. ()U, 20

U,(z.1)= jdtjdz’ E(z 7)G,(Z.2)
. i (3.11)

G, (z',2)= i gt B ilz}uf‘! fi

Fp[z.rl] = %'ﬁ{z] r_; ], {F@}

b

Note that q and ry in Fp are one — parameter functions of t and the system (3.11) is
defined only in the case when there exists a solution of (3.9).

To solve (3.9), we introduce a parameter y,=Ai;—p® and consider three
cases: v < 0, v;=0, y; > 0. For the first two cases (y; < 0 and y;=0) the analysis
shows that (3.9) has no nontrivial solutions, and for y; > 0 it is easy to obtain that

o dal’
0, = A.[cmm.z +—=inmiz]: a=pnlk
o, {3.12)

h=p +o]

where the spectrum of 4; is defined by a range of roots of the equation

tg(o ;h) =%, o; >0 (3.13)
mi—l]
and the relationship | |uf|2/A2 is
I
J —E(Hm—:‘}i (3.14
Al 20 ")) el e

In practice, to define a range of roots of the equation (3.13), it is enough to
limit oneself to the approximate solution

PR
n (3.15)

m,n%. i=2,m

Finally, substituting (3.12}) and (3.14) into(3.11), we obtain that distribution
of temperature in the metallic plate along r and z is set by the following formula
(3—D linear analytical model):



12
e
[-:nsm,n-—-smm.z]

Ulr,z,t) = ‘I__iﬁt"-'l{ﬂl',{t]w‘ ie ~#{t-r)el ?‘L
pcy, ( 1 ] o

: h o
. e = l+—;
(i

Gy (3.16)

W, =Tﬂp1¢(l:-r]'1.{1:n[ﬂ}e' i

In practice, as a rule, of special interest is a calculation of U for r=0,
therefore, for this case we note that . is taken in squarings /12/:

T =" t=1)p? ____]__ rgtl:':}
Wy ="£'1P]|[F¢h}] et = r,(r}[l- “‘F(' 43.1[1-1}]} (3.17)

3.2 In the cases when dimensions of the surface heat source exceed the
thickness of metallic enclosure a 1 —D model is most useful.
Solution of a 1 —D model is made in the way similar to that described in 3.1 and is
given by the following formula:

o
nnsn:,zd-—sknmiz]

s
U[:.t]'—”ﬂ%!dtq{t}.lc"'“"}"t [H ‘f']' (3.18)

h a L

Yy 'l R ]

2 o

L] ]

The spectrum of @; in (3.18) matches the spectrum in a 3—D model, i. e. it
is set by (3.13).

3.3 Let us make comparative calculations of the burmn—through time of
metallic enclosure manufactured from the alloy B33 (enclosures made of this alloy
will be employed in experimental studies), using 3—D and 1-D models. We
define the burn—through time as a moment of time when the temperature on the
}'L?Esidﬂ of enclosure in the point r=0, z=h will achieve the value of the melting

temperature T .
In calculations the results of which are presented below in the Table 3.1 the
following parameters were used:

q"' =q"" =(q) = 195-10°W/m® (cm.(2.11))
k' =k =(k.)=0125-10"m/ A" (see (2.9))
J,=38kA

T =480'C, T, =20'C

The infinite sequence in (3.18) and (3.16) terminated at i=50.
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Table 3.1

X burn — through time, & _
T, P c, k. g ¢ = tig lld r

tia

°C | 10°kg / m® J w 114 134 %
kg -°C m °C

70 284 795 163 0.340 0.348 76
200 2.80 D63 172 0,392 0.405 3.3
400 276 1130 163 0.470 0.485 3.2

In Table 3.1 T is the temperature at which the values of density p, heat
capacity c and heat conduction k were taken; t,4, t33 — bum—through time in 1-
D and 3—D models.

Thus, in building nonlinear model in which a phase transition and melted
metal release may be considered at enclosure thicknesses and short—curcuit
current parameters typical of the problem under study, it is enough to limit oneself
to the 1 —D approximation.
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Chapter 4
Nonlinear one—dimensional model in view of phase passage
and ejection liguid metal

4.1 At currents typical of short circuit (amplitude 210 kA, duration z 0.1 c)
almost all melted metal formed under the arc effect is removed as. a result of
spraying defined by electrodynamic forces /1/.

Assuming that the entire energy entering the enclosure is spent only on the
metal melting, we may obtain the following expression to estimate the depth of
burn — through

(" +q" ), (g +q"" ),
![fcfpdnpl] o1 -T)+91)

At thickness 13 mm the burn —through time for the alloy B93 is

(4.1)

: ;n[m’ 28-10° - 460 + 28-10° - 3400-10°)
. (21+18).10°

= (.16¢

In the small—scale experiments carried out during the instrumentation
tests we obtained the burn—through of the aluminium enclosure 2 mm thick for
the time 20 ms that agrees with the formula (4.1).

4.2 For numerical calculations a numerical model can be created based on
equations (2.3) and (2.6) which for the 1—D case have the following form:

!p{cHLE{T T':I}—-—[ 2]. X, £xsh
Tx,t=0)=T

‘R%E‘= q, x=x,(1)

ar
—ka=p{T—Tu}.x~—h

x, [tk Tl::r.,{t}} =T.2T
x,(t=0)=0

(4.2)

In the system (4.1) Ty, is the temperature at which the metal release occurs.
In the finite differerfce analog (4.1) the release is made by removing the nodes in
which T z Ty, from the calculating grid.
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4.3 Before building the finite difference scheme for solving (4.2) we shall

make some simplifications. First, let us ignore heat exchange with the air

(u=0:calculations using analytical models with varying the values of pu show that

the influence of heat exchange with the air on the temperature distribution picture

is not significant). Second, let us introduce new designations and change of
variables:

(4.3)

e
i
=
In
.._!
]
e

U u(U) = [pEdU

In these designations the system (4.2), as related to the function v, runs as
follows:

o 3 il _k

S R0g) w5

vlx,t=0)=0
3 -a[u]g:—" =q,x=x(1) (4.4)
&

H:ﬂ' x=h

h-T,
x,(0: u(x,(0)=v, = |pEdU

4.3 Let t be the time step and d be the mesh width, then the absolutely
stable finite difference scheme for heat conduction equation in (4.4) is /14/:

§ =y v, =yl 2,00) =05a{v, ) +alv,))

where jr'-z —finite difference analog of the function v in the spatial node i at the

il'.—:f _l jrm-ir‘_ ir_h
i d ahl{}r d aql:y}__l_ah] {"-5]

lime layer 1.

Adding (4.5) by finite difference analogs of the initial and boundary
conditions from (4.4), we obtain
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o(x,t=0)>{y =0},
Lz -a=qaf=9 4+ (4.6)
a -ﬂﬂ.-q Fi'!’ll ﬁj g
& )
.H=h: E;=U_”"'H=?H-I

Ejection of metal in the finite difference scheme is made by removing the
nodes in which the temperature exceeds the release temperature from the scheme.
It is performed in a trivial way by introducing in the calculational mesh, instead of
*0"—node in the spatial mesh, some reference node iy which “keeps track” of the
boundary of the arc —metal contact, basing on criterion of the melted metal release
(initial value is i;=0). Bearing in mind this fact, further, for more simplicity, all
formulas will be written for the stable mesh, since extrapolation for the case of
unstable mesh | removing of nodes) does not represent any difficulties.

To solve (4.5), we use a sweep method.

If we introduce a parameter y=1/d? and bring the finite difference analogs

of the heat conduction equation and boundary conditions to canonical form:

Ai¥i-1 -Ciy¥i +Byyj =-F;, i=1,N-1
Yo = X1¥1 + M1 ¥ = X2¥n-1 +H2

then we may create a calculation scheme:



j=0: {y}, =0
i=1
A, =1a(y") G =1+y{a(y™) +a.(y")} B =va.(y"') E=y

. -
ﬂ.-Il—l-ﬂ.—Hl—.a—l';;:j
2=l py=0
(=5} B
u"’zE-l;—A'i=l1N_i
)
1L'I=ML.E=1.N.]

Cl_u'i'ﬁ'l

P T 41
}'H_ I—U:-

ik

4.7
1:—:I { I

nyl =ﬁ|-|?ltl +ﬂ|¢[1 i =H" I-pﬂ

4.4 Of interest is the dynamics of the change of the time calculation results
of the plate burn — through as various factors, such as nonlinearity of heat capacity,
heat conduction, density, phase transition, are included in the calculation model.
The results of these calculations are given in Table 4.1. Initial parameters in the
calculations were the same as in chapter 3 (see 3.3).

Table 4.1.

1" s remark on considered factors

0640 | phase transition (& = 0); c(T); k(T); p(T)

0434 | =0; ¢(T); k(T); p(T)
0462 |3 =0; c, k, p were set at T=400 °C

Mote that the third line in Table 4.1 is a peculiar test for "identity” of the
nonlinear numerical model with the linear ones described in chapter 3. Specifically,
the results match with high accuracy (0.462 s and 0.470 s).

In calculations the results of which are given in Table 4.1 the release of
metal was not considered. This factor was considered in calculations the results of
which are given in Table 4.2. These calculations were made using all parameters:
nonlinearity of ¢, k, 'p, plus phase transition. Table 4.2 is presented in a matrix
form and illustrates the character of the burn—through time dependence on the



melting temperature T  and the temperature of release Ty; the time is given in

seconds and the temperature —in Celsium degrees.

Table 4.2
quh 480 500 520 540 560 580 600 620 640

480 | 0a217 | - = = = = = = -
500 | 0174 | 0.1326 = = = = = = =
520 | 0178 | 0.178 | 0.137 = = = = - -
500 | 0183 | 0182 | 0.182 | 0.1391 - = = = =
560 | 0187 | 0.187 | 0.186 | 0.186 | 0.1443 = = = -
580 | 0490 | 0190 | 0.190 | 0.190 | 0.189 | 0.1488 - = -
B0 | 0.096 | 0.194 | 0.194 | 0.194 | 0.194 | 0193 | 0.1514 = =
G20 | 0200 | 0199 | 0.199 | 0198 | 0196 | 0198 | 0.197 | 0.15% =
B40 0201 | 0202 | 0203 | 0202 | 0201 | 0201 | 0201 | 0201 | 0.1600

[ 740 0.220 | 0220 | 0220 | 0221 | 0221 | 0220 | 0223 | 0222 | 022

540 0257 | 0257 | 0258 | 0258 | 0258 | 0258 | 0258 | 0258 | 0258
1140 | 0293 | 0293 | 0294 | 0294 | 0294 | 0294 | 0294 | 0285 | 0.295 |
130 | 0327 | 0328 | 0328 | 0329 | 03290 | 0329 | 0330 | 0330 | 0330
150 | 0360 | 0361 | 0361 | 0362 | 0362 | 0363 | 0364 | 0364 | 0364
70 | 0391 | 0392 | 0393 | 0394 | 0394 | 0395 | 039 | 039 | 0397
To40 | 0421 | 0422 | 0423 | 0424 | 0424 | 0425 | 0426 | 0427 | 0428
7140 | 0448 | 0449 | 0450 | 0452 | 0453 | 0454 | 0455 | 0450 | 0.457

In calculations the temperature dependencies of heat conductivity and heat

capacity factors were assumed as for the alloy B93 [Table 4.3).

Table 4.3
T°C 25 100 200 300 400
L W 155 159 163 163 159
m -*C
e - 921 1005 1047 1088
ke ~C

The values of k and ¢ in Table 1.1 are taken from references /13, 14, 15/.

Temperature dependence of density is defined through the coefficient of

linear expansion.
pr Ps
I+3cr.i,'T—T__.,i
where a=26.8-10"%C~! p,=2840kg/m*—density at Ty=20°C (assumed as for
the alloy B93 /1/). ]
Melting heat was taken TJ be 3‘93433 .Iz.q F16/.

HP"

l{,,.;;_. I.H Lfl el

M%W

_o—
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Fig. 4.1 gives the temperature distributions in the enclosure cross— section
at various moments ( for the alloy B93 T" = 500°C, Ty, = 500°C]).

As follows from the results, the front of enclosure erosion and the
temperature front are moving practically in synchronism with each other. The
temperature on the internal surface of the enclosure achieves practically significant
values only at burn—through of almost the entire enclosure (at burn—through of
80% of enclosure the temperature reaches only 50°C). Also, we observe this effect
experimentally ( in scale experiments on developing the technique of experimental

studies and recording means).

200

100

1 i I J_ i | i 1 i 1 L 1 i
0 2 4 6 8 10 12 14

Enclogure cross-gsection, mm

Fig. 4.1

Fig. 4.1 shows the time —temperature history on the internal surface of the
enclosure made of the alloy B83 (T =500"C, T}, = 500°C).
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CHAPTER 5
Influence of clearance and current on destroying
effect of electrical arc

5.1 From energetic considerations follows, that with increase of clearance
the energy released in electrical arc is increased. The increase of energy is
stipulated by:

— increase of discharge channel length;

= decreasing of metal vapor concentration in plasma of discharge;

— deviation and scatter plasma jets from a direction of a channel of
discharge.

On the other hand with the growing of clearance a part of energy running
out is increased.

Besides with the growing of clearance the conditions of removing the
products of erosion of envelope and electrodes are improved.

All these reasons indicate that with increase of a clearance before certain
critical value the destroying effect of an arc will amplify.

Experimentally influence of a clearance was evaluated at researches of
erosion of electrodes of switching instrumentation The basic results of these

researches are the following. At currents =500 A /17/ the influence of a clearance
is limited by the size =1 mm. At currents =10 kA the influence of a clearance is

spread up to the sizes of =5 mm /18/. In theoretical models the influence of a
clearance can be taken into account by introduction effective near—electrode
voltage drop and factor of ejection of liquid metal [or temperature of ejection),
which depend from a clearance.

However considered in this report a situation of effect (Figure 1.1) is
characterized by significant changing a clearance in the process of effect. The total

increase of a clearance makes =3 cm (1,3 cm — thickness of an envelope, 2 cm —
erosion of an electrode /19 /). This size in some times exceeds a clearance, at
which the maximum destroying effect is achieved. Therefore, on all visibility, in
considered model of effect the relation born —through from a clearance will exhibit
rather poorly and it can be not taken into account.

Al a current and thickness characteristic of a specific situation of effect
(Figure 1.1) theoretical models predict, that the burn — through time of an envelope
does not depend on values of a current.
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This conclusion will be qualitatively agreed results of experimental
researches /20, 21/ of current lightning effect on metal envelopes. In these
activities is indicated, that the burn—through charge has minimum value in range
of normal currents and sharply is increased both for small, and for large currents.
MNormalizing border value of range of greater currents forms =200— 500 A/mm [on
evaluations /21/). Taking into account, that the thickness of an envelope makes
=13 mm, we obtain for the boundary of range of large currents

I__ =500-13=7500A

This value is significant less currents specific in model of effect (38 kA).
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CHAPTER |
Experimental method for studying electric arc effect

on metallic shells

1.1. Experimental set up

The analysis of short circuit (SC) current effect on metallic shells performed in /15/
showed that in accidents there could be situations in supply lines, when an electric arc can
be very destructive. These situations are characterized by stabilization of reference points
and localization of the arc column during the entire time of it arcing. Stabilization of the arc
reference points allows the maximum possible effect on the shell to be implementad
Localization of the arc column prevents a before time arc failure and stops swilchover of the
arc column into other portions of the shell.

Thus the experiments implemented the situation of a localized effect. To stabilize arc
reference points and localize the arc column the expeariment mat the requirements related to
the option of rational electrode shape (end rounding) and rational design of current
conductors.

The experimental schematic is shown in Fig.1.1.

& 3% mm

Fig.1.1 Experimental schemalic. Arc effect on a metallic shape
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in the experiment the arcing takes place between the copper electrode 20 mm

diameter (position 2) and a metallic shell formed as a hollow cylinder (position 1). The
electrode end facing the shell is made as a hemisphere 10 mm radius. The current is
delivered to the arc by a bus system (positions 3,4.6), forming a symmetric strip line. A
cantral bus (position B) iunﬂdmﬁpﬁmhmm?nﬁm’ It is
connected with the electrode (position 2). Lateral buses (3,4) are made of steel strips 4 mm
thick and 240 mm width. They are fixed by jumpers (7) providing mechanical strength and
alectnc contact between strips. Busas (3 and 6) have holes 1o be connected to the test bed.
The layers of fiberglass laminate are used for insulation purposes

The picture of the gap, where arcing takes place, is given in Fig. 1.2. The total view
of the experiment in situ is given in Fig.1.3.

2 1

Fig. 1.2. Arc gap picture:
1 is metallic cylinder affecied by an arc, 2 is slectrode



Fig. 1.3 General view of the expenment

1.2. Simulation of short closed currents

To simulate SC currants wea usad tha test bad of All Russia Electrolechnical Instilule
(Moscow) based on the generator TI-100-2 (Fig. 1 4) The test bed provides the SC currents
(working meaning) higher than 100 kA at a duration of < 0.3 8. The system of SC simulating
15 shown in Fig. 1.5 Current value 15 controlled by the change of reactor R inductance and of
SG generator voltage (as a result of current excitation change). Switches 51 (on) and S0
{off) provide tha required duration of SC currant. The arc was initiated by tha axploding wire
W (copper wire 0.2 mm diameater) At the iniial moments of intiation the arc has high
resistance. In order not 1o quench it the source voltage ( operating value) was agreed to be 2
kV and more. During the test arc current and value were measured by standard measuring

means (induchon maasunng devica P, ohmic voltage dnider L)



Fig.1.4. Shor-circuit generator T1-100-2

P

AN
@, El ;@

so Sl

=
K OCLMNNOrmadam
.

Fig.1.5. System of SC current simulathon
SG s short-crcant generator;, B is current-Iimiting reacior walh conlrolled intuctance, Sl S
switch on, S0 is swilch off, W is initiative wire, P is & probe for arc current measunng, D
is a divider for arc voltage measuring. Tr is matching transformer



1.3. Temperature measurement

When the arc affected the shell the temperature of the inner shell surface was
measurad For that purpose we usaed probes made of thermocouple chromel-alumel with the
diameter 0.2 mm. Thermocouples were fixed by molding at the length 7 mm for the depth 0.5
mm. 5 probes were located at each assumed point of effect. A schematic of probe location
(eylinder inside ) is shown in Fig 1.6 The external view of the shell fragment with the probes
is shown in Fig. 1.7

e F s ant 5
B
= fraced
e reference Done B
M e

Fig. 1.8 Temperaiure probe location
The numbers trace 2, trace 3 etc., comespond 1o the numbers of measuring channels
wilh the probse conmsched
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The measuring system is given in Fig. 1.8. The signals from five thermocouples

came to the input of the channel amplifier with the gain 20. Each channel has a differential
input for thermocouple connection. The signals from amplifier outputs were delivered to the
inputs of a multichannel recorder. For timing we used the first channel of a recorder, where a
synchronized signal came from the test bed. A dividing transformer provided power supply to
amplifiers and a recorder. The recorder was controlled by a remote control using an isolation

Object under study Amplhfier assembly Recorder
l‘l |C=20 Channel 5 (Irace 5)
Channel 3 (trace 3)
L Gt Channel 2 (race 2)
"

rl —Channel § (race )
! |C=20 —{Channei 4 (trace 4)
— Charmel1 (trace 1)

}

1C=20
x
Synchromgnal

Fig.1.8. Temperature measuring system

1.4. Visualization of an arc effect

Visualization of elecinc arc effect on samples and the study of processes timing was
made using a high speed movie camera. In the experiments we used Russian precision 16-
mm video camera PUSK-16. The movie camera has an objective with the focusing distance
F=15 mm and the relative opening 1:2 8. The frame size is 6 2x10 mm. We used a black and
white film of a KH3 type with the light sensitivity 50. The frequency of operation was 1000
and 2500 frames/sec., relative pulse duration was 10. Exposure time was 100 and 40 psec,
respectively The frequency of crystal controlled markers was 1 kH. We used light filter FS-6
to remove axira light. The beginning of the process was determined by the moment of arcing.
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A movie camera looked at the inner side of the sample through special windows

(posiion 2 Fig.19) at the lateral surface The buming through the sample wall was
determined by the luminosity of the inner surface.

Fig. 1.8, Exparimental assembly in siu
1 - Is fiber oplic, 2- 5 windows for filming the fusion process; 3 - cables of
lErperatuie Measuring channels

To avoid damage of a camera by drops of melted metal it was located at least S m
from the sample which delenorated the scale of shooting The expenment was also filmed
from the distance 25 m. After aach shot the region of the sampile affected by the arc charge
was photographed

1.5. Synchronization of equipment involved into experiment

Synchronization of diagnostic means and a test bad was performed the following
way, First the high speed movie camera started operation. It gave the order (o trigger the
test bad. The tes! bed came into action with a delay of 20 to 30ms. Al the same time with the
test bed action the generator responsible for a test bed provided a synchronization pulse to
fix measurements of temperature and arc currenl. The external view of the shell fragment
with the probes is shown in Fig. 1.7. The spacing of the monitoring facility is given in Fig.
1.8 10



Fig. 1.10 The spacing of the monitoring facility:

1 is expenmental assembly (1est object);

2 5 video camena;

3 is multichannel temperature recorder,

4 s curmen! measuring device,

5 is voltage divider:

6.7 are buses connecting the experiment and the test bad,
B are cables of temperature measuning channels

10
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CHAPTER 2

Results of the experimental study

The experiments were performed with the cylinders made of steel (steal 12X18H10T,
the percentage: chromium 18%, nickel 10%, ttanium < 1%, carbon 0 TE%]' ard alumirmi
alloy B93, the percentage: zinc 6.5 - 7.3%, magneasium 1.7 - 28%, copper , 1%, iron 0.2 -
0.4%) . The current amplitude varied from 11 to 37 kA We performed 12 shots, 6 with steel

cylindars and 6 with aluminum. The sample under affect is shown in Fig. 2.1

Fig. 2.1 Sample (aluminum cylinder) affected by the arc

It was determined that the shell affected by the arc is subject to the intensive
destruction. In case of aluminum cylinders the holes were measured even when current
duration was 50 and more ms. For the alulmnm cylinders such holes were measured, when
the duration was =130 ms. The typical sample damages affected by the arc are shown in Fig
22 -23 The summary of the experimental data is presented in the table 2. 1. The detailed

summary of the expenimental dala is presented in the sections 2.1-2 12

* narcent by mass
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Fig. 2.2. Aluminum cylinder after the arc effed (L. =19.4 kA, =150 ms).
Intemal appearance

Fig. 2.3. Aluminum cylinder after the arc effect (l.e=19.4 kA, =150 ms)
View from the side of the discharge gap. This piciure should be compared with Fig. 1.2,
where the same geometry is shown before arc effect



Table 2.1

Data results
Current Tena of burheng Innad surtace

Shot Maksal anpiude. Ascvoage® W | Curend dursiion, Damage heough the hole, ma | bempereiue *C

L] [T ma

1 Steel 185 B1-86 170 Crater: diamater™ - 40 mm, depth - 10.5 mm 160

2 Steal 113 | Mot measured 200 Crater diamater *- 34 mm, depth - 8 mm 196

3 Steel 360 | Not measured 200 Through hole: outer diameter - 57mm, inner 130£10
diameter **- 15mm

4 Aluminum 19.4 Not measured 200 Through hoke: ouler diameter - 55mm, nner 5241
diamater **- 38mm

_5 Alurninum 184 TO=00 150 Thiough hole: outer dameter™- 55mm, innes TE:1
diameter **- 31mm

8 Alurminum 19.4 5585 100 Thiough hole.  outer diameter™- mm,  inner B9+1
diameter **- 13mm

7 Alurninum %9 85-95 50 Crater. diameter - 55,5 mm, depth - 12mm 145

B Alurminam 389 85-100 70 Through hole: ouler diameter- S55mm, inner 4811
diarrabir **- 25mim

E Aluminum ETY 85-95 80 Crater. diameter ~- 48 mm, depth - 12.5mm 195

10 | Steel 360 115-165 150 Through hole:  outer diameter—- 54mm, inner 12621
diameter **- Bmm

1 | Steel 369 100-135 130 Crater- diameter ~- 51 mm, depth - 12.5 mm 200

12 | Steel 369 90-145 170 Through hole: outer diameter—- S8mm, inner 12641
diameter **- 10mm

£l



2.1.Shot# 1

11

keds
Fig.2 4. Shot # 1 (l.w=18.5 kA, 1=170ms, steel)
Arc current oscillogram: 1 is arc current, 2 is sinchrosignal
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Fig 2.5 Shot # 1 (1..=18.5 kA, 1=170ms, steel).
Arc voltage oscillogram: 1 is arc curment, 3 is arc voltage

Fig.2 6. Shol # 1 (1,=18.5 kA, t1=170ms, steel)
Results of lemperalure measurement of the inner cylinder wall: trace 1 is sinchrosignal [pulse
onsel agrees wih the beginning of the synchrosignal in the arc curmen! oscillogram), trace2,

trace 3, raced, iraceS, trace are temperature records al the probe locations (pointed by black
cirches)

14
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Hicture

chot #1 (l..,=18 5 LA 1=170ms steel)
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2.2. Shot # 2

Fig.2.8. Shot # 2 (l.,=11.3 kA, 1=200ms, steel).
Arc current oscillogram: 1 is arc cumrent, 2 is sinchrosignal
_y— A -
'I'..'E = [ e

L]

Fig.2.9. Shot # 2 (l.,=13.3 kA, t=200ms, steel).
Resulls of temperature measurement of the inner cylinder wall: trace 1 is sinchrosignal (pulse

onsel agrees with the beginning of the synchrosignal in the arc current oscillogram); trace2, irace
3, traced, traceS, trace8 are lemperature records al the probe locations (pointed by black circles)
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Fig 2 10 Shol @ 2 (- ,.=11 3 kA 1=200ms sieel

Ficture of ihe cylimder regaon atlected By (e ar
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2.3.Shot# 1

Fig.2.11. Shol # 3 (l=389 kA (=200ms, sieel)
At cumend oscilllogram: 1 S afc curmenl, 2 & Sinchioasginal

Fig.2.12. Shol @ 3 (|.=36 9 kA =200ms, steal)
Picture of the cylinder region affecteq by the arc



2.4.Shot# 4

Fig 2 13 Shot i 4 [lo=10.4 kA (=200ms, aluminurm alloy)

Are current oscillogram 1 5 arc curmend, 2 8 sinchrosignal

Ffig.2 14 Shot # 4 {l..=10.4 KA, (=200ms, aluminum alloy)
Picture of the cylinder region affecied by ihe arc

18
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Fig.2.15 Shot# 4 ([lae=19.4 k&, 1=200ms, aluminum alloy)
Motion picture record of the cyfinder burning though process. Frame frequency is 2500 frames/s. The

frame column | shows the beginning of the arc effect on the cylinder. Position 1 denotes the glow appeared at the
tirme of the arc ignition. Frame calumns Il and |1l show the process of hole formation and growth in the process of
wc effect Glow appearance (dencted by 2) results from hole formation in the cylinder hole. Time interval from the
neginning of arc glow 1o hole formation is 5241 ms.



2.5.Shot#5
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Fig. 2.16. Shot # 5 (l.e=19.4 KA, =150ms, aluminum alloy).
Are current oscillogram: 1 is arc current, 2 is sinchrosignal
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Fig. 2.17. Shot # 5 (l.e=19.4 kA, t=150ms, aluminum alloy).
Arc voltage oscillogram: 1 is arc curment, 3 is arc voltage
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Fig. 2.18. Shol # 5 [1=19.4 kA, 1=150ms, aluminum alloy).
Piciure of ihe cylinder region affected by the ac

22



Fig 2 19 Shot® 5 ([lee=19.4 kA, t=150ms, aluminum alloy)
Mobon peciu

re record of the cylinder buming though process Frame frequency s 2500 frames's The

frame column | shows the beginning of the arc effect on the cylinder. Position 1 denotes the giow appeared al ihe
time of the arc ignitton. Frame columns || and Iil show the process of hole formaton and growth i the process of
Are

gffect Glow appoarance (denoted by 2) results from hole formation in the cylinder hole. Time interval from the
begnning of arc glow 1o hole formation is 78 £ 1 ms
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2.6.Shot# 6

20 b
H—’il o

Fig.2.20. Shot # 8 (lae=18.4 kA, t=100ms, aluminum alloy).
Arc current oscillogram: 1 is arc current, 2 is sinchrosignal

1ll.||1||.||.|q||||-|,”||”||-.uut--lll-l'!'ulllllllllﬁllltllllHllllllll
Ty

Fig.2.21. Shot # 6 (lee=19.4 kA, =100ms, aluminum alloy)
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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Fig.2.23. Shol # B [[lag=10.4 kA, =100ms, aluminum alloy)

Mobtion picture record of the cylinder bumning though process. Frame frequency s 2500 frames's. The
frame column | shows the baginning of the arc affect on the cylinder. Position 1 denoles the glow appeared at the
tirme of the arc ignition. Frame columns | and Il show the process of hoke formation and growth in the protass of
arc effect. Glow appearance (dencied by 2) results from hole formation in the cylndar hobe. Time inlenval from the

beginning of arc glow to hole formation ks B8 £ 1 ms



2.T.Shot# 7T
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Fig 224 Shot # 7 (L.u=36.9 kA, t=50ms, aluminum alloy).
Arc current oscillogram: 1 is arc curment, 2 is sinchrosignal

IR R RN RN RN AR IR

Fig.2.25. Shot # 7 (L.o=38,9 kA, t=50ms, aluminum alloy).
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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Fig.2.26. Shotl # 7 (1.,,=36.9 kA, 1=50ms, aluminum alloy).
MﬁwmﬂHMHﬁWnﬂ;m1ﬂwmmwﬂh
the beginning of the synchrosignal in the arc cument oscillogram); trace?, trace 3, traced, iraceS, traceB are
temperature records al the probe locations (pointed by black circles)
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2.8.Shot# 8

Fig.2.28. Shot # B (l.e,=36,9 kA, t=TOms, aluminum alioy)
Arc current oscillogram: 1 s arc current, 2 is sinchrosignal

I'|l|li1l'|'|'|'I*I'I'l'I'l'l.'1'.'|'|l:4|utql|| I T T T T T T T R

2m5S

Fig. 2.20. Shot # 8 (l.e=38.9 kA, t=TOms, aluminum alloy)
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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Fug. 2 30 Shotl @ 8 (|-.=236 9 kA, 1=70mms, aluimemem alloy)

Picture of the Cylinder reqian alfecied by (he anc






2.9. Shot#9

4 Eﬂh""
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Fig.2.32. Shot # 0 (le=36.9 kA, t=80ms, aluminum alioy).
Arc current oscillogram: 1 is arc curment, 2 is sinchrosignal
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Fig. 2.33. Shot # B (=368 kA, t=60ms, aluminum alloy).
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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2.10. Shot # 10
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Fig. 2.36. Shot # 10 (lw=36.9 kA, t=150ms, M}-
Arc current oscillogram: 1 is arc curment, 2 is sinchrosignal

IR SIS RN R R RN RN ||Iq. PRR bR kb F RSP
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Fig. 2.37. Shot # 10 (law=36.9 kA, t=150ms, stesl)).
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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Fig. 2.39. Shot # 10 (=36 9kA, [ =150 ms, steel))

Motion picture record of the cylinder burning though process. Frame frequency is 1000 frames/s. The
frame column | shows the cylinder before shol. The frame column |l shows the beginning of the arc effect on the
cylnder. Position 1 denotes the glow appeared at the time of the arc ignition. Frame column Il show the process of
hole formation and growth in the process of arc effect. Glow appearance (denoted by 2) results from hole formation
in the cylinder hole. Time interval from the beginning of arc glow to hole formation is 126 & 1 ms



2.11. Shot # 11

Fig. 2.40. Shot # 11 (le=36.9 KA, =130ms, steed).
Arc curment oscillogram: 1 i3 arc curment, 2 is sinchrosignal

PRt qaane & AN R R R IR RARENER AR ba bbb kbt

Fmi
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Fig. 2.41. Shot # 10 (lae=36.9 kA, t=150ms, steel).
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage
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Fig. 242 Shol # 11 (l=38.9 kA, 1=130ms. steel)
Results of temperaiure measuremant of the inner cylinder wall race 1 ia Sinchrosignal (pulse onsel agrees wilh
the beginning of the synchrosignal n the arc curment oscillogram). trace2, trace 3, raced, traces, tracel are
lemperalure records at the probe locations (pointed by biack circles)

Fig 2.43. Shot # 11 (1,,,=38.9 kA, t=130ms, steel)
Picture of the cylinder region affected by the amc
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212. Shot#12

|..|:| 2 | -Tqr-l

p A\

.“I 1

13

Fig. 2.44. Shot # 12 (L.=36.9 kA, t=170ms, steel).
Arc current oscillogram: 1 is arc current, 2 is sinchrosignal
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Fig. 2.45. Shot # 12 (lee=36.9 kA, t=170ms, steel).
Arc voltage oscillogram: 1 is arc current, 3 is arc voltage



Fig. 2 48 Shot # 12 {1-=35.9 KA, 1=170ms, sloel)
Picture of the cylinder region affected by the arc



42

Fig. 2.47. Shot # 12 (l,=36.9 kA, (=170ms, sieel)

Motion picture record of the cylinder burning though process. Frame frequency is 1000 frames/s. The
frame column | shows the cylinder before shot. The frame column || shows the beginning of the arc efiect on the
cylinder. Position 1 denotes the glow appeared at the time of the arc ignition. Frame column Iil show the process of
hole formation and growth in the process of arc effect. Glow appearance (denoted by 2) results from hole formation

in the cylinder hole. Time interval from the beginning of arc glow 1o hole formation is 125 + 1 ms
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CHAPTER 3

Calculated estimation of electric arc thermal effect
on metal shells

3.1. Theoretical model

3.1.1. To perform calculated estimation of electric arc thermal effect on metal shells,
the initial problem geometry presented i Fig 3.1, can be
reduced to axissymmeincal (see Fig. 3.2), if to ignore the
cylinder lateral surface curvature. It is quite permissible

h << R, Jk t, << R,
=

Fig. 21 where k.p.c are cylinder matenal heat conductivity, density
and heat capacity, respectively, tis cument duration

since 1/

In axisissymmetrical schematic of Fig. 3.2 only one way of heal delivery stands oul i e,
source q, resulted by the heat flux from the arc channel zone. Volumetric heat sources may be
f_,anuhu neglected as is shown in [2/

¥ Assume the following hypothesis about the nature

of heat flux density distribution q over the radius wathin the
electric arc channel zone (see Fig 3.3) 3/

qir « |0, {t)]) = q, = const (3.1)

qir) = gq_expl ' ol r:f] (3.2)

The heat flux density within the center of the heat

flux q_ and its concentration coefficient { are determined

rotation axks —!
i

from the conditions of heat flux equality (3.1) and (3.2)

g 1'_| ]‘dﬂjdr raaexp{-G'r' [ 15) = 254, (3.3)
\ R
s ;
La
e |l|:r — 118 9. =5'q,
Fig. 33 Usually /3 4/ take ('=2, i.e
Q. =24, (34)

According to the theory /5/ and experimental data /1,3 4/ the radius of the electnc arc

e e N I T T C A T R T
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() = k,,ﬂm}l . k, = const (3.5)
It should be mentioned that q, and k depend on the shell material and polarity of the
current flowing along the arc channel. -

3.1.2. At currents characteristic for short closure (amplitude >10kA) almost the entire
melted metal formed under the effect of the arc is removed as a result of sputtering affected by
electric dynamic forces /1/.

For numerical calculations of one-D temperature distribution within a metal shell over
the axis of the heat flux (see Fig. 3.2) it is possible to use a mathematical model developed in
2.

;{: + l&{T—TJ]% = %(kg, z,szsh
T{I,l = ﬂ} = T_

ar
1—lE=q, z=1z,[t)

“th"{T"Tu}m z=h

2tk Tlz,@0) =T,

E.[I:D}=D
In the system (3.6) X is shell material fusion heat (phase transition), T, is fusion
temperature, T, is the temperature at which the melted metal is thrown out (T,=T,), pis a

(3.6)

heat exchange coefficient between the internal shell and air, z; is the current coordinate of the
interface «arc plasma-shell» over the arc axis.

The first equation within the system (3.6) represents heat conductivity non-linear
equation combined with the equation of interface motion /6,7/. The second ratio gives the initial,
the third and the forth give boundary conditions. Two last ratios (3.6) give non-explicitly the
equation of interface motion «arc plasma-shell».

In a finite-differential analogue (3.6) ejection of the melt is implemented by removal of
point from a calculation grid in which T=T, .

3.1.3 To resolve (3.6) the method of finite differences can be used.

Before building finite-difference analogue, let us make some simplifications. First of all,
we shall ignore air heat exchange (u=0).

Note: Calculations based on analytical methods, developed in /2/, show that the
effect of heat exchange on the temperature distribution picture 15 insignificant at any times,
if they are not significantly higher than the time of heat effect.

Second, we shall introduce new designations and change variables:
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¢+ W(T-T)=¢
{iT2U=T-T,

U - u(U) = [pEdU

With these designations the system (3.6) relatively function v looks the following way

v o o k
3 w0 -
vzt =0)=0
)P =a z=2,0)
 a (3.7)
E:ﬂ,, z=h
‘[h-
20F oz(00) = v, = [pdU
z,(t=0)=0

3.1.4. We shall assume that 1 is a step in time, d is a grid step, in this case absolutely
stable finite-difference scheme for (3.7) is

Lo Haplusd g ghizdul

'.':"L = f:.l-i- N1 = ﬂ: lnhr} - o’iﬁ[}'l l:H' a(rl}}

[ﬂ = “]:Iﬂ-

- (3.8)
Yo =Y¥yat -E%j

FH " yH 1
) Y €0
g

¥ =0y

y] in (3.8) is a finite-difference analogue of the function u in the spatial point i across a time
layer t,, N is a number of grid points covering the range [0,h].
For (3.8.) solution we shall use the method of the right run.
if to introduce parameter y = v/ d’ and deduce finite-difference analogues of heat
conductivity and boundary condition equations to the canonical form:
Ay —Cy +By,,=-F, i=i,+ LN-1
Yi, = Xa¥ia ¥ B Yx = La¥na + B
it is easy to build the calculation scheme:



=0 h'll'}:'l- =0
ji>1
Ac=n(y') € =1+vfa(y) +a,,(y")k B =y, (y"') F =y -

; ol

=1 pu=0
== B

- —l . fam i = 39
1“"'_!'.',—1:1,&,'] 1, F1I,N-1 (3.9)
i< Af+F .
ﬂi|=E£;'ﬁl:+l I.""I N-1
5 < P2t Xy

[e=1

:'l-"l " umirm "‘ﬂ'mv i=N- 1.1,
; Yi, =%
iyt

5‘11,4 < Uy

3.2. Calculation data on temperature distribution within the shell of alloy B93

3.2.1.In calculations of temperature distribution within the shell of the alloy BS3 having
the thickness h=12.7mm we used A and q,(as an average according to the arc current period)
known for aluminum /3 8/

A=393488 J/kg: q, = 1.95-10°W / m?.

Alioys do not have definite fusion temperature, fusion is characterized by the
temperature of fusion beginning (solidus) and fusion end (liquidus). The data on alloy B93 are
missing in literature, thus, we used in calculations the data for the alloy B35 ( close to B93 in
tarms of composition) /8/:

T, < [477,638] C

Various references /9,10,11,12,13/ give different data on temperature dependence of
heat conductivity, heat capacity and density of alloy BS3, thus in calculations we used the
averaged data for k(T) and c(T) (see Table 3.1), density p was calculated by the formulae

p(T.)

i ]+HT—T_]‘

where a = 26.8-10°C™" /9/, and p, = 2.84.10°kg / m’.




Table 3.1

T.C

J

s24888sus

163
167
172
167
163

kg-C
195
BT9
963
1047
1130

178
2.76
273
2.1
2.69

47

3.2.2.Below Table 3.2 presents the data on the meiting time for the shell of alloy BS3
(t,), performed at different conditions. Calculations were performed at t=0.025ms, d=0.1mm.

Time t, was determined from the condition T(z=h,t, =T,. The time of the heat source acting

was not limited.
Table 3.2
e W [TLC[TC[ t» hypothesis sbout af0)
kg m*
J93488 8 480 480 0.1543
1.95 - 10 qlr=q,
34ER 3.90 - lﬂl 480 480 0.0776 q(r) = Iqet'w"f':
B ETAFERE- wra.
3.00- 10° ' qlr) = 2q,¢ /"

It is seen from the Table 3.2 that the results of one-dimensional calculations

significantly depend on the hypothesis about the density distribution nature of the heat flux
along the radius within the arc zone (see (3.1) and (3.2)). Apparently, this is the result of the
fact that if the current is =10kA the entire melted mass affected by electric dynamic forces
practically instantly is removed from the arc channel zone. Melting process becomes quicker,
thus two times difference in the heat flux density along the arc channel results in the same
difference in melting time. In this connection the works /3/ and /4/ should be noted, which
qualify that at low currents calculations using hypothesis about uniform and gaussian flux q
distribution provide difference in melting time about 10-20%.

The next important result which can be concluded from comparison of Table 3.2 and the
experimental data (section 2) is the following: the use in heat calculations phase transition heat
(1) for alloys is unreasonable.



4H
a) heat calculations for alloys are necessary 10 be performed at the zero heat of the

phase transition;

b) when choosing the heat flux density across the axis of the arc chanpel zone for one-
D calculations il is necessary lo take the doubled average flux q, (corresponding to the
Gaussian distribution g(r) = 2q.¢ ™ '~ at r=0),

3.2.3. Below the pictures 3.4-3.7 show the plots of temperature distnbution, obtained at
variations of 1 (time of heat flux action),

Al the calculations have been performed in accordance with p.3.2.2.1. at 3=0 and
q=2q, =39-10'W /m’.

Fig. 34 presents temperature dynamics at the inner side of the shell (T(z=h,t))
depending on time.

It should be noted that 1,=0.0584s cormesponds to the shell melting time, when the heat
source act on a continuous basis, the other 1_=0.04672s and t_=0.03504s are decreased by

20% and 40 %, respectively from the value 1 =0.0584s.
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Fig. 3.4

Fig. 3.5, 3.6, 3.7 show temperature distributions over the shell cross section at vanous
times for three cases: for 1 =0.0584s, 1 =004672s and 1 =0.03504s, respectively
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Fig. 3.7

3.3. Calculation data on temperature distribution within the steel shell 12X18H10T

331 In the calculations on temperature distribution within the steel shell 12X18H10T
having the thickness h=12.7mm we used q; (as an average over arc current period) for steel
St-373/

q, =L7-10'W / m’

In accordance to the references the melt ending temperature (liquidus) of the steel
12X18H10T is 1400C /8.14/

Temperature dependencies of heat physical characteristics for the steel 12X18H10T
are known only for heat conductivity, that is why heat capacity and density within the range
[T...T,] were set as constant (see Table 3.3)

Table 3.3

T,.C w ] s ke

*mc | “kgc | PV w
0 = 302 32 805

26 8% 15.1 - "

326 85 198 - -

626 85 26.6 - -

82685 13 - -
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332 Below Table 3.4 shows the data on the melting time for the shell of steel

12X18H10T (t,), performed under various conditions; calculations were made at 1=0.025s,

d=0.1mm. The time t, was determined from the condition T(z=h,1,)=T, =1400C. Heat flux
effect time was not imited.

Table 3.4
. 1 » W TP,C Ty.C Lp.s hypothesis about g(r)
ke "m’
0 P 1400 1400 0.4199 preery
1.7 1
0 1400 1400 0.2105 )
34 10° alr) = 2q.e "

3.3.3 Below Fig. 3.8-3.10 show the plots of temperature distribution, obtained when
varying 1, (heat flux effect time). All the calculations were performed at A=0 and
q=2q, =34-10"W / m’.

Fig. 3.8 shows temperature dynamics across the inner shell side (T(z=t,h)) depending
on time. The time t,=0.2105s corresponds to the time of shell melting at the continuous heat
source effect, 1,=0.1684s is time decreased by 20% from 1,=0.2105s.
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Fig. 3.8
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Fig. 3.9 and 3.10 show temperature distribution over the shell section at different times

for the case t_=0.2105s and 1t =0.1684s, respectively.
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CHAPTER 4

Data discussion

4.1. Experiments

The experiments prove that the localized arc of the shorted current in the supply line
can be very destructive.

When the amplitude current value is 1 =37kA, the time of through hole formation in

the cylinder made of aluminum alloy having a wall thickness of =13mm is =50ms, in the steel
cylinder of the same thickness it is =130ms. The experiments confirm the hypothesis expressed
in 115/ that the hole formation time does not has a strong dependence on the current amplitude.
At currents of 1 __ =37kA and | __ =19kA approximalely the same minimum times of hole

formation in the aluminum cylinder were measured However, it should be noted that at a
current of 1__ =19kA in some experiments we measured the hole formation time significantly

higher ( In the shots #5 and #5 times were of =80 and =50ms, respectively).

Arc voltage in the experiments is 100V and less for aluminum cylinders and 165V and
less for steel. This indicates that a high current arc may bumn in the distributing mains of low
voltage. We also measured that the arc voltage gradually increases in the process of aclion.
This fact can be explained by gap increase between the electrode and the shell as a result of
erosion from the arc.

Temperature measurements of the inner cylinder surface show that if a through hole is
not formed, the temperature of inner walls remain low. The experiments did not measure the
temperature higher than 200C,

4.2. Theoretical models
The report presented some estimates on the theoretical model, proposed and justified
in [2{. Calculations showed that in the model when using the hypothesis on heat flux

distribution according to the formulae glr) = 2q,¢ /% the calculated and experimental data
have a good agreement. The calculated time of burning through the aluminum cylinder is
=58ms, the experimental result is 48ms. The calculated time in case of steel cylinder is 210ms,
the experimental time is from 130ms to 140ms. Taking into account that thermal properties of
cylinder materials as well as the heat fluxes from arc zone are known roughly (primanly it
concemns steel cylinders), the agreement should be interpreted as satisfactory.
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