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ABSTRACT

An experimental program was carried out to (1) develop empirical
data on the deflagration-to-detonatior run-up distance for flowing
mixtures of gasoline and air in 15.2-cu- (6.0-in.-) diameter piping
simulating a vapor recovery system, and (2) evaluate the quenching
capability of eight selected flame control devices subjected to repeated
stable detonations.

The deflagration~to-detonation run-up distance was found to be 11.2 m
(36.7 ft), or a length~to-diameter ratio of 7T4. The relative roughness
of the run-up length of piping was 0.010 to 0.015. The stable detonation
downstream of the transition point had a velocity of 1800 m/s (5906 ft/s)
with a stable peak pressure of 1900 KN/m2 (275 psia). There appeared
to be no discernable correlation between the initial flow velocity
used in testing and the resulting run-up distance. Detonations were
obtained only at equivalence ratios greater than 0.8; however, there
was no correlation between equivalence ratio and run-up distance for
equivalence ratios ranging from 0.9 to 1.4,

The successful detonation-flame arresters were: (1) spiral-wound,
crimped aluminum ribbon, (2) foamed nickel-chrome metal, (3) vertically
packed bed of aluminum Ballast rings, and (4) water-trap or hydraulic
back-pressure valve. Installation configurations for two of the more
applicable arresters, the spiral-wound, crimped stainless-steel ribbon
and the vertically packed bed of aluminum Ballast rings, were further
optimized by a series of parametric tests. The final configuration of
these two arresters were demonstrated with repeated detonation tests
at conditions that simulated vapor recovery system operation. On these
tests, the combustible mixture of gasoline and air continued to flow
through the piping for periods up to 120 seconds after the initial
detonation had been arrested. There was no indication of continuous
burning or reignition occuring on either side of the test arresters.
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SECTION I
SUMMARY

An experimental program was conducted to gather empirical data on
the detonation of combustible mixtures of gasoline and air flowing in a
15.2-cm~ (6.0-in.-) diameter simulated vapor recovery piping system, and
to evaluate flame control devices capable of arresting the detonation.
A special test facility had to be assembled in a suitable location to
conduct these potentially hazardous experiments. Facility check-out tests
were performed to develop reliable methods of generating stable detonations
and to verify the operation of dynamic instrumentation used to measure flame
velocities and peak-pressiure pulses. A series of calibration tests, using
both propane/air mixtures and gasoline/air mixtures, were made to determine
the run-up distance to detonation, the flame velocity and peak-pressure
pulse in both the transition and stable stages of detonation, and the pres-
sure buildup resulting from reflected detonation shock waves. These tests
were then followed by the experimental evaluation of eight selected flame
arrester test assemblies to demonstrate their operating characteristics;
these characteristics included pressure drop, flame quenching capability,
and structural durability before and after repeated exposures to stable
detonations. Two of the more successful flame arrester configurations
were further evaluated with a series of parametric tests designed to reduce
the level of the peak-pressure pulse passing through the device after
the detonation had been arreste., and to optimize the overall size of the
arrester configuration. A final series of tests were made to demonstrate
the ability of these optimized configurations to arrest a detonation in
simulated vapor recovery system piping under the condition where the
combustible mixture of gasoline and air continued to flow through the
system for periods up to 120 seconds after the initial deflagration-
to-detonation transition had occurred.

The facility check-out tests using propane and air mixtures revealed
that flame acceleration up to detonation transition could not be achieved
in the smooth-bored shock-tube piping at the maximum available run-up dis-
tance of 31.5 m (103.5 ft). However, stable detonations were obtained
after expanded metal tube liners were inserted into several lengths of run-
up piping to create turbulence in the combustion process. Flame propagating
velocities were determined using photomultiplier tube optical flame sen-
sors. Peak-pressure pulse levels in the detonation wave were measured
using quartz niezoelectric transducers. All dynamic data were recorded
on FM tapes and analyzed using playbacks on oscillograph recorders at an
expanded time base.

Calibration tests with both propane/air and gasoline/air mixtures
determined that 13.7 m (45 ft) of turbulence-inducing liners were required
to produce repeatable stable detonations in the combustion process. Ad-
ditional calibration tests, using gasoline and air mixtures in a modified
test configuration that included flame sensing instrumentation in the lined
sections, showed that the run-up distance to detonation was 11.2 m (36.7 ft),
or an L/D of 74 for the 15.2-cm- (6.0-in.-) diameter pipe 3ystem. These
results generally held true for equivalence ratios ranging from 0.9 to
1.4 and initial flow velocities from 0 to 6.1 m/s (0 to 20 ft/s). The
flame velocity in a stable detonation was measured at 1830 m/s (6000 ft/s),
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and the peak-pressure level at 1630 kN/m2 (235 psia). During the de-
flagration-to-detonation transition, flame velocities were measured up

to 2700 m/s (8858 ft/s), and peak pressures exceeded 4000 kN/m2 (580 psia).
The peak pressure measured in a reflected detonation wave 30 cm (12 in.)
from the reflecting surface was 3300 kN/m2 (479 psia), or about twice

the level in the approaching wave.

A series of air-flow-only calibration tests were made to measure
pressure drop through the lined and unlined piping. This pressure
loss was used to determine the internal wall Darcy friction factor
(f) and the relative roughness (€¢/D). For the lined piping, the friction
factor ranged from 0.040 to 0.047 and the relative roughness from 0.910
te 0.015. This relative roughness is approximately equivalent to that
of commercial riveted steel pipe. The unlined shock-tube piping had
a friction factor around 0.020 and a relative roughness less than 10‘6,
which is lower than any commercial smooth piping.

The flame control devices experimentally evaluated for arresting
detonations in simulated vapor recovery system piping consisted of two
arrangements of standard high-pressure pipe fittings with rupture-disc
assemblies, four commercially manufactured flame arresters or prototype
models, and two JPL-manufactured arrester assemblies. All of these de-
vices were subjected to a series of stable detonations resulting from the
ignitior of a flowing combustible mixture of gasoline and air. A standard
condition for each repeated test firing was established at an equivalence
ratio of 1.1 (air-to-gasoline weight ratio of 13.3), and an initial flow
velocity of 4.6 m/s (15 ft/s). Depending on ambient conditions, the
mixture temperature just before ignition ranged from 30 to 60°C (86 to
150°F) . Pressure level in the piping system was just slightly above
ambient, as determined by the arrester pressure drop. The results of
these test firings using an upstream ignition location are tabulated in
Table 1-1 and briefly summarized as follows:

(1) The pipe-tee and rupture-disc in-line test assembly sustained
four detonations. Both rupture discs were blown out, but
there was no physical damage. The detonation passed through
the device in every test with very little reduction in flame
velocity and peak pressure. Pre- and posttest pressure loss
average was 0.20 kN/m2 (0.029 psid).

(2) The pipe tee, rupture-disc not-in-line, and pipe-elbow test
assembly sustained four detonations. The rupture disc was
blown out in each test, but there was no physical damage. The
detonation passed through the device in every test with an

intermittent moderate loss of flame velocity and peak gressure.

Pre- and posttest pressure loss average was 0.214 kN/m
(0.031 psid).

(3) The Shand and Jurs spiral-wound, crimped aluminum ribbon
arrester test assembly sustained nine detonations without
serious damage. The detonation did not pass through the
arrester. Pre- and posttest pressure loss averaged 0.152
kN/m? (0.022 psid).
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(4) The Amal spiral-wound, crimped stainless-steel ribbon arrester
test assembly sustained four detonations without any visible
damage. The detonation was arrested in the first firing,
but passed through in the other three. Pre- and posttest
pressure loss averaged 0.428 kN/m? (0.062 psid).

(5) The Whessoe foamed metal arrester test assembly using the 80-
grade Retimet nickel-chrome alloy core element sustained three
detonations. The detonation was stopped for all three tests,
but the core element fractured during the last test. Pre-
and posttest pressure loss before failure averaged 0.2i1
kN/m¢ (0.035 psid). One additional test firing with a
45-grade Retimet nickel-chrome alloy core element failed
to stop the detonation.

(6) The water-trap arrester test assembly sustained six detona-
tions without damage, but did display a measurable loss in
water volume due primarily to evaporation. The detonation
did not pass through the arrester as long as it contained
water at or near the prescribed level. Pre- and posttest
pressure loss averaged 1.655 kN/m2 (0.240 psid).

(7 The vertical bed of the Ballast rings arrester test assembly
sustained five detonations with only minor distortion of the
rings caused by bed compacting. The detonation did not pass
through the arrester. Pre- and posttest pressure loss aver-
aged 0.048 kN/m? (0.007 psid).

(8) The Linde hydraulic back-pressure valve arrester test assembly
sustained ten detonations without damage, but like the water
trap, it did display a measurable loss in water volume due
primarily to evaporation. The detonation was stopped for six
test firings where the water level was at or near the prescribed
level and was stopped for one test firing where there was only
a small amount of water remaining in the arrester. The
detonation was not stopped for three test firings with
a dry arrester. Pre- and posttest pressure loss averaged
2.027 kN/m2 (0.294 psid).

Two of the arrester test assemblies were evaluated using a downstream
ignition configuration. The maximum initial flow velocity was limited to
1.5 m/s (5.0 ft/s) because of the difficulty in getting the flame to pro-
pagate back upstream against the flowing gasoline and air mixture. The
results of these test firings are tabulated in Table 1-1 and briefly summarized
as follows:

(1)  The Linde hydraulic back-pressure valve arrester test assembly
sustained six more detonations without damage. Some water was
lost due to evaporation, but an additional quantity was dis-
placed upstream by the force of the detonation wave. The
detonation was stopped for all six test firings. Pre- and
posttest pressure loss averaged 1.92 kN/m? (0.278 psid).
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(2) The water-trap arrester test assembly sustained five more
detonations without damage. The detonation was stopped for
every test firing. Some water was lost from the arrester
due to evaporation. However, no liquid appeared to be dis-
placed by the incoming detonation wave. Pre- and posttest
pressure loss average was 1.393 kN/m2 (0.202 psid).

The two arrester assemblies selected for parametric t-sting were (1)
the Shand and Jurs spiral-wound, crimped stainless-steel ribbon arrester
and (2) the vertical bed of aluminum Ballast rings arrester. The Shand
and Jurs arresters all had the same ribbon crimp height and same core
diameter, but three different core lengths. Both an indirect and a direct
"1let pipe configuration with rupture-disc assembly were used. With the
lirect inlet installed, the rupture-disc pressure rating was increased in
four steps to a blanked-off condition. The vertical bed of rings arrester
was tested with four decreasing bed diameters, three decreasing bed lengths,
and three increasing sizes of aluminum Ballast rings. The inlet pipe
configuration was not varied, but the inlet rupture-disc pressure rating
was increased in four steps up to a blanked-off condition. All of the
parametric arrester configurations were subjected to a series of stable
detonations developed in a flowing mixture of gasoline and air at the
same standard test condition established for the preceding screening
tests. The results of the parametric testing are tabulated in Tables
1-2 and 1-3, and briefly summarized as follows:

(1 The 15.2~-cm- (6-in.-) long stainless-steel Shand and Jurs
arrester configuration, with the indirect inlet piping and a
690-kN/m2 (100-psid) rupture disc, arrested four detonations.
On the fifth test, the detonation passed through the arrester.
Posttest inspection revealed a small separation in the crimped
ribbon winding. Pre- and posttest pressure loss averaged
0.151 kN/m2 (0.022 psid). Downstream pressure pulse measure-
ments averaged 344 kN/m2 (49.9 psia).

(2) The 20.3-cm-(8-in.-) long stainless-steel Shand and Jurs arrester
configuration, with the indirect inlet piping and a 690-kN/m2
(100-psid) rupture disc, arrested six detonations. Pre- and
posttest pressure loss averaged 0.152 kN/m2 (0.022 psid). Down-
stream pressure pulse measurements averaged 320 KN/m2 (46,4 psia),
or 7% lower than the 15.2-cm- (6-in.-) long core element.

(3) The 30.5-cm- (12-in.-) long stainless-steel Shand and Jurs arrester
configuration, with the indirect piping and a 690-kN/m2 (100-
psid) rupture disc, arrested six detonations. Pre-and posttest
pressure loss averaged 0.230 kN/m2 (0.033 psid). Downstream
pressure pulse measurements averaged 260 kN/m? (37.7 psia),
or 25% lower than the 15.2~cm-(6-in.-) long core element.

(4) The 20.3-cm-(8-in.-) long stainless~steel Shand and Jurs arrester
configuration, with the direct inlet piping and rupture
disc assembly, arrested six more detonations. During the
first three tests, the inlet rupture-disc pressure rating
was increased in steps through 690, 2068, and 4137 kN/m2
(100, 300, and 600 psid). On the last three tests, the

1-7
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(5)

(6)

(7)

rupture-disc assembly was blanked-off. This variation in
rupture-disc pressure rating made little difference in the
downstream pressure pulse measurements, which averaged 324
kN/m2 (47.0 psia), or about the same level as that obtained
with the indirect inlet piping. Pre- and posttest pressure
loss on these tests averaged 0.138 kN/m2 (0.020 psid).

Three vertical bed arrester configurations, with a full-size
bed diameter of 43.2 cm (17 in.), and decreasing bed depths of
63.5 cm (25 in.), 45.7 cm (18 in.), and 22.9 cm (9 in.) packed
with 2.54-cm- (1.0-in.-) size aluminum Ballast rings, were each
subjected to six stable detonations. The two longer bed
configurations arrested all six detonations. The shortest bed
configuration arrested four detonations, but then allowed two
to pass through. Posttest inspections of this arrester

showed some evidence of channeling through the compacted bed
of rings. Pre- and posttest averaged pressure loss dropped
slightly from 0.075 to 0.052 kN/m2 (0.011 to 0.007 psid) with
the decrease in bed depth. The averaged downstream pressure
pulse for an arrested detonation increased from 181 to 236
kN/m2 (26.3 to 34.2 psia) with the decrease in bed depth.

Two full-size vertical bed arresters having a 43.2-cm- (17-in.-=)
diameter by 63.5-cm- (25-in.-) depth bed, one packed with 3.81-
em- (1.5-~in.-) size aluminum Ballast riags and the other with
5.08-cm- (2.0 in.-) size aluminum Ballast rings, were tested.
The configuration with the 3.81-cm- (1.5-in.-) size rings
arrested two detonations and then allowed two to pass through.
The configuration with the 5.08-cm- (2.0-in.-) size rings
arrested only one detonation before allowing two to pass
through. Posttest inspection revealed considerable

distortion of these enlarged-size Ballast rings from the
detonation impacts. Pre- and posttest averaged pressure loss
decreased slightly with the enlarged ring sizes of 0.067 and
0.056 kN/m2 (0.010 and 0.008 psid). Averaged downstream
pressure pulse for an arrested detonation increased to 29C and
304 kN/m2 (42.1 and 44,1 psia).

Three vertical bed arrester configurations, with a full-size

bed depth of 63.5 cm (25 in.) and decreasing bed diameters of

33.7 em (13.3 in.), 30.5 cm (12 in.), and 25.4 cm (10 in.) packed
with 2.54-cm- (1.0-in.-) size aluminum Ballast rings, were each
subjected to six or more stable detonations. All three configura-
tions arrested the detonations. Posttest inspections showed

about 30% compaction of the beds due to distortion of the rings.
Pre- and posttest averaged pressure loss increased with each
succeeding smaller bed diameter. The 25.4-cm- (10-in.-) diameter
bed pressure loss was 0.278 kN/me (0. 040 psid), which is about
four times higher than the 0.075- kN/m2- (0.011- psid-) loss for

the full size 43.2~-cm- (17-in.-) diameter bed. The averaged
downstream pressure pulse decreased from 181 kN/m (26.3 psia)

for the full-diameter bed to 132 kN/m2 (19.1 psia) for the smallest
25.4-cm~ (10-in.~) ciameter bed.

i ¥ 3 ¢



(8) The 25.4-cm- (10-in.-) diameter vertical bed arrester packed
with 2.54-cm- (1.0=-in.-) size aluminum Ballast rings to a reduced
bed depth of 45.7 cm (18 in.) arr¢ ted six more detonations.
During the first three tests, the nlet piping rupture-dise
pressure rating was increased in steps through 690, 2068, and
4137 kN/m2 (100, 300, and 600 peid). On the last three tests,
the rupture-disc assembly was blanked-off. The averaged
downstream pressure pulse for the three test firings with
rupture disecs installed was around 141 kN/m2 (20.4 psia).

When the rupture-disc assembly was blanked-off, the averaged
downstream pressure pulse increased slightly to 164 kN/m2
(23.8 psia). Pre- and posttest averaged pressure loss
measurements increased from 0.162 kN/m2 (0.023 psid) after the
first detonation to 0.220 kN/m2 (0.032) after the s=ixth
detonation, due to a 28% compaction of the bed.

The two optimized detonation arrester configurations, developed from
the parametric tests, were further evaluated after test facility modifica-
tions were made to provide continuous combuscible mi:ture flow capability
and an extended exit section with 16.5 m (54 ft) of 15.2-cm- (6.0-in.-)
diameter pipe added to witness lingering flames or reignitions occuring
downstream of the test arrester. The vertical bed of Ballast rings arrester
configuration had a bed size 25.4 cm (10 in.) in diameter by 45.7 cm (18
in.) long packed with 2.54-cm- (i.0-in.-) size aluminum rings. An indirect
inlet configuration for this arrester consisted of a not-in-line pipe tee,

a blanked-off rupture-dis¢ assembly, and a pipe elbow. The Shand and Jurs
spiral-wound, crimped stainless-steel ribbon arrester configuration had

a core size 30.5 em (12 in.) in diameter by 20.3 cm (8 in.) long. A direct
inlet configuration for this arrester was an in-line pipe tee with a blanked-
off rupture-disc assembly. Both of these arresters were tested with a flow-
ing combustible mixture of gasoline and air at the standard test conditions.
The mixture continued to flow through the test piping for periods up to

120 seconds after the ignition and detonation had occurred. The results

of these tests are tabulated in Table 1-4 and briefly summarized as follows:

(1) The vertical bed of aluminum Ballast rings arrester test
assembly arrested eight detonations. The first two detonation
tests were followed by continuous mixture flow for a period
of 30 seconds. On each succeeding two-test series, the
flow periods were extended in steps through 60, 90, and
120 seconds. There was no indication of reignition or
lingering flames either upstream or downstream of the test
arrester on any of these firings. Pre- and posttest averaged
pressure loss was 0.031 kN/m2 (0.044 psid) and appeared
to increase slightly during testing due to compaction of
the bed of rings. The downstream pressure pulse averaged
14.6 kN/m2 (21.1 psia) and had an average velocity of 398
m/s (1304 ft/8) through the pipe extension section. There
was no evidence of increasing wave velocity or pressure
in the extension section.

{2) The Shand and Jurs spiral-wound, crimped stainless-steel
arrester test assembly arrested eight detonations. The first
two detonation tests were followed by continuous mixture flow
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for a period of 30 seconds. On each succeeding two-test series,
the flow periods were extended in steps ihrough 60, 90, and 120
seconds. There was no indication of reignition or lingering
flames either upstream or downstream of the test arrester on
any of these firings. Pre- and posttest averaged pressure loss
was 0.136 kN/m? (0.020 psid). The downstream pressure pulse
averaged 297 kN/m2 (43.1 psia) and had an average velocity of
555 m/s (1816 ft/s) through the pipe extension section. There
was an indication of decreasing w.-.ve velocity anc¢ pressure in
the extension section. Posttest inspection revealed no damage
or distortion to the arrester core assembly and only minor
distortion of the arrester retainer grid ring.

The following is a listing of source information for commercial
flame arrcsters and components used in this program.

(1)

(2)

(3)

(4)

(5)

Shand and Jurs, spiral-wound, crimped metal ribbon arresters;
G.P.E. Controls, 6511 Oakton Street, Morton Grove, Il'linois,
60053.

Amal,spiral-wound, crimped metal ribbon arrester; Au.al
Ltd., Birmingham, England.

Retimet foamed metal arresters; Whessoe Systems and Controls,
Ltd., Brinkburn @nad, Darlington, Co., Durh:m DL3 6DS, England.

Linde nydraulic back-pressure valve arrester; Union Carbide,
Linde Division, Gas Products Division, P. 0. Box 42, 239
0ld New Brunswick Road, Piscataway, New Jersey, 08854.

Ballast Rings; Glitseh, Inc., P. 0. Box 6227, Dallas, Texas,
75222.
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SECTION II
INTRODUCTION

The Clean Air Act of 1970 requires the Environmental Protection
Agency (EPA) to establish air quality standards for principal air pol-
lutants, and directed individual states to develop and implement plans
to meet these standards. Regulations requiring the recovery of vapors
emitted during the loading and unloading of gasoline and other volatile
] compounds from ships and barges have been considered, but their imple-
mentation has been repeatedly postponed because of the lack of information
and experience in safe handling of combustible fuel and air mixtures
in closed ducting.

The U.S. Coast Guard, under the Ports and Waterways Safety Act
(PL 92340), is resnonsible for keeping U.S. ports and vessels within
these por 3 safe from the inherent hazards of handling petroleum products.
¥hen U.S. cargo vessels and loading terminals are required to install
vapor recovery systems (VRS) to reduce the amcunt of hydrocarbons released
to the atmosphere, it will be imperative that the U.S. Coart Guard have
data and experience factors concerning the adequacy of flame control
devices used in the VRS installations.

Within certain limits of composition, combustible mixtures may burn
in either of two modes: deflagration {flame) or detonation (explosion).
Deflagration velocities are subsonic and the pressure change across
the combustion front is small. Detonation velccities are supersonic,
and a large step increase in pressure occurs across the combustion
front. Under certain circumstances, a deflagration may accelerate
and become a detoration. Flame propagation in a long tube filled with
a quiescent combustible gas mixture and closed at the end at which
onition occurs provides the classic example of flame acceleration
and the deflagration-to-detonation transition (DDT) (Reference 2-1).
Since the tube is closed, the burned gas is not in motion; the hydrodynamic
equations for flame propagation require the unburned gas to be in motion.
(Reference 2-2). A shock wave that precedes the flame front is the
means by which the unburned gas is set in motion. Not only does the
shock set the unburned gas in motion, it also heats it. Flame speeds
increase with increasing unburnt gas temperatures; hence the flame
front accelerates as it proceeds into the shock-heated gas. In turn
this strengthens the shock, and the rate of acceleration increases.
However, this process accounts for only part of the observed flame ac-
celeration. For the particular situation of flame propagation in a tube,
a boundary layer develops on the tube wall behind the shock. Marked
increases in flame propagation velocity occur when the boundary layer
becomes turbulent, and a transition from laminar to turbulent burning
occurs (Reference 2-3). As the preflame shock is further strengthened,
the shock becomes sufticiertly strong at some point to allow a transition
to detonation, Several intermediate specific events, either singly or
in combination, may immediately precede the actual development of deto-
nation (Reference 2-4)., Autoignitions (point explosions) in the shock-
heated gas may provide the final .petus. Successive sudden increases
in flame propagation produced by turbulence in the boundary layer of
the shovked, unburned gases may result in several successive shock waves;
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as these waves coalesce, the transition to detonation may occur. Transition
may also occur immediately behind the shock front, if it is of sufficient
strength.

Clearly, the deflagration-to~detonation transition is a complex phe-
nomenon and depends not only on the properties of the burned and unburned
gases, but also upon “he conditions at the boundary of the combustible
mixture. The distance required for development of detonation (the "run-up
distance®) is known to be shorter, e.g., in rough-walled tubes {Reference
2-5), since wall roughness will at first enhance nonuniformity of the bound-
ary layer, and eventually enhance the transition to turbulence. Tube
dimension effects are also to be expected, in that propagation times for
transverse shocks or combustion fronts will be longer for larger tubes.
Abundant evidence exists showing that the deflagration-to-detonation transi-
tion is not a one-dimensional phenomenon, but involves transverse compression
waves and combustion fronts in tubes (References 2-6 and 2-T7).

One other characteristic of this transition is the rapid pressure
increase, which is of importance in considering safety precautions under
conditions where detonations may develop. At the time of transition,
pressure pulses in excess of the steady detonation pressure are often
observed (References 2-4 and 2-8). Although these pulses are of very
short duration, the pressure may be three to four times the steady detonation
pressu»e. Neither the occurrence nor the magnitude of these pressure
pulses is predictable; hence prudence demands that personnel be adequately
shielded in the event the detonation tube shatters. These intense pressure
pulses are related to another well-known detonation phenomenon, that
of spinning detonation (Refereuces 2-9 and 2-10). Spinning detonation
is a near-limit mode of detonation propagation. It is characterized by
a rotating triple-shock intersection that propagates axially. Combustion
occurs behind the triple-shock interaction, creating a localized region
of high temperatures and pressures. Multiple fronts are also observed.
Helical damage patterns in the DDT region are due to spinning fronts.

Such fronts, in mixtures well inside the detonation limits, are unstable
and do transform to stable planar detonation fronts as the transition
process is completed (Reference 2-11).

In evaluating hazards, a number of factors need to be considered.
Among these are the pressure developed behind a detonation wave in the
combustible mixture in question, the run-up distance for the transition,
and the quenching requirements. Othe~ factors of importance that will not
be dealt with here are actual mixture compositions and sources of ignition.
The particular application of interest in this work is the lengthy, large-
diameter piping required for vapor recovery systems at marine terminals.
Hydrocarbon/air mixtures will be present in this piping. Maximum deto-
nation velocities and maximum detonation pressures in such mixtures occur
at equivalence ratios of about 1.1. Maximum pressure ratios across the
wave for hydrocarbon/air mixtures are about 20, corresponding to an impulse
pressure of about 2070 kN/m2 (300 psia). If it is impractical to construct
the vapor recovery system of pipe sufficiently strong to contain a detonation
of maximum strength, the run-up distance becomes very important in that it
establishes the minimum spacing of flame arresters required to prevent the
development of detonation. If, on the other hand, the system can be con-
structed of piping that will contain the detonation, then the question
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of the need for detonatioa arresters becomes important. Detonation arresters
in the piping serve to prevent detonation from propagating into the large
volumes (shipboard and dockside storage tanks) associated with the vapor
recovery apparatus.

A review of literaturc on the deflagration-to-detonation transition
was concerned with rationalizing (if possible) the available information
on run-up distances, with a view toward developing correlations of run-up
distances with pipe geometry and combustion characteristics, and with
predicting detonation and reflected detonation pressures. The information
developed was utilized in the design of the test apparatus and in the
analysis of the resulis.

Many workers have studied the acceleration of flames and the trans-
formation of a flame to a detonation wave (Reference 2-12). Emphasis
has been on the details of the transition, rather than on measurements
of run-up distance as such. In recent years, elegant laser methods of
elucidating the sequence of events in the DDT have revealed, for H,/0,
mixtures, a rich and complex set of physiochemical intera:tions that
contribute to this striking phenomenon (Reference 2-U4). It must be observed,
however, that systematic studies of run-up distances per se are few.
Bollinger and coworkers have provided a consistent set of data for several
combustible mixtures in small diameter tubes (References 2-8 and 2-13).
These workers have repoirted data on Hy/05, CoHp/0,, CoHp/air, CHy/0p,
C0/0,, Hz/05/Np, Hp/0p/air, and Hp/05/C0> mixtures at initial pressures
of 1, 5, 10, and 25 atm. Correlations were developed for some of the
mixtures, relating run-up distance to properties of the combustible gas
and tube geometry. A function, K, was defined,

su Tc
K = Reb ;— T_ (2-1)
b b

where: Rep, is the Reynolds number based on unburned gas conditions, the
normal burning velocity, and the pipe diameter;

Sy 1is the burning velocity of the gas mixture;
ap 1is the speed of sound in the unburned gas;
To 1s the combustion (detonation) temperature; and

Tp 1is the unburned gas temperature,.

Detnnation induction distances were correlated with K for C0/0p and Hy/05
mixtures, but not for CHy/0, mixtures. Whereas all the data for Hy/0; and
C0/0, mixtures lay on a single correlating curve, that for CHy/0, mixture~
divided into two groups, depending on mixture ratio. Neither group of

CHy/0p data fell on the correlating curve for the Hy/0, and C0/0, mixtures.
The authors attempted to account for this as a manifestation of the increased
ion concentrations observed in hydrocarbon flames as compared with those in
Hy/0p or CO/0; flames. Unfortunately, their argument is not internally
self-consistent. They state: "It is suspected that certain ionized
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particles are created at the elevated temperature and pressure conditions
across the shock discontinuities. The ionization probes are triggered

by these ionized particles before the flame arrives..." They then discuss
the well-established large concentrations of ions in hydrocar.on/air

(or hydroearbonloz) flames in terms of ionization of carbon particles
formed in rich hydrocarbon flames. Not all the ionization in hydrocarbon
flames is properly attributable to ionization of carbon particles; but

it is inappropriate to discuss this subject, which is deserving of separate
treatment, in this report. The importart point is that the avthors argue
on the one hand that ionizing particles are formed behind the shock wave
and this flame front arrival, and on the other hand that the particles

are the products of flames. Now, it is well documented that precursor
ionization occurs in shock waves (Reference 2-14). However, this is
probably due to photoionization, the short-wavelength radiation originating
from the highly-ionized heated gas in the case of strong shocks (Reference
2-14), and from chemiluminescence in the case of flames in which CO is
oxidized (Reference 2-15). These precursors precede the shock wave.

While the arguments of Bollinger and coworkers (References 2-8
and 2-14) cannot be accepted, the possibility of precursor ionization
must be admitted. However, this ionization should be present in their
C0/0, cases, as well as the CHy/0, cases, and thus is not unique. It
must be noted that Bollinger, et al. (References 2-8 and 2-14), use Strauss
and Edse's (Reference 2-16) methane-burning velocity data, which show
that the burning velocity increases with increasing pressure. More recent
work shows that methane burning velocities decrease with increasing pressure
(Reference 2-i7). Unfortunately, the direction of correction produced
by this trend is to increase the difference between the CHy/0, data and
the Hy/0, and CO/0, data in the Bollinger, et al., correlation (References
2-8 and 2-14). A more likely explanation of the unique behavior of CHy
as a fuel in these DDT studies lies in its ignition kinetics, which differ
from those of C0/0, and of Hy/0,.

Yet another approach to predicting run-up distances has been taken
by Shchelkin and Troshin (Reference 2-18), who derive the expression:

012 d
c3 k3 (o3 - N2y

where: X1 is the run-up distance;
¢q is the speed of sound in the quiescent unburned gas;
d is the tube diameter;

C 1is a coefficient accounting for the enlargement of flame
surface by nonuniform flow in the tube behind the shock front;

K is the Karman number, the ratio of the mean velocity of

turbulent fluctuations, V', and the velocity of the disturbed
unburned gas, w (K = V'/w);
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o, is the ratio of the density of unburned and burned gas across
the detonation front (o3 = P4/P3), and

Uy is the burning velocity of the mixture.

Shchelkin and Troshin note that 0.6 £ KC (03 - 1) £ 2; which is to say

KC (o3 - 1) is of the order of 1, and further C is of the order of 2 or 3.
The model used in deriving this expression, however, is that of successive
shock waves forming during flame a¢celeration, and detonation occurring at
the point of coalescence. They admit the possibility that detonation may
occur after the point of coalescence. Experimentally. shock coalescence

is but one mechanism for the transition to detonation. They concede
(Reference 2-18) that the expressicr (2~2) is qualitative in nature and
they offer no experimental evidence supporting it. Since the model fits
but one of several modes of DDT, it is not surprisiug that it is cof _.uited
usefulness. In particular, no confidence may be plz2ced in run-up distances
coputed from expression (2-2) in attempts to estimate nazards in the
design of piping runs containing detonatable mixtures.

Holzapfel and Schoen (Reference 2-19) obtained a. experimental DDT
run-up distance of approximately 12 m (39.9 ft) for propane/air mixtures
at an equivalence ratio of 1.15 in a 15.0-c~ (5.9-in.-) diam stainless-
steel pipe closed off at the ignition end. The internal wall finish of
the pipe was stated to be of "cechnical grade roughness," but was not other-
wise characterized. It was also noted that shorter DDT run-up distances
were observed in a test configuration in which the flame was ignited in a
vessel connected Lo the inlet end of the pipe. Safety considerations based
on the knowledge of DDT run-up distances must take this effect in'o account.

Run-up distances, for propane/air and gasoline/air mixtures, were
estimated from expression (2-2) to be about 30.5 m (100 ft). [n fact, for
the Coast Guard work described herein, no detonations developed in the shock
tube filled with stoichiometric propane/air mixtures in 31.5 m (104 ft)
before the tube was modified. Originally, this shock tube had been designed
to provide a test gas volume of known properties. It has, therefore, been
carefully honed and polished to eliminate surface irregularities. To obtain
DDT within the available tube length of 31.5 m (104 ft), it was necessary to
insert tube liners of expanded metal, thereby increasing internal wall roughness.

Neither expression (2-1) nor (2-2) explicitly allows for wall roughness.
To be sure, expression (2-1) includes a Reynolds number; however, it is based
on tube diameter, This is clearly inappropriate for large tubes such as the
one employed in this work, or those for proposed vapor recovery systems.
A more appropriate characteristic length would be related to boundary layer
thickness behind th: accelerating shock wave, or related to average surface
profiles of the pipe interior wall. The importance of turbulence in flame
acceleration has long been recognized. However, the time-dependent flow of
DDT has resisted analysis, and is likely to do so for some time, in view of
the complexity of the problem. Until better theoretical models are available,
empirical correlations will be needed.

To provide the Coast Guard with needed information on the adequacy

of flame control devices that could be used in vapor recovery systems and
to develop empirical data on run-up distance to detonation for gasoline/air
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mixtures, a test facility for experimental evaluation had to be constructed
of full-scale hardware. The safety of operating personnel and adjacent
activities was of prime concern in selection of the test site Location and
of pressure rating the test components. To this end. preliminary calculations
of detonation pressures and of reflected detonation pressures were carried
out for three selected hydrocarbon/air mixtures. The Lewis C.E.C. 71 com-
puter program (Reference 2-20) was used in these computations. While
steady detonation pressures are directly computed by this program, which
uses stored thermodynamic data and composition data specified in the input
data, reflected detonation pressures are not automatically computed.

The velocity of the reflected shock wave was computed from the particle
velocity ahead of the reflected wave (equal to the particle velocity

behind the detonation wave) and the knowledge that behind the reflected
shock the particle velocity is zero (the gas is brought to rest by the
rigid wall) (Reference 2-21). Using the reflected shock velocity and
postdetonation gas properties as input data, the reflected shock wave
properties were computed using the "SHOCK"™ subroutine of the Lewis program.

The results of these calculations are shown in Figures 2-1, 2-2, and
2-3, which detail detonation wave velocities, pressures, and temperatures
for toluene, N-heptane, and propane mixed with air at several stoichiometries.
Reflected shock wave properties were computed for the same fuel/air mixtures
at one stoichiometry, & = 1.1. The detonation wave and reflected shock
wave properties are summarized in Table 2-1. The value of 1.1 was chosen
for the equivalence ratio because gasoline and air mixtures have maximum
flame speed at about @ = 1.1 (Reference 2-22), hence this was considered
the most hazardous condition. Qualitatively, the higher the flame speed,
the shorter the run-up distance, and although @ = 1.1 does not correspond
to the maximum detonation wave pressure, the differences between the deto-
nation pressures at # = 1.1 and the maximum value is not great and would
not compromise normal safety factors. A nominal working pressure of 4137
kN/m2 (600 psia) was chosen as a design working pressure for the piping and
component in the test assembly. A safety factor of somewhat less than four
would result if the full reflected shock pressure were realized. One notes,
however, that these pressures are for plane reflection from a rigid wall.
In the actual experiment, reflection from a flame arrester would never result
in the full pressure development due to flow through the arrester. Similarly,
reflection at a pipe bend would result in an expansion wave (soon developing
into a detonation) in the downstream leg of the bend, and again the full
reflected shock pressure on the bend wall would not be realized.

Since it is not possible to calculate peak pressures during the
transition, it was judged that the hazard could not be computed with
sufficient certainty to assure that the run-up pipe would remain intact at
the time of transition. The experimental hardware was therefore required
to be located at a well-protected test site where the fuel-and-air mixing
and firing could be conducted remotely.

The experimental program was performed at the Jet Propulsion
Laboratory's Edwards Test Station (ETS) where suitable safety protection
and support activities were available. A new facility that utilized
the piping, structural supports, components, and instrumentation from
the JPL-Pasadena shock-tute facility was installed on an existing test
site. A phctograph of this test facility is shown in Figure 2-4,
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Table 2-1. Detonation Wave and Reflected Shock Properties for

Hydrocarbon and Air Mixtures?

Detonation Wave

Reflected Shock

Wave Wave
Pres- Tempera- Velo- Pressure, Tempera- Velo-
Fuel sure, ture, K city, atm ture, K city,
atm m/s m/s
Toluene 19.0 2920 1805 51.2 3300 715
N-Heptane 19.2 2870 1817 51.3 3280 723
Propane 18.7 2860 1820 49.2 3260 726
8Initial Pressure: 1 atm
Initial Temperature: 298 K
Equivalence Ratio: 1.1
2-10
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SECTION III

TEST FACILITY DESCRIPTION

A. GENERAL

All testing was performed at the B-Stand facility of the Jet Propulsion
Laboratory's (JPL) Edwards Test Station (ETS). This is a remote site in
the Mojave desert leased from Edwards Air Force Base for hazardous testing.
B-Stand is one of five test installations in the liquid propulsion area
of the test station. Other adjacent areas include solid propulsion,
environmental simulation, solar thermal electrical power, and electrical
vehicle testing. Most areas are remotely controlled and monitored from
a barricaded building called the "blockhouse," which contains the control
consoles and a central data recording system. The blockhouse is connected
with the test stands by a series of underground walk-through tunnels con-
taining electrical power conduits, high-pressure gas lines, instrumentation,
and control cables. The B-Stand test area contains an air compressor system,
fuel system, fuel vaporizer and condenser loop, fuel and air induction
system, and the detonation test piping. The test facility flow system
schematic diagram is shown in Figure 3-1. Table 3-1 gives a description
of the symbols used in the diagram. A Firex system provides emergency
water deluge to the fuel system, vaporizer and condenser loop, and the
test section piping in the case of fire. A bank of lead-acid batteries
at the stand provides emergency back-up power for the 28-Vdc electrical
power in the control systems,

B. AIR COMPRESSOR SYSTEM

Air flow for testing was provided by a Spencer Model 80 x 10 SOH
multi-stage centrifugal turbine compressor, rated at 7.79 m3/min (275
icfm) at 38.6 kN/m? (5.6 psid), that is driven by a 7.46-kW (10-hp) electrical
motor. The compressor was provided with an irlet filter to assure clean
air and a 41.4-kN/m® (6-psid) pressure relief valve in the event of complete
system blockage. Air flow in the 10.2-cm- (4-in.-) diameter induction
piping system was controlled by the remote positioning of an air metering
valve and air by-pass valve. Valve position was controlled and monitored
in the blockhouse. Air flow was determined by measuring upstream total
pressure and differential pressure loss across a Meriam Laminar Flow
Element (LFE). The air was heated by compression up to 32°C (90°F) above
the ambient inlet temperature. The measured air temperature and flowmeter
pressures were used by the on-line data system to calculate air mass flow
for continuous display and digital data recording.

C. FUEL SYSTEM

Liquid fuel was supplied from a 0.049-m3 (13-gal) spherical aluminum
pressure vessel with a 6895-k¥/m2 (1000-psia) working pressure. It was pres-
surized for fuel expulsion by means of a remotcly-regulated gaseous nitrogen
supply, with remotely-operated valves to deliver and vent the pressurant.

3-1
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Table 3-1. Symbols and Description for Flow System Schematic *

Diagram

Symbol

Description

DG

x

FE<de 8@ oo O Ml 9o Bo¥e o X

-n
x

X

FxX

- - —

Manual Globe Valve

Electric solenoid operated valve
Electric mo.or operated valve
Electric motor operated ball valve
Air piston operated ball valve
One-way flouw check valve

Pressure relief safety valv:

Dome pressure regulator valve
Manual set pressure regulator valve

Electric motor operated pressure
Regulator valve (dome loader)

Pressure rupture-disc assembly

Pressure gage

Voltmeter transducer

Ammeter transducer

Temperature transducer

Pressure transducer

Flame sensor transducer !

Flowmeter transducer

-y
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The fuel tank valve, pressure relief valve, and rupture disc were all
manifolaed to a burn stack fired by natural gas. A gaseous nitrogen purge
kept the venting lines clear of fuel vapors. Liquid level in the fuel tank
was determined from a high-pressu‘e sight glass. Liquid fuel was delivered
through a 0.95 om-(0.375-in.-) diameter lire containing a manual isolation
valve, remote isolation valve, 10-micron filter, turbine flowmeter, and
remote metering valve for flow control. Valve positioning was controlled
and monitored in the blockhouse. Fuel temperature and pressure, and tur-
binemeter hertz were used by the data system to calculate fuel mass fiow
for continous display and digital data recording. The data system also
calculated and displayed air-to-fuel mass flow ratio and equivalenc~ ratio.

D. FUEL VAPORIZER AND CONDENSER LOOP

An electrical heater was used to vaporize the fuel before injection
into the flowing air stream. The vaporizeir consisted of a 10.2-cm- (4.0-
in.-) diameter by 36.6-cm- (14.4-in.-) long aluminum cylindar heated by
four 2.5-kW electrical resistance elements. Thirtee:n turns of fuel line
were coiled around the aluminum core and insulated with a Fiberfrax ceramic
fiber blanket. A sheet-metal housing provided weather protection. The
vaporizer heater power was controlled by motor-driven Powerstat Model No.
60 MB-1256-DT-2S with the input voltage and current monitored in the block~
house. 4 controller limit switch in the heater circuit, triggered by a
thermocouple measuring core temperature, was used to prevent overheating
of the vaporizer,

A fuel condenser loop was used to prevent the exhausting of vaporized
fuel into the atmosphere during pretest warm-up and systoem stebillzation.
In the "condenser" position, a remotely-overated thre«. s, tuel mixer valve
directed the vaporized fusl into a water-cooled hea. ..cue ger, where most
of the fuel was reliquified and collected in a storage tank (w1 later dis-

posal. The noncondensables were vented through the collector tank ard passed

along to the bura stack. With the three-way fuel mixer valve energized in
the "run" position, the vaporized fuel was directed to the fuel and air
induction system.

E. FUEL AND AIR INDUCTION SYSTEM

A 4.9-m (16-ft-) long induction system consisting of 10.2-cm-
(4-in.-) diameter standard weight pipe and fittings was used to assure
thorough mixing of the vaporized fuel and air in the detcnation run-up
piping. Fuel wes injected at the start of this pipe run through the
seven-tube manifold shown in Figure 3-2. Each tube discharged into an
equal portion of the cross-sectional flow area of the pipe. Initially
it was positioned to inject the fuel vapcr in the downstream direction,
but was later reversed to inject upstream against the flow of air to
improve the fuel-to-air distribution. A four-element Komax triple-action
motionless mixer was installed downstream of the injector for additional
turbulent mixing. This was followed by a 90-deg turn in flow through «
pipe tee containing a low-pressure rupture~disc assembly in one branch
and a one-way flow check valve in the other branch. A gas-sample collection
rake was located further downstream, just ahead of two additional pipe
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Figure 3-2. Vaporized Fuel Injector Manifold

tees containing low-pressure rupture-disc assemblies. The induction
system was terminated by a remotely-operated high-pressure isolation
v2lve at the inlet to the detonation test piping. A photograph of the
combined air, fuel, vaporizer, condenser, and induction systems is shown
in Figure 3-3

F. DETONATION TEST PIPING

Most cf the piping, structural supports, and components used in the
detonaticn test system were obtained from the JPL-Pasadena shock-tube
facility. The piping was made from heavy-walled stainless-steel tubes
that were bored, honeu, and polished to a 15.32-cm (6.03-in.) internal
diameter with a very smooth finish. Special extra-strong stainless-steel
flanges, with O-ring seals, were used to join the pipe section. These
flanges were drilled with an eight-bolt hole pattern that required an
adag cer plate tor mating with the twelve-bolt hecle pattern in the standard
extra-strong 15.2-cm- (6-in.-) diameter pipe rlanges used on the newly-
fabricated test couponents.

The upstream end of the detonation test piping began with a 15.2-cm-
(6-in.-) diameter extra-strong pipe tee mounted in a thrust support stand
bolted to a concrete foundation slab to absorb the axial force of the
detonation. The induction system piping was attached to the side branch
of the inlet tee and a high-pressure rupture-disc assembly was mounted
on the upstream branch. A flow straightener made from a spiral-wound,
crimped stainless-steel ribbon assembly i5.2 cm (6 in.) in diameter by 5.08
cm (2 in.) long, shown in Figure 3-4, was mounted on the downstream branch
of the tee at the inlet to the ignition section (No. 1 of Figure 3-1).
This flow straightener was later changed to a Shand and Jurs spiral-wound,
crimped aluminim ribbon flame arrester for the final phase of testing
performed under conditions of continuous mixture flow. All of the
detonation test piping mounted downstream of the thrust stand were
supported by a pair of overhead I-beams with trolley hangers and saddles
for easy servicing and flexibility in making various piping arrangements.
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The number of pipe sections used and their order of installation depended
on the specific test requirements. The total number of shock-tube piping
sections available was eleven, which provided a total assembly length of
31.5 m (103.5 ft). A brief description of the various shock-tube pipe
sections shown schematically in Figure 3-1, their normal function, and
instrumentation capabilities follow:

(1) Ignition section (No. 1): one piece 1.68 m (5.5 ft) long
containing the hydrogen-air-spark igniter, two flame sensors,
and one temperature sensor.

(2) Flame stabilization section (No. 2): one piece 3.05 m (10
ft.) long containing two flame sensors.

(3) Run-up sections (No. 3, No. 4, and No. 5): three pieces each
4.57 m (15 ft) long containing an expanded metal tube liner
to generate turbulence in the propagating flame. No
instrumentation ports were available in these sections.

(4) Verification sections (No. 6, No. 7, and No. 8): three
pieces: one 3.05 m (10 ft) long with two flame sensors and
two pressure sensors, one 1.52 m (5 ft) long with two flame
sensors and two pressure sensors added later in the program,
and one 1.83 m (6 ft) long with two flame sensors, two
pressure sensors, one temperature sensor, and one pres-
sure port for test section upstream differential pressure
measurement. .

(5) Test section (No. 9): one piece 3.05 m (10 ft} long with no
instrumentation. This section was replaced with the
experimental detonation arrester during evaluation tests.

(6) Witness section (No. 10): one piece 1.52 m (5 ft) long with
two flame sensors, two pressure sensors, one temperature
sensor, and one pressure port for the test section downstream
differential pressure measurement.

(7) Extension section (No. i1): one piece 2,13 m (7 ft) long
with no instrument ports, used to minimize the amount of
ambient light entering the witness section.

Two additional extension sections (No. 12 and No. 13), each 6.8 m (22.4 ft.)
long and made from standard weight 15.2-cm- (6-in.-) diameter pipe, were
added later for the final test phase.

The exit gas sample rake was normally installed between the flanges
of the witness section and the extension section. Individual fuel/air
mixture samples were collected for laboratory analysis at this location
or a continuous sample was fed directly into the on-site hydrocarbon
gas analyzer described in the next section of this report. 1In either
case, the sample line was closed-off by a remotely operated valve 10
seconds before the detonation test to protect the collection system
from possible high-pressure shock waves. For this same reason, the
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Figure 3-3. Combined Air, Fuel, Vaporizer, Condenser, and
Induction Systems on B-Stand

Figure 3-4, Spiral-Wound, Crimped Stainless-
Steel, Ribbon Air Flow Straightener
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highly sensitive pressure transducers used to measure the air-flow
pressure loss across the test section arrester before and after each
detonation test were also isolated by remotely operated valves.

G. HYDROGEN-AIR-SPARK IGNITER

The hydrogen-air-spark igniter installation shown in Figure 3-5
consisted of two insulated high-voltage electrodes, Auburn Model I-28,
extending into the center of the flowing stream from opposite sides of
the ignition section pipe. A spark gap of 0.24 cm (0.094 in.) was main-
tained between the two electrodes. Power for the spark igniter was obtained
from a Webster Model 312 high-voltage transformer having a 120-vac, 2.2-
A, 60-Hz primary and a 10,000-vac, 0.023-A secondary. Directly upstream
of the electrodes, a small injector head discharged a stoichiometric
mixture of hydrogen and air through the spark gap. The [low of hydrogen
and air could be be adjusted to suit the ignition energy required by the
fuel/air mixture flow conditions. The initiation of spark current and
the operation of the hydrogen and air solencid-operated valves were all
controlled simultaneously by a preset sequence timer to assure accurate
and repeatable ignition timing. The igniter "on-time" was normally set at
500 ms, but was later reduced to 180 ms during the final phase of testing.

Figure 3-5. Hydrogen-Air-Spark Igniter
Installation
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SECTION IV

INSTRUMENTATION AND CONTROLS

A. GENERAL DESCRIPTION

The potentially hazardous nature of detonation testing required that
all instrumentation and controls be remotely operated and monitored. Test
system parameters were measured at the test site using electrical transducers
with their signals conducted to the blockhouse for conditioning, recording,
and display. Location and identification of all the principle instrumenta-
tion parameters and controls are shown in Figure 3-1. Table 4-1 is a
listing of the nomenclature for instrumentation and calculated parameters.

Test system parameters were divided into two groups: (1) steady-
state (low-speed) data and (2) transient-state (high-speed) data. Steady-
state data includes all the measured and calculated parameters for the
air system, fuel system, fuel vaporizer and condenser loop, fuel and air
induction system, hydrocarbon gas analyzer, and the pre- and posttest
pressure loss measured across the test arrester. Transient-state data
includes the measured and calculated flame velocities and peak pressures
developed in the facility piping during the transition from deflagation
to detonation and the success or failure of the detonation flame arrester.
Steady-state data was recorded and calculated on the JPL-developed Integra-
ted Digital Acquisition and Controls System (IDAC). Transient-state data
was recorded on two high-frequency FM tape recorders and played back on
an o3cillograph at an expanded time scale. Flame velocities and peak
pressures were manually scaled and calculated from the oscillograph traces.

All critical control functions were either manually positioned on
the control console or automatically operated by the preset sequence timer.
These operations were selectively recorded using contact closures on IDAC,
FM tape, or a second high-speed oscillograph. This latter oscillograph
also recorded several important facility parameters to provide a time
history of the test facility o¢perations during detonation firings that
could be used to diagnose any malfunctions or unusual incidents.

Two strategically-placed television cameras, with displays in
the blockhouse, monitored the fuel systems area and the test section
piping during test operations. A motion picture camera also recorded
any events at the test section during actual test firings. Visual
coverage and controlled access to the test area were maintained by a
safety monitor in an observation tower located over the blockhouse.

B. STEADY-STATE DATA

Air-mass flow was calculated from measurements made on a Meriam
LFE Model 50 MC2-4 flowmeter. A Statham Model PL 280 TC pressure trans-
ducer was used to measure the upstream totel pressure, and a Statham
model PM 5 TC pressure transducer was used to measure the differential
pressure across the flow element. Air temperature was measured with
a Thermo-Electrical Model K18G-1600 chromel~alumel thermocouple.
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Table 4-1. Instrumentation and Calculated Test Parameters Nomenclature

Steady State Units

r.) Deacription
PBO kN/m2 (psig) Air flowmeter inlet pressure
DPO kN/m2 (psid) Air flowmeter differential pressure
TOI oCc (°F) Air flowmeter temperature
PFT kN/m2 (psig) Fuel tank pressure
TFT oc (°F) Fuel tank temperature
PDF kN/m2 (psig) Fuel tank dome loader pressure
PFL kN/m2 (psig) Fuel line pressure
TFL oc (°F) Fuel line temperature
MF Hz (cps) Fuel flowmeter frequency
PVI kN/m? (psig) Fuel vaporizer outlet pressure
VI oc (°F) Fuel vaporizer outlet temperature
TV2 OC (°F) Fuel vaporizer core temperature
TMF oc (9F) Fuel injector inlet temperature
PMI kN/m2 (psig) Fuel/air mixer outlet pressure
T™MI oc (°F) Fuel/air mixer outlet temperature
ICF oc (°F) Fuel condenser inlet temperature
TCI oc (°F) Fuel condenser outlet temperature
TWI o¢ (°F) Coolant water inlet temperature
W2 °C (°F) Coolant water outlet temperature
P1 kN/m2 (psig) Inlet tee pressure
TI °¢ (°F) Inlet tee temperature
T12 oC (°F) Ignition section temperature
PAY kN/m2 (psig) Test section inlet pressure
DPAI kN/m2 (psid) Test section differential pressure-pretest
DPA2 KN/m2 (psid) Test section differential pressure-posttest
PAMB kN/m2 (psia) Test area ambient pressure
T102 oc (°F) Test section exit temperature
HCA ) Test section total hydrocarbon analysis
F12 s {(sec) Ignition section inlet flame sensor
F17 s (sec) Ignition section exit flame sensor
F21 s (sec) Stabilizer section inlet flame sensor
F23 s (sec) Stabilizer section exit flame sensor
F62 s (sec) Verification sec. No. 6 inlet flame sensor
F63 s (sec) Verification sec. No. 6 exit flame sensor
FT1 s {sec) Verification sec. No. 7 inlet flame sensor
F72 s (sec) Verification sec. No. 7 exit flame sensor
F82 s (sec) Verification sec. No. 8 inlet flame sensor
F85 s (sec) Verification sec. No. 8 exit flame sensor
F101 s (sec) Witness section inlet flame sensor
F104 s (see) Witness section exit flame sensor
P62 KkN/m? (psig) Verification sec. No. 6 inlet pressure
P63 kN/m2 (psig) Verification sec. No. 6 exit pressure
P71 KN/m@ (psig) Verification sec. No. 7 inlet pressure
P72 kN/me (psig) Verification sec. No. 7 exit pressure
p82 kN/m? (psig) Verification sec. No. 8 inlet pressure
P85 kN/m@ (psig) Verification sec. No. 8 exit pressure
P101 kN/mé (psig) Witness section inlet pressure
P104 kN/m? (psig) Witness section exit pressure
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Table 4-1, Instrumentation and Calculated Test Parameters Nomenclature
(Continuation 1)

Calculated Units

Parameters S.I. (Engr.) Description

MA kg/h (1b/h) Air mass flow

MF kg/h (1b/h) Fuel mass flow

A/F ratio Air mass flow to fuel mass flow ratio

] ratio Equivalence ratio

VA m/s (ft/sec) Air flow velocity through 15.2-cm- (6.0-in.-)

diam. pipe

Fuel-mass flow was calculated using measurements mage with a Cox Model
LF-G-1 turbine flow meter to determine volumetric flow, a Taber Model 206
pressure transducer measured fuel pressure, and a Thermo-Electrical Model
K18G-1600 chromel-alumel thermocouple measured fuel temperature. Fuel
pressure and temperature were used to determine fuel density from standard
tables stored in the computer memory.

The air-to-fuel mass ratio and equivalence ratio in the induction
system were determined from the calculated air-mass flow and fuel-mass
flow noted above. The equivalence ratio of the air and fuel mixture pas-
sing througl. the test arrester and into the witness section was determined
by a gas sample rfed directly into an on-line total hydrocarbon gas analyzer.
A detailed description of this system and the method of calculation is
presented later in this section.

Operating pressures in the fuel vaporizer and condenser loop and
the fuel/air mixer were measured with Taber Model 217 pressure transducers.
Temperature measurements in the vaporizer fuel outlet line, fuel injector
line, fuel/air mixer, and fuel condenser loop were all made with chromel-
alumel thermocouples.

Pre- and posttest pressure loss measured across the test arrester
were made with air only flowing through the facility piping. The upstream
total pressure was measured with a Statham Model PL 280 TC pressure
transducer and the differential pressure across the arrester was measured
with a Statham Model PM 80 TC pressure transducer,

All of the preceding pressure measurements were made usirg either
gage~-type pressure transducers or differential pressure transducers with
the low side vented to ambient pressure. To convert these measurements
to an absolute pressure level, the barometric pressure had to be added.
Local barometric pressure was obtained from the weather station at Edwards
Air Force Base. A Taber Model 254 absolute pressure transducer installed
at the test stand was adjusted to read this value of barometric pressure
at the beginning of each test series. The IDAC computer program used
this locally varying barometric pressure input for all calculations.
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C. TRANSIENT-STATE DATA

The detonation facility piping flame sensors were DuMont Type 6291,
10-stage multiplier phototubes with flat end-window photo cathodes. These
instruments have an average luminous sensitivity of 60 A/lm and a spectral
response from 3500 A to 5850 A with maximum response at 4400 +500 A. The
blue-colored stoichiometric hydrocarbon/air flame falls well within this
response range. These optical sensors have been successfully used in thne
JPL shock-tube facility for many years to detect very-high-veloci’y shock
waves generated by a high-capacitance arc discharge driver. The phototube
viewing port was constructed with front and rear collimating slots 1.27 cm
(0.50 in.) high by 0.013 em (0.005 in.) wide, separated at a distance of
7.62 cm (3.0 in.). These slots limit the amount of light that reaches the
phototubes and eliminate reflected beams. The result is a very sharp signal
with a rise time response on the order of microseconds, which was required
for shock-wave velocity determination. The flame sensor slots required
only minor modifications for the deflagration-to-detonation flame velocity
measurements,

There were three distinct flame intensity sections in the detonation
piping. 1In the ignition section (No. 1) and stabilization section (No. 2),
flame intensity was weak; however, the flame velocity was beginning to
accelerate. It was necessary to remove the rear collimator slot from the
viewing port and to increase the amplification gain to record a good signal.
In the verification sections (No. 6, No. 7, and No. 8) the detonation flame
was very intense, with a velocity of around 1800 m/s (5900 ft/s). Both
front and rear slots were used in the viewing ports and the amplifier gain
was normally low. The third region was the witness section (No. 10).

Here it was important to detect any flame that may have penetrated the
detonation arrester; therefore, the rear slot was removed from the viewing
ports and the amplifier gain was high.

High-response pressure sensors were installed directly opposite the
flame sensors in two verification sections (No. 6 and No. 8) and in the
witness section. These were PBC Piezotronic Model 113 AP quartz-crystal,
high-frequency pressure transducers flush-mounted to the inside wall of
the pipe. They were capable of measuring peak pressure levels up to
20,700 kN/m2 (3000 psi) with a frequency response of 100,000 Hz for the
advancing and reflected detonation shock waves. PBC Model 402 in-line
amplifiers were installed with the pressure transducers to drive the
signals over the long transmission lines to the blockhouse.

During the last two phases of the test program, the two quartz-crystal
pressure transducers in the witness section were relocated upstream to unused
ports in the verification section (No. 7). 1In their place, two Statham Model
PG 856 G bonded strain-gage-type pressure transducers were installed in the
witness section. These lower-range instruments provided higher accuracy in
measuring the peak-pressure pulses passing through the arrester from an
arrested detonation flame.

A 100-Hz coded time pulse and the spark igniter current were recorded
on both high-frequency FM tape recorders and the on-line oscillograph.

These signals were used as reference points for test initiation and time
correlation between recorders. Typical examples of transient-state data
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from the FM tape recorders played back on an oscillograph with an expanded
time base of 32 to 1 are shown in Figure 4-1,

D. GAS-SAMPLE ANALYSIS SYSTEM

A gas-sample analyzer was installed at the test site to provide an
on-line indication of the gasoline and air mixture flowing through the
test section piping. The laboratory analysis method using individual
gas-sample cylinders, that was used for propane and air mixtures during
the facility check out, was too slow and costly for routine testing.

The laboratory analysis method, however, did provide an accurate verifi-
cation of the instrumentation measurements for on-line calculations of

air flow and fuel flow. It also demonstrated the effectiveness of the
vaporized fuel injection and mixing techniques by showing that very little
of the vaporized propane condensed on the cold walls of the test system
piping. This was not the case with vaporized gasoline and air mixtures
because of the lower condensation temperature of gasoline. The amount

of gasoline vapor that would be condensed was a function of many variables
including: ambient air temperature, vaporized fuel temperature, fuel-and-
air-flow rates, equivalence ratio, and pretest run-in time. To assure that
a combustible mixture would be flowing through the test arrester at the
time of ignition, an on-line total hydrocarbon gas analyzer was required.

The gas-analyzer system was designed to use ar existing Beckman Model
400 hydrocarbon analyzer instrument. This analyzer automatically and con-
tinuously measures the concentration of hydrocarbons in a flowing gas sample,
utilizing the flame ionization method of detection. A premixed fuel gas
consisting of 40% hydrogen (H,) and 60% nitrogen (N,) was used to obtain
the analyzer's highest rated hydrocarbon sensitivity of 10% methane (CHy)
equivalence. For propane (C3H8), this sensitivity is reduced to 1/3 or 3.3%
CHy equivalence because of the greater number of carbon atoms per molecule.

The precentage of propane in the fuel/air mixture at an equivalence
ratio (@) of 1.0 is about 4.0%. At the established standard test con-
dition, where the equivalence ratio is 1.1, the percentage of propane is
about 4.4%. 1In either case, the percentage of hydrocarbons in the test
sample to be analyzed is beyond the uapper range of the Beckman analyzer.
The test sample had to be diluted with a known amount of air to be within
the measurement range.

A 2% C3H8 + N> gas mixture was selected as the calibration span gas
to adjust the gas analyzer to read 50% of full scale. A second calibration
gas containing 4% C3Hg + N, was diluted by an air mixing system with one
part air to one part gas mixture so that it would also read 50% of full
scale. Using the same dilution ratio, a 4.4% C;Hg plus air test sample
gas mixture would record about 56% of full scale on the gas analyzer.

The Indolene HO III clear gasoline used in this test program was
analyzed to have a total carbon-to-hydrogen ratio of 1.93 (CH1'93). In
calculating a stoichiometric air-to-fuel ratio it was assumed that the
gasoline has a simplified molecular structure containing 8 carbon molecules
or a chemical formula of CgHqg yy. The balanced chemical equation for
ideal combustion of Indolene gasoline and air would then be as follows:
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CSH‘ISJW + 11.86 0, + L4y 62 Ny = 8 COp + T7.72 Hy0 + 44,62 N>

The stoichiometric air to fuel ratio (A/F) on a weight basis was calcula-
ted to be 14.62 (@ = 1.0). For the standard test condition (@ = 1.1),

A/F = 13.29 and the percentage of gasoline in air is 1.92%. Using the

% C Hg + N, calibration gas to span the analyzer to 50% of full scale

and the same one-to-one air dilution rate for the gasoline-and-air mixture
sample, the carbon ratio between propane and gasoline is 3 to 8, which
should give an analyzer reading of 64% of full scale.

A significant amount of vaporized gasoline will condense out of
the flowing mixture onto the cold walls of the test facility piping. 4&n
extremely rich fuel mixture would be required at the upstream injection
section to provide the ideal mixture (@ = 1.1) at the downstream test
section. It was doubtful that a fuel-rich mixture at the upstream ignition
location would result in the rapidly accelerating flame needed to produce
a detonation. On the other hand, any gasoline condensed on the piping
walls should be reevaporated by the propagating flame front and enter into
the combustion process. It was determined to maintain the ideal mixture
ratio at the point of injection, and monitor the test section 2xit for
evidence of a combustible mixture. The lower flamability limit of gasoline
at the nominal test condition would be an A/F = 20.89 (@ = 0.7), and
the gas analyzer should read 414 of full scale.

The hydrocarbon gas anralyzer was located as 2lose to the test section
exit as practical, to minimize response time. It was placed in a steel-~
walled protective enclosure, which unfortunately had no provision for thermal
control, Although the Beckman Model 400 analyzer has an internal controller
for maintaining the desired 40°C (120°F) operating temperature under normal
laboratory conditions, it was doubtful that it could accommodate the broad
range of temperatures to be experienced on the test site. The absolute
accuracy of this instrument was not determined; however, a 1-to-2% zero

shift was noticed during the morning, midday, and late-afternoon calibrations.

Used primarily as an indicator for the existence of a combustible mixture
in the test section, a gasoline and air test firing was made whenever the
analyzer reading exceeded 41% of full scale.

A flow-system schematic diagram of the hydrocarbon analyzer and air
dilution system is shown in Figure 4-2. Starting with the gas-sample rake
in the test section piping, the sample mixture is directed into a close-
coupled three-way solenoid valve. When deenergized, this valve isolates
the sample rake and allows a continuous flow of 100% N> at low pressure to
purge the sample delivery line. When the valve is energized, the purge is
closed off and the sample gas is directed into either a sample collection
cylinder or through a by-pass line into a visual flowmeter. The gas-sample
pressure level at this point is witnessed on a pressure gage and relayed
to a combination air- and spring-loaded pressure regulator. This regulator
delivers the dilution air from a compressor and receiver tank, at the same
pressure as the gas sample, to a second visual flowmeter. Flow-control
needle valves at the inlet of each flowmeter are used to precportion the
air and gas-sample flow rates to the desired dilution level. A gas~transfer
punp then delivers the diluted sample through a third visual flowmeter to
the total hydrocarbon analyzer. To minimize system response time, an
internal sample-bypass feature provides high-velocity sample flow through
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the analyzer, with only a small portion of the sample fed into the ionization
flame burner. The bypass flow is witnessed on a fourth visual flowmeter.

A regulated supply of 100% Hp was used to enrich the ionization flame
burner only during the ignition and start-up procedure. The icnization
flame is maintained by the pressure-regulated flows of U40% H, + 60% N, gas
mixture and 100% pure (oil-free) air. The pure air can also be directed
into the analyzer inlet for zero calibrations. A pressure-regulated supply
of 2% C3H8 + N> gas mixture, which can be directed intv the analyzer inlet,
is used for calibration span of the visual output indicator. A second
preassure-regulated supply of 4% C3H3 + N> gas mixture can be directed
into the sample line ahead of the dilution system to verify the desired
dilution ratio setting.

The only difficulty with this gas-analyzer installation, other than
the lack of adequate temperature control, was that the detonation shock
wave, blowing out through either the rupture disc port or the exit of the
extension piping, would extinguish the ionization flame burner. Consequeantly,
after each test, the burner had to be relit and stabilized. The 100% Hy
enrichment greatly simplified this reignition operation. Analyzer response
time after actuation o. the three-way sample solenoid valve was 30 seconds,
plus another 30 seconds to fully stabilize the reading. Linc length between
the sample rake and the analyzer inlet was approximately 6.1 m (20 ft.).

E. PARAMETER MEASUREMENT AND CALCULATION UNCERTAINTIES

To get maximum accuracy from the instrumentation systems used at
ETS, an end-to-end system calibration method is employed. All calibration
signals are initiated at the transducer or between the transducer and the
first piece of signal conditioning equipment, and recorded on the digital
recorder, FM recorders, and oscillograph recorder. All calibration signals
recorded are at known values and are independent of amplifier gain changes
and power supply setting inaccuracies.

Three calibration points are recorded for each instrumentation
parameter: (1) "Cal Low", (2) "Cal Ambient," and {3) "Cal High." Cal
low is a power-off or shorted input signal. Cal ambient is an ambient
pressure, temperature, voltage, etc. For gage pressures and voltages,
this is normally a zero condition; if a zero condition is not possible,
the cal ambient is a known pressure or voltage. Cal high is a voltage
substitution or a known unbalance condition on top of the ambient cali-
oration, For thermocouple readings, voltages, and most special parameters,
known substitute voltages are recorded. For bridge measurements, an
external shunt resistor is used to unbaiance the bridge.

The Integrated Digital Data and Control System (IDAC) is the primary
recorder for steady-state data. The system also has computer capability
that converts input data to engineering units, and outputs it on a printer
or the televisicn (TV) monitors., A special IDAC software program was
written for the air and fuel systems data to calculate air-mass flow,
fuel-mass flow, air-to-fuel mixture ratio, and equivalence ratio.
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Each IDAC input channel, calculation parameter, or calculation result
can be displayed singly on the TV monitor to five significant figures, with
engineering units and channel identification number. Alternate preselected
displays with up to four parameter values, but without engineering units
or channel identifications, can also be monitored on TV.

The IDAC printer is capable of outputting £0 lines per secon', with
one channel per line, of real-time data ‘n engineering units from assigned
channels. The printer outpul was used as prime steady-state data reporting
the test results. All IDAC data was also recorded on magnetic tape for
off-line computer reduction if required The following is a summary of the
detailed analysis of the uncertainties associated with pressure and tempera-
ture measurements and the IDAC program-calculated parameters presented in
Appendix A. These values can be assured with only a 95% (2¢) probability.

(1) Uncertainty for prcssure measurement is + 0.39% of transducer
full-scale range.

(2) Uncertainty for temperature measurement in percent of reading is:
(a) 10.0 to 31.89C (50 to 100°F) = + 2.7%

(b)  37.8 to 93.39C (100 to 200°F) = + 1.4%
(e) 93.7 to 148.99C (200 to 300°F) = + 0.85%

(d)  148.9 to 204.4°C (300 to UOOCF) = + 0.65%
(e) 204.4 to 276.7°C (U400 to 530°F) = + 0.49%
(£) 276.7 to 1260°C (530 to 2300°F) = + C.43%

(3) Uncertainty for air-velocity or air-mass-flow calculations is
+ 1.82% of value.

(4) Uncertainty for fuel-mass-flnw calculation is + 1.93% of valve.
(5) Uncertainty for calculated air-to-fuel mixture ratio and
equivalence ratio is + 2.65% of value.

Using the uncertainties listed above, the maximum uncertainty that
can be expected for the measured and calculated test parameters associated
with the standard test condition are listed in Table 4-2.

The transient-state data were recoraed on an Ampex Model FR 2200
and an Ampex Model FR 020 high-frequency FM tape recorders. Photodetector

flame sensors were the primary instruments used to determine flame velocities.

Quartz-crystal pressure transducers were primarily used to measure peak-
pressure pulses in the detonetion wave, but they also served as back-up
instruments to determine wave velocities. There was usually good agreement
in calculated velocities between the flame sensors and the pressure sensors
witnessing a stable detonation wave. This was not the case, however,

when the sensors were located .n the deflagration-to-detonation transition
zone. The spinning detonation phenomenorn, reported in References 2-9

and 2-10, would most likely explain this discrepancy.

Flame sensor and pressure sensor test data, along with the pre-and

posttest calibrations recorded on the FM tapes, were played back on an
oscillograph at an expanded time base of 32 to 1. The peak-pressure
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pulse deflections and the calibration parameter equivalents were scaled
from these recordings and used to calculate the detonation wave pressures.
The elapsed time between sequential flame sensor signals (or pressure
sensor signals) were also scaled from the oscillograph recordings. Using
this time data and the known distances between adjacent instrumentation
transducer ports, the average flame velocities through each succeeding
section of the detonation test piping were calculated.

The following is a summary of the Appendix A detailed analysis of
uncertainties associated with transient-state measured detonation peak-
pressur2 pulses and rise-time response limits of data recorded on FM
tapes with a 32-to-1 time-expanded playback onto an oscillograph. These
values can be assured with only a 95% (20) probability.

1) The uncertainty for the peak-pressure pulse measurement is
+3.1% of transducer span.

(2) The response time :imit for photodetectors and quartz-crystal
pressure transducers is:

(a) 3.5 s on Ampex Model FR 3020 recorder.
(b) 7.0 s on Ampex Model FR 2200 recorder.

Using the unceriainties listed above, combined with an oscillograph
readability uncertainty of +5.0% and a measured transducer spacing uncertainty
of 4+0.25%, the maximum uncertainty that can be expected for measured and
calculated parameters associated with a stable detonation wave at standard
test conditions are listed in Table 4-2.



Table 4-2.

Maximum Uncertainty for Measured and Calculated

Parameters at the Standard Test Condition

Parameter Syabol

Uncertainty

Steady~State Data

Air flowmeter inlet pressure
Air flowmeter differential
pressure

Air flowmeter exit temperature

Fuel
Fuel
Fuel
Test
Test
Test

line pressure

line temperature

flowmeter frequency

section inlet pressure
section differential pressure
area ambient pressure

Air mass flow

Air velocity

Fuel mass flow

Air to fuel mass ratio
Equivalence ratio

Transient-State Data

Detonation peak-pressure pulse
Detonation flame velocity
Detonation pressure wave velocity

PBO
DPO

TOI
PFL
TFL
FMF
PAI
DPA
PAMB

VA

A/F

PXX
FXX-FYY
PXX-PYY

x
+

(S o o = A P L o 1

*
*
*

0

0.27 kN/m2 (+ 0.039 psia)
.0083 kN/m2 + 0.0012 psid)

1.3°9C {+ 2.8°F)
14.0 kN/m2 (+ 2.0 psia)

1.0%C (&£ 2.79%)

0.8 Hz

0.27 kN/m2 (+ 0.039 psia)
0.028 kN/m® (+ 0.004 psid)
0.538 kN/m2 (+ 0.078 psia)
5.67 kg/h (+ 12.5 1b/hr)
0.08 /s (+ 0.27 ft/s)
0.05 kg/h (+ 1.00 1b/hr)
0.35

0.12

241 kN/m (435 psia)
98 m/s (+322 ft/s)
98 m/s (4322 ft/s)
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SECTION V

TEST OPERATING PROCEDURES

A. GENERAL SAFETY REQUIREMENTS

All test operating procedures involving fuel transfer, or performed
with the fuel system pressurized, required the safety tower operator
to be in position, monitor all communication on a headset, and control
access to the test area with the safety status lights. The test stand
is normally in a GREEN condition, which permits open access to all
personnel. Fuel transfers and test preparations were performed in
an AMBER condition, which restricts nonoperating personnel to the workshop
area, unless permission is granted to enter other areas. A RED condition
was used during actual tests, which isolates the test stand and the
surrrounding designated area from all personnel.

A minimum of two men was required at the site during fuel transfers
and test preparations. Personnel safety equipment included hard hats,
face shields, gloves, and fire-retardant coveralls. Additional safety
equipment was available including MSA breathing devices, safety showers,
eye washes, and the Firex water deluge system. All operations, except the
servicing and reconfiguration of the test arrester section, were performed
using formal procedures in the form of check lists, with individual pages
dated and timed, and with each step initialed by two persons witnessing
the event.

An ignition-completion key switch, which prevented the actuation
of the hydrogen-air-spark igniter except during checkouts and test
operations, was located at the test stand. Igniter checkouts required
that the air compressor be in operation to minimize the build-up of
combustible mixtures in the test piping.

B. OPERATING PROCEDURE CHECK LISTS

The following is a description of the operating procedures and check
lists used in the detonation tests.

1. Pretest System Checkouts
a. Preliminary Check. This check confirms proper installation

of the test item, instrumentation and control cable connections, readiness
of the nitrogen pressurant and purge systems, requested photographlc
coverage, and that the safety system is operational.

b. Electromechanical Checkouts. These checks examine, at the
test stand, ithe overall control system readiness by individual confirmation
of proper operation of each control in the blockhouse.

e, Seguence Timepr/E ireuj . This checkout
operates the preset automatic sequence timer, without actual fuel flow,
while recording control-element actuations on the facility oscillograph.

5=1
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Sequence times of the various elements were measured and adjusted where
nece3sary. The sequence was then repeated, adding a shutdown with
the emergency switch to confirm proper emergency switch actuations.

d. Leak Checks. These checks provide a gaseous nitrogen system
leak check at maximum operating pressure for the fuel system, fuel
vaporizer and condenser loop, fuel induction system, and the air-compresscr
system.

NOTE: The four check-list procedures described above were not
performed before each test, but were done when special circumstances, such
as component changes, malfunctions, or severe weather, were encountered.

2. Fuel Transfer Procedures

a. Propellant (fuel) Fill Check Lists. These procedures are
provided for transferring either propane or gasoline from their storage
containers into the test stand fuel supply tank. Propane was transferred
via its own vapor pressure. Gasolinz was transfered from drums by
means of an air-motor-driven pump. It was common to expect up to six
separate tests in a day, each of which required approximately 4.6 x
103 m3 (1 gal) of fuel. Therefore, the fuel supply tank was topped
off for each test day.

b. Propellant (fuel) Offioad. These transfers from the fuel

supply tank were normally returned to the appropriate storage container.
Small quantities of propane could also be disposed of through the burn
stack. Gasoline from the vaporizer/condensor loop remaining in the
collector tank was not suitable for recycling and was disposed of as
waste. It was necessary to empty the collector tank after every two
days of testing.

3. Test Preparations

The Test Preparations Check List for instrumentation and
test systems was completed concurrently on the day of testing. In
che blockhouse, all patchboard connections were completed and instru-
mentation was setup. An end-to-end instrumentation system calibration
was performed. At the test stand, various safety check and facility
setups were made: condenser cooling water was turned on, the hydrocarbon
analyzer was put in operation, and the hydrogen and air gas pressures
were adjusted for the igniter. At the control console, the air compressor
was started and the air flow adjusted by means of the air metering
valve and the air bypass valve. After the air system temperature and
flow were stabilized at the desired values, the test item's pretest
pressure loss was measured and recorded.

The fuel vaporizer heater was activated, and nitrogen purge gas
flowed through the heater coils and into the condenser for the preheat
cycle. The test stand safety condition was changed from GREEN to AMBER.
The fuel supply tank was pressurized with nitrogen up to the desired
operating pressure. When the heater core reached approximately 260°C

5-2
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(5009F), the nitrogen purge gas was turned off and fuel flow was metered
at a low level. The fuel flow was increased up to the desired test
condition as the vaporizer heater reached the operating temperature.

Final visual checks were made of the test stand area, and the
ignition comrietion key switch was turned on. All operating personnel
evacuated the test stand area and its safety condition was changed to
RED.

h, Blockhouse Preparation

Blockhouse preparation begins with a weather station confirm-
ation of wind velccity and direction and the local barometric pressure.
Control console circuits for ignition and emergency shutdown functions
were armed and each significant panel switch had its position confirmed.
With all test personnel at their operating position, the test conditions
wherc reviewed and confirmed. A pretest instrumentation calibration
was recorded and the countdown procedure was begun.

5. Countdown
A typical "countdown" procedure follows:

(1) An announcement was made over the public address system
to alert personnel in the general area that a detonation
would occur. Generally, the detonation noise was
very intense and sharp, capable of creating an indirect
hazard. A horn signal was alsc sounded.

(2) The IDAC tape, printer, and the oscillograph were
turned on to a slow speed.

(3) The hydrocarbon analyzer purge was turned off, allowing
the analyzer to sample the mixture flowing through
the witness section.

u) The fuel mixer valve was changed to the RUN position,
allowing fuel to flow to the test piping for the first
time in the test sequence. The burn stack purge
valve was opened to sweep cut combustible gases from
the collector tank vent line. The oscillograph was
turned off.

(5) As the fuel and air mixture traveled through the test
piping, the hydrocarbon analyzer responded with a
steadily increasing signal. The countdown timer was
then stopped for a HOLD period, while fuel and air-
flow rates were confirmed or adjusted, if necessary.

(6) When the countdown was resumed, the IDAC tape and

printer were switched to continuous mode and the
oscillograph and movie camera were turned on.
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(7

(8)

(9)

(10)

(1)

(12)

(13)

(14)

(15)

6. Posttest

The hydrocarbon analyzer purge was turned on, again
isolating it from the test piping to protect it from
tae detonation pressure wave.

Valves were actuated to isolate the low-pressure
transducers from the detonation pressure wave.

The igniter was armed by a console switch, the high-
frequency tape recorders were turned on, and the
oscillograph was switched to high speed.

The sequence timer was turned on. For the noncontinuous
flow tests, this first automatically changed the

fuel mixer valve to the CONDENSER position, preventing
further fuel flow from entering the induction section
of the test piping. Residual fuel downstream of

the injector was sufficient for ignition on this

type of test. The seguence timer then fired the
igniter, turned on the vaporizer warm-up purge valve,
closed the fuel-tank outlet valve, and turned off

the vaporizer heater. For the continuous flow tests,
the sequence timer was used only to fire the igniter,
and the other items were performed manually by means
of the emergency cutoff switch after the desired

flow time had elapsed. Temperatures in the test

piping on each side of the test arrester were monitored
on the video display during the continuous flow of

fuel after ignition and detonation to check for flame
penetration and flame holding.

The igniter was unarmed, the oscillograph changed to
low speed, and the high-frequency tape turned off.

The fuel metering valve was closed and the movie
camera was turned off.

Fuel supnly tank preasure transducers were vented
and a posttest calibrate was performed on the
instrumentation.

Fuel supply tank pressure transducers and the test
arrester pressure transducers were reopened to the te.:
system, the oscillograph turned off, and the IDAC tape
and printer were switched to a slow speed.

Compressor air flow was maintained to purge residual
fuel and combustion by-products from the test piping.

The Posttest procedure inciuded a visual inspection of the test
stand. The test stand safety condition was changed to AMBER. Reentering
personnel inspected all rupture disc assemblies., If they were intact,
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a postitest pressure loss across the test item was measured and recorded.
If any rupture disc was blown cut, the air compressor was turned off
while the discs were replaced. The air compressor was then turned

back on, the air flow stabilized, and the posttest measurement recorded.

If a repeat test was to be made, the hydrocarbon analyzer was
checked out; normally, it had to be reignited because the detonation
shock wave usually blew out the ionization flame. The Test Preparation
procedure would then be restarted from the point of fuel vaporizer
heater activation.

Following the last test of the day, a posttest end-to-end calibration
of the instrumentation system was made. Fuel in the induction system
was pushed back into the supply tank and the system thoroughly purged
with nitrogen gas.

Immediately after each test, the data recorded on the FM tape
recorder was played back onto a quick-look oscillograph at an expanded
time scale of 8 to 1. This data told the test conductor that he did
or did not get ignition and detonation, or that the flame arrester
worked or did not work.

After a day of testing, a playback record was made of the FM
tape data at an expanded time scale of 32 to 1. This record contains
both calibration and test data for all parameters, and was used for
reductions of flame velocities and peak pressure pulse data.

5-5

Yot . e
LI O, DN .. L - B S—



SECTION VI

FACILITY CHECK-OUT TESTS

A number of tests were required to check out facility systems
that were designed and installed specifically for the Detonation Flame
Arrester Evaluation Program. During the facility check-out tests,
it was determined that propane and air mixtures would not ignite and
burn predictably with spark ignition only. The test procedure allowed
0.50 second from fuel shut-off to spark initiation to clear the fuel/air
induction system and prevent flash-back flame damage. A hydrogen-air-
spark ignition system was developed that produced the desired results.
The only disadvantage in this method was that the addition of hydrogen
to the fuel/air mixture imparted an initially higher velocity to flame
propagation in the pipe than would normally be associated with an hydro-
carbon/air mixture alone. It required about 10 to 12 pipe diameters
to diminish this effect.

Chemically pure (CP) propane was used during the check-out tests
to allow a reli.ble determination of the effectiveness of the fuel
injection and air mixing procedure, as well as to verify the accuracy
of flow measuring instrumentation. Gas samples were collected at both
the inlet and outlet of the test piping (see Figure 3-1 for location
of sampling rakes and collection cylinders). The samples were analyzed
in the laboratory using a gas chromatograph mass spectrometer (GCMS).
Adjustments were made to the fuel/air systems until an acceptable agreement
was obtained between the measured flow and the GCMS analyzer results.
One effective change involved the redirection of the fuel injector
from a parallel-flow orientation with the air stream to a counter-flow
orientation. This modification provided better mixing, which was confirmed
by the inlet sample results. An eventual close agreement between the
inlet and outlet samples showed that there was little condensation
of propane on the walls of the test piping. The GCMS analysis indicated
from 4.0- to 4.2-mole-percent propane in the samples at a flow-measured
equivalence ratio of 1.1 (air-to-propane mass mixture ratio of 14.3).

The initial length of 15.2-cm- (6.0-in.-) diameter piping in the
check-out test configuration (see Appendix B) was 8.4 m (25.5 ft).
In some tests, the individual pipe sections were modified and used for
alternate functions as noted in Appendix B. Test firings were made
at an initial flow velocity of 4.6 m/s (15.0 ft/s) and a propane/air
equivalence ratio of 1.1. A detonation was not obtained at this run-
up distance, so an additional section of pipe was installed. Test
firings were repeated that did not result in detonations, so additional
sections of piping were added to test configuration Nos. 100 to 117.
This procedure continued until all available piping was installed, re-
sulting in a total run-up distance of 31.5 m (103.5 ft). Both equivalence
ratio and initial flow velocities were varied, but none of these test
conditions produced a detonation. The maximum flame velocities recorded
were around 244 m/s (800 ft/s).

The chemically pure propane was removed from the fuel supply

tank and replaced with commercial grade (CG) propane. Test firings
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were made at an equivalence ratio of 1.1 and varying initial flow rates,
but no detonations were obtained. The recorded flame velocities were
about the same as those obtained with CP propane. It was theorized

that the smooth-bored, honed, and polished shock-tube piping did not
develop sufficient turbulence in the boundary layer flow, even during
combustion, to accelerate the propagating flame up to the stable detonation
velocity. To increase turbulence, a coil of 0.32-cm- (0.13=in.-) diameter
wire was stretched through one of the 4.6-m- (15-ft-) long run-up pipe
sections with a coil spacing of about one every 0.3 m (1.0 ft). This
configuration produced one detonation, but failed to produce any more

in subsequent firings. Posttest inspection revealed that the coils

had been displaced by the rarefaction wave following detonation and

was compressed together at the inlet end of the pipe in which it was
installed. The coil of wirc was replaced by a cylindrical liner of

rolled and welded expanded metal mesh (shown in Figure 6-1) that fitted
closely against the pipe inner wall. This test configuration (No. 117)
produced detonations at initial flow velocities of 3.0, 4.6, and 6.1

w/s (10, 15, and 20 ft/s), but not at 1.5 w/s (5 ft/s). Enough data

on detonations was obtained during these tests to complete the instru-
mentation check-out of optical flame sensors, dynamic pressure transducers,
and the high-speed FM data recording system.

Figure 6-1. Expanded Metal Tube Liner

6-2




I
»
b
E)
&

gy ragag Ty T

e

=
- . B . . . y b RasTons e s B
- 7 N Siningiagh » e o~ e £ A s AN AT S A AP B 0100 Tt
w o1t
o

SECTION VII

CALIBRATION TESTS

The calibration tests for detonation run-up distance with CG
propane were started with a test assembly configuration (No. 118) similar
to the one shown in Figure 3-1, the difference being that there were
only two lengths of 4.6-m- (15-ft-) long run-up pipe lined with the
turbulence-producing, expanded metal-mesh tubes. This test assembly
produced detonations at all initial flow velocities from 0 to 6.1 m/s
(0 to 20 ft/s) (see Appendix C).! The flame velocity after transition
to detonation stabilized around 1830 m/s (6000 ft/s). The peak pressure
pulses recorded during transition ranged broadly between 1000 to 5000
kN/m2 (145 to 725 psia), but stabilized around 2000 kN/m2 (290 psia)
after transition (see Appendix D).l Based on these measured flame
velocities and peak pressures, the location of detonation transition
appeared to be very close to the downstream end of the 9-m (30-ft)
length of lined run-up piping or at a total distance of 20 m (66 ft)
from the point of ignition. A plot of flame velocity and peak pressure
as a function of pipe length for these tests is shown in Figure 7-1.

To evaluate the influence a flame arrester may have on the run-
up distance, a sharp-edged orifice plate with an 8.192-em- (3.225-in.-)
diameter bore, designed to simulate the back pressure an arrester may
produce, was installed on the exit of the extension section (No. 11).
With this test configuration (No. 119), the flame accelerated down
the pipe, reaching a maximum velocity of only 1000 m/s (3281 ft/s)
at a distance of 23 m (75.5 ft), and then decelerated through the re-
maining length of run-up pipe. The peak pressures reflected the same
phenomena, obtaining a maximum level of 1200 kN/m@ (366 psia) and then
decreased, as shown in Figure 7-1. Since these velocities and pressures
were below the required stable detonation levels, the test configuration
was judged to be unstable.

The orifice plate was removed and another 4.6-m (15-ft) length
of expanded metal tube liner was installed into the remaining run-up
pipe section (No. 5), making the total pipe length with turbulent liners
13.7 m (45 ft). This test configuration (No. 120), shown in Figure 3-1,
produced a very stable detonation in the verification szctions (No.
6, No. 7, and No. 8). The flame velocity averaged around 1800 m/s
(5960 ft/s) at a peak pressure of 1650 kN/m2 (240 psia) for a stable
detonation wave. After one firing, the orifice plate was installed
at the inlet of the test section (No. 9) (Test configuration No. 121).
On the subsequent firings, a fully-developed and stable detonation
was recorded in the verification sections. A reflected shock wave
was evident 0.3 m (1.0 ft) upstream of the orifice plate, where peak
pressures of about 3000 kN/me (435 psia) were recorded. Both the flame

'parameter nomenclature is presented in Table U4-1.
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velocity and the peak pressure in the detonation wave normally decreased
after passing through the orifice plate into the witness section (No.
10). However, in one test firing (No. 1431 E) they were only slightly
reduced. A plot of the results of these tests is shown in Figure 7-2.

After development of a successful configuration for stable detona-
tion with CG propane and air mixtures, the next step was to determine
if it were equally suited for gasoline and air mixtures. The CG propane
was replaced in the fuel supply tank with Indolene HO III clear (unleaded)
gasoline. Indolene, a product of the Standard 0il Division of Amoco 0il
Company, complies with the EPA specifications in the Federal Register for
standard test motor fuel (Reference 7-1). Test conditions for gascline
and air were the same as for propane and air. Initial flow velocities
were reduced from 6.1 to 1.5 m/s (20 to 5 ft/s). The test configuration
(No. 122) without the orifice plate produced very stable detonations
where the flame velocity through the test section was about 1830 m/s
(6000 ft/s) and peak pressure was about 1630 kN/m? (235 psia). The
deflagration-to-detonation transition location appeared to be w=ll
within the turbulent liner run-up pipe sections. This provided some
distance for the detonation wave to stabilize in the verification sections
before entering the test section. With the orifice plate installed
at the inlet to the test section, the reflected peak-pressure wave
measured 30 cm (12 in.) upstream showed a sharp increase, reaching
a level of 3300 kN/m2 (479 psia). This pressure level reduced quickly
as it moved upstream. Both the flame velocities and peak pressures
decreased significantly after passing through the orifice plate into
the witness section. A plot of the results of these tests is shown
in Figure 7-3.

The successful attainment of stable detonations with gasoline and
air mixtures completed the calibration test series. The test program
was started to evaluate selected flame arrester devices subjected to a
fully-developed detonation. To reduce the required number of comparative
tests, a standard test condition was established that would use an
equivalence ratio of 1.1 and an initial flow velocity of 4.6 m/s (15
ft/s) for all subsequent ariester evaluation tests.
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SECTION VIII

ARRESTER EVALUATION TESTS

A. PIPE TEES AND RUPTURE-DISC IN-LINE TEST ASSEMBLY

The first device to be evaluated was not an arrester in the true
sense, but a combination of two extra-strong 15.2-cm- (6.0-in.-) diameter
pipe tees and rupture discs. They were assembled in an arrangement
that cavsed the detonation wave to make two 90-deg turns before proceeding
along the length of pipe. The test section was removed from the test
assembly and replaced with the pipe tees as shown schematically in
Figure 8-1. The first rupture disc was placed in the leg of the pipe
tee in-line with the approaching detonation wave. A second rupture
disc was placed in the leg of the tee in line with the receding detona-
tion wave. The restricter orifice plate was installed in the downstream
side of the second tee, just ahead of the witness section.

Four test firings were made with variations of this test configura-
tion (No. 124 to No. 127), where the pressure ratings of both rupture discs
were reduced in the following steps: 4137, 2068, 690, and 345 kN/m€ (600,
300, 100, and 50 psid). Both rupture discs were blown out in all test
firings and the detonation passed through the test assembly. There was only
a slight reduction in flame velocity and peak pressure in the witness section
downstream of the orifice plate. There appears to be no correlation between
the magnitude of this loss and the rupture-disc pressure rating. A plot of
the results of these tests is shown in Figure 8-2. The measured pressure
drop across the test assembly, including the orifice plate, averaged 0.20 KN/m?
(0.029 psid) at an average air-flow velsccity of 4.68 m/s (15.35 ft/s).

B. PIPE TEE, RUPTURE-DISC NOT-IN-LINE, AND PIPE ELBOW TEST ASSEMBLY

The safest orientation for a rupture disc in a pipeline is normally

vertically-up s0 that the release of flame and high-pressure gas will

not impact adjacent installations. The pipe tee, rupture- :c not-
in-line, and pipe elbow test assembly was developed to pr. - this
orientation and to lower the piping inlet interface with an rrester.
This lower interface was also used with two of the selected arrester

test assemblies, which were evaluated later. This test assembly is

shown schematically in Figure 8-3.

Four test firings were made with this test configuration (No.
128 to No. 131) where the pressure rating of the rupture disc was reduced
in the same steps as above. The rupture disc was blown out in all
test firings and the detonation passed through the test assembly.
Figure 8-4 is a plot of the results for these tests. For two tests,
the flame velocity and peak pressure ir the witness section showed
only a slight dron in levels. For the two other tests, the drop was
more cignificant. However, there is still no apparent correlation
between this loss and the rupture-disc pressure rating. It appears to
be a random phenomenon. The measured pressure drop across the test
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assembly, including the orifice plate, averaged 0.214 kN/m2 (0.031
psid) at an average air flow velocity of U4.71 m/s (15.46 ft/s).

c. SHAND AND JURS SPIRAL-WOUND, CRIMPED ALUMINUM RIBBON ARRESTER
TEST ASSEMBLY

The spiral-wound, crimped aluminum ribbon core element was removed
from a Shand and Jurs commercial flame arrester housing model No. 94/305/16/11.
The 15.2-cm (6.0-in.) wide (L) aluminum ribbon had a crimp height (H)
of 0.137 cm (0.054 in.), which gives a flow passage hydraulic diameter
(Dy) of 0.114 cm (0.045 in.) and a length-to-diameter ratio (L/Dp)
of 133. This core element was installed into a high-pressure housing
made from an extra strong 30.5-cm- (12-in.-) diameter pipe 15.2 cm (6.0
in.) long. A mounting ring with a retainer grid was placed on each
end of the housing as shown in Figure 8-5. The arrester test assembly
consisted of & pipe tee, rupture disec not in line, and pipe elbow on
the upstream side of a pair of 30.5- to 15.2-cm- (12-to 6-in.-) diameter
concentric and eccentric extra-strong flanged pipe reducers. The arrester
housing assembly was mounted between the two 30.5-cm- (12-in.-) diameter
flanges as shown in Figure 8-6.

The Shand and Jurs arrester test configurations (No. 132 to No. 136)
were subjected to nine stable detonations. There was no evidence in
the witness section that detonation passed through the arrester. A low-level
peak pressure pulse of around 290 kN/m2 (42 psia) was measured at the downstream
side in the witness section. In four tests, the rupture-disc pressure rating
of the inlet pipe tee was increased in four steps from 690 to 4137 kN/m?
(100 to 600 ps” ). This had no effect on the capability of the arrester
in stopping the detonation, even when the highest rated disc failed to blow
out. In the final test firing, the arrester housing was removed from the
test assembly and the two 30.5-cm- (12-in.-) diameter flanges were bolted
together. The rupture disc was blown out and the detonation passed through
the test assembly, verifying the functional capability of the flame sensors
in the witness section. The results of these tests are plotted in Figure
8-7.

The pre- and posttest-measured pressure drop across the arrester
test assembly averaged 0.152 kN/m2 (0.022 psid) at an average air flow
velocity of U4.68 m/s (15.35 ft/s). Posttest inspection of the arrester
showed a slight indentation of the retainer grid on the downstream side of
the core element. The retainer grid was bowed downstream about 0.16 cm
(0.063 in.) at the axial center line. There was a separation of the
crimped ribbon layers near the outer perimeter of the core at the upstream
interface with the mounting ring as shown in Figure 8-8. This separation
continued through the full depth of the core in some places. It was
probably caused by the radial component of ihe detonation wave reflected
off the inner pipe wall or the inlet of the mounting ring.
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Figure 8-5. Shand and Jurs Spiral-Wound, Crimped Aluminum
Ribbon Arrester Assembly

D. AMAL SPIRAL-WOUND, CRIMPED STAINLESS~STEEL RIBBON ARRESTER
TEST ASSEMBLY

The Amal spiral-wound, crimped stainless-steel ribbon arrester core
element was a model Nec. 188/905/15/18/CN. The stainless-steel ribbon was
3.81 em (1.5 in.) wide with a crimp height of 0.046 cm (0.018 in.), which
gives a flow passage hydraulic diameter of 0.038 cm (0.015 in.) and a
length-to-hydraulic-diameter ratio o 100. This core element was
installed in a2 high-pressure housing of 25.4-c1 (10-in.) diameter by
3.8-em (1.5-in.) length. Mounting rings with support grid, similar to
the Shand and Jurs arrester, were placed on each end. Figure 8-9 is
a photograph of this arrester assembly. The test assembly was also
similar, except that the extra-strong pipe reducers were 25.4 to 15.2 cm

ANK NOT FILMED

(10 to 6 in.) in diameter to accommodute the smaller cnre size. A rupture-

disc pressure rating of 690 kN/m2 (1(0 ps’?) was used. Figure 8-10
is a photograph of this test installation.
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Figure 8-8., Shand and Jurs Spiral Wound, Crimped Aluminum
Ribbon Arrester Core Posttest Showing Ribbon
Separation

The Amal arrester test configuration (No. 137) was successful
in stopping the detonation in only the first of four test firings.
The r rture disc was biown out on all tests. Flame velocity recorded
in the witness section was only 600 m/s (1968 ft/s) in the last three
tests. When the detonation was stopped, the peak pressure pulse ©_.wn-
stream of the arrester measured about 360 kN/mé (52 psia}, but increasecd
to 600 kN/m2 (87 psia) when the flame penetrated. A plot of the results
of these tests is shown in Figure 8-11.

The pre- and posttest pressure drop across the Amal arrester test
assembly did not vary appreciably. It averaged 0.428 kN/m2 (0.062 psid)
for an average air flow velocity of 4.78 m/s (15.68 ft/s). Posttest
inspection of the core element showed no evidenc: of damage that could
have caused the failure. The retainer grid was buwed downstream 0.64 cm
(0.25 in.) at the ax:1l centerline, indicating that some distortion had
occurred to the core element under the detonation wave loading, but
apparently the core element had returned ty» its original shape.

8-13




Figure 8-9. Amal Spiral-Wound, Crimped Stainless-Steel
Ribbon Arrester Assembly

E. WHESSOE FOAMED METAL ARRESTER TEST ASSEMBLY

The Retimet 80-grade foamed nickel-chrome alloy core element was
removed from a prototype Whessoe arrester and installed into a high-
pressure housing 25.4-cm (10-in.) diameter by 1.3-cm (0.5-in.) length.
Mounting rings with support grids were placed on each side. Figure 8-12
is a photograph of the arrester components before assembly. This arrester
assembly was mounted between the same pipe reducers used for the Amal
arrester tests. A rupture-disc pressure rating of 690 kN/m2 (100 psid)
was used.

The Whessoe arrester test configuration (No. 136) was successful in
stopping the detonation in three tests. The rupture disc was blown out
on all tests. Pre- and posttest gressure drop measured across the arrester
test assembly av-~raged 0.241 kN/m“ (0.035 psid) at an average air flow
veloeity of 4.7U m/s (15.54 ft/s). After the third test, the measured
pressure loss dropped to 0.110 kN/m2 (0.016 psid). Posttest inspection
revealed that a2  »ction of the Retimet foamed metal core element had been
extruded throug: .he downstream retainer grid, leaving a large hole as
shown in Figure 8-13.




Figure 5-10. Ama Spiral-Wound, Crimped Stainless-Steel
Rilbon Arrester Test Installation

The 80-grade foamed metal was replaced in the housing with the
alternate U5-grade foamed metal and reinstalled into the arrester test
configuration (No. 139). One additional test firing was made, but this
arrester failed to stop the detonation. The test results presented
in Figure 8-14 show a large drop in flame speed to 45 m/s (148 ft/s) at
the downstream side of the arrester after penetration. A low-level peak
pressure pulse ranging from 250 to 470 kN/m? (36 to 68 psia) was measured
in the witness section on all test firings. Pre- and posttest pressure
loss measured across the i5-grade foamed-metal arrester test assembly was
0.130 kN/m2 (0.019 psid) at an air-flow velocity of 4.78 m/s (15.68 ft/s).
The posttest inspection showed no damage to this arrester core element.

F. WATER-TRAP ARRESTER TEST ASSEMBLY

The water-trap arrester test assembly was installed into the
test section. This arrester vessel was made using 45.7-cm- (18.0-in.-)
diameter extra-strong piping 91.4 cm (36 in.) long with a pipe cap
on the lower erd and a flanged cuver containing a blowout port _n the
top. There were two 15.2-cm- (6.0-in.-) diameter flanged side p :'ts.
One of these ports contained a pipe elbow inside the vessel with a
30.5~ to 15.2-cm- (12~ to 6-in.-) diameter conceniric pipe reducer
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directed towards the bottom. The lower end of the reducer had three
rows of 2.54-em- (1.0-in.-) diameter holes drilled through the wall so
that the assembly functioned as a bell-mouth diffuser. A schematic
drawing of this arrester assembly is shown in Figure 8-15. The inlet
piping consisted of a pipe tee, not-in-line rupture disc, and a pipe
elbow. A similar reversed assembly was used at the arrester exit.

A third rupture-disc assembly was installed on the blow-out port of

the water-trap vessel cover. All rupture discs had a burst pressure
rating of 690 kN/m2 (100 psid). Water was added to the arrester vessel
until the inlet piping and top row of holes in the diffuser bell were
immersed 15.2 cm (6.0 in.) below the surface. A photograph of the test
installation is shown in Figure 8-16.

Five test firings were made with the water-trap test configuration
{No. 140), and the detonation was stopped for all tests. The upstream
rupture disc on the inlet pipe tee was blown out in each firing. The
downstream rupture discs on the arrester cover and exit pipe tee remained
intacv. There was no measurable peak-pressure pulse passing through the
witness section in any of these firings. Water level in the arrester
was reduced by 0.64 to 1.91 cm (1/4 to 3/4 in.) during testing and was
replaced before the next firing. This amounts to 1/2 to 2 liters of
water loss that can be related to the length of air-flow run time before
each test firing. There was no evidence of water in the downstream piping
or at the shock tube exit, sc the loss had to be due to evaporation and
convection caused by air flow. Pre- and posttest pressure loss measured
across the water-trap arrester test assembly averaged 1.655 kN/m2 (0.240
psid) at an average air-flow velocity of U4.66 m/s (15.29 ft/s).

In the sixth test, all the water was drained from the arrester
vessel before firing. The detonation passed through the arrester test
configuration (No. i41), as shown in the plot of these test results in
Figure 8-17. Flame velocity in the witness section was measured at 950
m/s (3117 ft/s) and a peak-pressure pulse at around 960 kN/m? (130 psia)
was experienced. All the rupture discs were blown out in this last test
firing. Posttest inspection showed no damage to the arrester test assembly.

G. VERTICAL BED OF ALUMINUM BALLAST RINGS ARRESTER
TEST ASSEMBLY

The vertical bed arrester test assembly utiiized the water-trap
vessel for the lower housing. The vessel was disconnected from the inlet
pipe elbow and reversed 180 deg, exchanging the inlet and outlet ports.

A blind flange was used to close off the unused outlet port. The vessel
cover was removed and a 45.7-cm- (18-in.-) diameter flange pipe spool
section, 91.4 cm (36 in.) long, was installed on top of the lower housing.
The outlet pipe elbow and pipe tee were inverted and relocated to an
outlet port on the downstream side of the spool section. A support

grid ring covered with heavy wire mesh was irstailed intc the housing
assembly just above the inlet port. The internal volume between the

inlet port and the outlet port, a distance of 63.5 c¢m (25 in.), was

filled with 2.54-cm- (1.0-in.-) diameter by 2.54-cm- (1.0-in.-) long
alumirum Ballast rings (identical in conformation to rall rings) obtained
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from Glitsch, Inc. A second wire-mesh-covered grid ring was installed

on top of the bed of rings and held securely in place. The vessel

cover, with a rupture disc, was installed on the top of the spool section.
A water spray injector for the iup of the bed was installed, but was

not plumbed in. Figure 8-18 is a schematic drawing of the vertical bed
arrester test assembly and a photograph of the test installat.on is

shown in Figure 8-19.

Five test firings were made with the vertical bed arrester test
configuration (No. 142); 690 kN/m2 (100 psid) rupture discs were installed
on all blow-out ports. The detonation was arrested in all tests and
onlv the rupture disc on the inlet tee was blown out. There were no
measurable peak-pressure pulses passing through the witness section.

A plot of these test results is shown in Figure 8-20.

Pre- and posttest pressure loss measured across the arrester test
assembly averaged 0.050 kN/m? (0.007 psid) at an average air-flow velocity
of 4.64 m/s (15.23 ft/s). Posttest inspection of the arrester assembly
revealed compaction of the bed due to distortion of the Ballast rings.
This was probably caused by the fact that the lower support grid ring was
not restrained in the vertical direction. The incoming detonation pres-
sure wave forced the bottom grid ring up, crushing the bed of rings
against the top restrained grid ring. Both support grid rings were
to be restrained against any vertical forces in later tests.

The repeated success with the '~y bed of Ballast rings in arresting
the detoration eliminated the need for water irrigation that would have
been used to increase the available heat sink. Therefore, the irrigated
bed configuration was deleted from the test series.

H. LINDE HYDRAULIC BACK-PRESSURE VALVE ARRESTER TEST ASSEMBLY

The Linde Model No, H-20 hyuraulic ba.k-pressure valve was a
standard commercial unit, that had to be wodified slightly by removing
a 7T.6-cm~ (3.0-in.-) diameter one-way check valve on the inlet piping
and the enlargement of the inlet port to a 10.2-cm- (4.0-in.-) diamet.r
nominal pipe size. Two 15.2- to 10.2-cm- (6.0- to 4.0-in.-) diameter
pipe reducer elbows were used to adapt this arrester to the 15.2-cm-
(6.0-in.~) diameter pipe tees on the inlet and outlet piping as shown
on the schematic drawing in Figure 8-21. The rupture discs had to be
installed on the vertically-down lexs of both the inlet and outlet
pipe tees. The Linde arrester was filled with water up to the gaging
port. This placed the lower end of the 10.2-cm-~ (4.0-in.-) diameter
inlet port approximately 15.2 cm (6.0 in.) under the water in the two
parallel 20.2-cm- (3.0-in.-) diameter vertical pipe chambers. A photograph
of this test installation is shown in Figure 8-22.

Five test firings were made on the Linde arrester test configura-
tion (No. 143) with 690 kN/m2 (100 psid) rupture discs installed on
the two blow-out ports. The detonation was arrested for all tests.
Only the rupture disc on the inlet pipe tee was blown out. There was
J0 measurable peak pressui'e pulse passing through the witness section.
These test results are plotted in Figure 8-23. The water level loss
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Figure 8-16. Water-Trap Arrester Test Installation

ranged from 0.63 to 4.45 cm (1/4 to 1 3/4 in.), depending on the length
of run-in time. The volume of water loss was equivalent to 1/2 to 3
liters and was replaced after each test. No visible quantity of water
was detected in the downstream pipinc or at the exit of the shock tube.
Pre- and posttest pressure loss across the arrester averaged 2.027
kN/m2 (0.294 psid) at an average air-flow velocity of 4.65 m/s (15.27 ft/s).

The water was removed from the Linde arrester through a drain
valve, and a sixth test t'iring made. The detonation was arrested and
only the inlet rupture disc was blown out. This was an unexpected
turn of events that required further investigation. The drain valve,
along with the mounting pipe reducer bushing, was removed for closer
inspection. A small amount of water remaining in the bottom of the
arrester was drained out. The drain valve was reinstalled and two more
test firings were made with the dry Linde arrester configuration (No.
144) with 699 kN/m? (100 psid) rupture discs installed. The detonation
was not arrested and both the inlet and outlet rupture disc~ were blown
out .

In trying to duplicate the previous anomaly, the arrester was again
filled with water up to the gaging port. Another test firing was made
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Figure 8-19. Vertical Bed of Ballast Rings Arrester Test Installation

where the detonation was arrested and only the inlet rupture disc was
blown out. At this point, the water was removed from the arrester through
the drain valve, just as in the previous test series. A final test
firing was made with the dry arrester. The detonation was not arrested
and both rupture discs were blown out. It is believed that the drain
valve became plugged with some foreign object in the first attempt to
remove the water, and this small amount of water caused the unexpected
quenching of the detonation in the supposedly drg test firing. Pressure
loss across the dry arrester averaged 0.407 kN/m* (0.059 psid) at an
average air-flow velocity of 4.63 m/s (15.2 ft/s). Posttest inspection
showed no damage to the Linde arrester.
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Linde Hydraulic Back-Pressure Valve Arrester
Test Installation

8-32




FLAME VELOCITY, m/s

2000

1000
800

200

100
80

60

40

20

DA T I AP RSN COEMBRIIUT e 0 sttt » o eenms v o Y

FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO, 143 AND NO. 144

TEST SYMBOL
NO. 6 =11
ol =1,
1442-A 0] VA =4.6m/s 2
B | (NO DATA) PD =690 kN/m
c a
D o)
3 A
= F D (WATER PARTIALLY REMOVED)
1443-A (ALL WATER REMOVED)
= B (ALL WATER REMOVED) DETO
C A PASSE
| ARRE!
D O (ALL WATER REMOVED) AFTER
HAD
u QO OPEN SYMBOL - FLAME SENSOR
@ CLOSED SYMBOL - PRESSURE SENSOR
¢ EQUIVALENCE RATIO, GASOLINE/AIR
‘JA  INITIAL FLOW VELOCITY _
PD RUPTURE DISC PRESSURE RATING
PRESS
THRO
ONL'.
HAD
B o~ [\d
0 s
a [- 8
N I § 3
[T WU [V U o ¥
[ | Lt L ] b | | | I e
0 2 4 6 8 10 12 14 16 18 20

PIPE LENGTH, m

Figure 8-23, Linde
Assem

| FOLDOUT FRAME



[tk P oy Y

FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO, 143 AND NO. 144

$ =1
VA =4.6mfs 4
PD = 690 kiN/m
.Y REMOVED)
DVED)
JVED)
DVED)

T BT A ot et g e

DETONATION
PASSED THROUGH
ARRESTER ONLY
AFTER ALL WATER
HAD BEEN REMOVED

] 4000

™~
E
! | <
PRESSURE PULSE PASSED 1000 Z
THROUG H ARRES TER 800 .
ONLY AFTER ALL WATER g:;
HAD BEEN REMOVED —
\. . @
} pV4
. ~400 I
[- 9
W oy "‘200
g & &
S 8 g 8 Z o a
a. a a. (- : o -
§ 9 £ 8 3 § 18 8
[ [ [N [T o w ,._J\_—\ [T '
I | | | | | JlJLlllJ,Allll 100
10 12 14 16 18 20 22 24 34

PIPE LENGTH, m

Figure 8-23.

Linde Hydraulic Back-Pressure Valve Arrester
Assembly Test Results

DLEOLDOUT FRAME

8-33



s e = e T

SECTION IX

ARRESTER EVALUATION TESTS USING DOWNSTREAM IGNITION

A. REVERSAL OF TEST FACILITY PIPING

The test facility 15.2-cm- (6.0-in.-) diameter piping was completely
removed and reassembled for the downstream ignition tests. All of
the pipe sections between the inlet tee section and the exit extension
section (No. 11) were reversed 180 deg. This was done to retain continuity
in the test configuration and instrumentation locations from the ignition
section (No. 1) to the witness section (No. 10). The hydrogen-air-
spark igniter was oriented to fire downstream with the gasoline-and-
air-mixture flow directed into the extension section. The orifice
restricter plitc was installed at the exit of the extension section
to assist flame propagation back upstream against the flow. The exit
gas sampling rake remairned in its original position at the entrance
to the extension section. All of the flame sensors and pressure transducers
remained in their same locations and retained the same identification
in relation to flame propagation direction from the ignition section
to the witness section.

The water-trap and the Linde arresters were the only two arresters
selected for evaluation with downstream ignition. Both of these devices
have significant differences in the geometric arrangements between the
inlet and outlet configurations. Also, they accept flow-through in only
one direction.

8. LINDE HYDRAULIC BACK-PRESSURE VALVE ARRESTER TEST ASSEMBLY

The Linde arrester was installed in the upstream test section
(No. 9). Oriented in the normal flow-through direction, the same inlet
and outlet adapter piping shown in Figure 8-21 was used with 690 KN/m2
(100 psid) rupture discs installed in the blow-out ports. Water was
added to the arrester up to the gaging port.

For the first test using downstream ignition configu-ation (No. 145),
the initial flow velocity was 1.5 m/s (5.0 ft/s). Ignition was obtained,
but there was no detonation. Flame did not propagate upstream beyoad
the ignition section. The second test was made with the inlet valve
closed after the piping was filled with the gasoline and air mixture,
so there was no mixture flowing at the time of ignition. Ignition was
obtained, but again there was no detonation. The flame had propagated
up through the stabilizer section (No. 2), but did not continue through
the turbulent liner run-up sections (Nos. 3, U4, and 5). A third test
at no-flow condition was made after the injection direction of the
hydrogen-air-spark igniter was reversed 180 deg from downstream to
upstream orientation. Again, ignition was obtained, but no detonation.
The flame had not propagated through the turbulent liner run-up sections.
To eliminate any influence water vapor may have had on flame propagation,
the water was drained from the Linde arrester. A final test firing
was made with the no-flow condition, but the results were no different.
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At this point a configuration change was made in the piping test
assembly. The ignition section (No. 1) and the stabilizer section
(No. 2) were interchanged, placing the ignition section upstream adjacent
to the turbulent liner sections, and the stabilizer section downstream
next to the extension section. Also, the orifice plate was relocated
upstream at the flanged joint between the ignition section and the
stabilizer section, so that it was positioned just downstream of the
hydrogen-air-spark igniter. A facility piping schematic diagram of
this test assembly is shown in Figure 9-1.

The Linde arrester in this test configuration (No. 148) was refilled
with water up to the gaging port. Three test firings were made with no
initial flow velocity; all resulted in ignitions and detonations. The
detonation was arrested for all tests. Only the downstream rupture discs
were blown out.

Three additional test firings were made with this same Linde test
configuration at an initial flow velocity of 1.5 m/s (5.0 ft/s). Ignition
and detonation were again obtained for each test. The detonation was
arrested for all tests and only the downstream rupture disc was blown
out. The test results, pl-tted in Figure 9-2, show no significant change
in the detonation wave ter.inal velocity or peak pressure pulse from
the levels obtained in the no-flow tests. There was no measurable peak
pressure pulse passing into the witness section.

Pre- and posttest pressure loss measured across the arrester
assembly averaged 1.92 kN/m2 (0.278 psid) at an average air-flow velocity
of 1.61 m/s (5.28 ft/s). Water level in the arrester had dropped 2.54
to 3.18 em (1 to 1-1/4 in.) during each test. This represents a loss
of 1-1/2 to 3 liters of water, which was replaced after each test.

Some of the water displaced from the arrester was driven upstream by
the detonation and collected in the vertically-down leg of the inlet
pipe tee. This water was drained off after each test by loosening
the flange bolts retaining the rupture-disc assembly.

c. WATER-TRAP ARRESTER TEST ASSEMBLY

The water-trap arrester was installed into the upstream test
section (No. 9). Oriented in the normal flow-through direct .on, the
same inlet and outlet adapter piping shown in Figure 8-15 was used
with 690 kN/m2 (100 psid) rupture discs installed on the pipe tee blow-
out ports. A blind flange was installed on the blow-out port in the
water-trap vessel cover. Water was added to the arrester vessel up
to the gaging port.

Five downstream ignition test firings were made with the water-trap
arrester test configuration (No. 149) at an initial flow velocity of
1.5 m/s (5.0 ft/s). Ignition and detonation were obtained for each test.
The detunation was arrested and only the downstream rupture disc was
blown out. There was no measurable peak-pressure pulse passed into the
witness section. A plot of the test results is shown in Figure 9-3.



UOTTUB] weadjsumog Y3TM Juryss]

uotjeuolaq Jaoj meaderq orqemayos Jurdtd LAqTTTORY4 *1=-6 aanBryg

Ve Tlwvs 31vd 2 "
svo 1 11O NI
\ € 43IWNN aNY
1 N z e 1 atwnn oy s 9 A3IWAN GNY & N 01 waewnN
o | Caamons NOILDIS Y i ey | "L WIWNON °8 138NN -
NOISNIIX] ﬁ Bz NOILINOI O i dn-nny SNOILDIS NOILYOIINIA
& @ _
iiaily I i
1 v

m 2hadil

4
BLINDI HO¥OL
WVY/NIOO¥AAH

FWUXN
Hv N



Lo

R

The water level in the arrester vessel dropped around 0.48 to
2.22 cm (3/16 to 7/8 in.) during each test. This represents a loss
of 1/2 to 2 liters of water, which was replaced after each test. There
was no visible sign of water in the upstream piping, possibly because
there were no traps in the line, as was the case with the Linde arrester.
Posttest air flowing through the piping would normally blow any water
collected upstream back into the arrester vesse:. Pre- and posttest
pressure loss measured across the arrester assembly averaged 1.39 kN/m?
(0.202 psid) at an average air flow velocity of 1.52 m/s (5.0 ft/s).

A summary of the test results fr~ all the detonation-flame arresters
is presented in Table 1-1.
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FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO. 148
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Figure 9-2. Linde Hydraulic Back-Pressure Valve Arrester
Assembly Test Results with Downstream Ignition
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FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO. 149
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Figure 9-3. Water-Trap Arrester Assembly Test Results with
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SECTION X

CHEMICALLY PURE PROPYLENE DETONATION TESTS

A detonation was never obtained in the facility check-out tests
using chemically pure (CP) propane, whereas calibration tests with
commercial grade (CG) propane resulted in stable detonations. California
Liquid Gas Corporation, the suppliers of the CG propane used, could
not provide specific information on the composition of their propane,
but they did indicate that it was in compliance with the Gas Producers
Association Liquified Petroleum Gas Specification. According to this
specification, the composition is required to be predominantly propane
and/or propylene. Matheson Gas Products provided a more definitive
specification for CG propane as having a minimum purity of 65.0 mole
percent propane, with the main impurity being propylene.

Initial in-house efforts to determine the CG propane composition
using gas chromatography analysis were unsuccessful. While this problem
was being worked out, a series of tests was conducted to determine the
detonation capability of CP propylene.

The test facility piping was reassembled into the upstream ignition
configuration that was successful in producing detonation with CG
propane during the calibration tests. This is the configuration (No. 150)
shown in Figure 3-1, Gasoline in the fuel supply system was replaced
with CP propylene. Test firings were made at an initial flow velocity
of 4.6 m/s (15.0 ft/s) and a propylene/air equivalence ratio of 1.1.
Ignition was obtained, but the transition to detonation did not occur.
The restricter orifice plate was removed from the test assembly and
a second Lest firing was made at the same condition. Ignition and
detonz . .on were achieved with this test configuration (No. 151). A
third test firing was made at the same test condition. Ignition and
detonation were achieved, but there was an unexplained slow flame velocity
transition through the turbulent liner sections. All attempts to obtain
a stable, repeatable detonation with CP propylene were unsuccessful
80 the tests were terminated.

The nrevious problem with the gas chromatography analysis was solved
oy the & uisition of a new "Porasil-B" column and by the revision of the
analynical method. The CG propane being used was found to have a
cer~o_ition of 97% propane, 1.2% ethane, 0.2% butane, less than 0.1%
prupylene, with the balance being heavier hydrocarbons. The values used
in the propane quantitation determination were checked against certified
samples and found to be accurate within approximately +3%.

The calibration test results and gas chromatography analysis support
the possitility that a small percentage of ethane and butane mixed with
propane will produce stable detonation in pipe run-up testing. CP
prorvlene and CP propane appear to have poorly defined detonation
properties.

10-1
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SECTION XI

DEFLAGRATT O -TO-DETONATION TRANSITION LOCATION TESTS

Tn the initial calibration tests, a pipe run-up configuration
was developed that would produce stable and repeatable detonations
with xisoline and air mixtures. The deflagration-to-detonation
transition location was well within the run-up piping containing
the turbulent liners, Limited variations in test conditions, includ-
ing initial flow velocity, mixture ratio, and back pressure, did
not suppress the detonation. The actual location of the point of
transition remained to be identified. A relocation of flame sensors
and dynamic pressure sensors into the lined run-up piping was required
to make this determination.

The last run-up section (No. 5) was removed from the test assembly,
and its turbulent liner was removed, modified, and reinstalled into
three instrumented sections (Nos. 7, 8, and 10)., Special holes
had to be cut into the liner and aligned with the instrumentation
ports to give a clear field of view for the flame sensors and pressure
sensors. The instrumernted lined sections were moved upstream to
Join the first two uninstrumented lined sections (Nos. 3 and 4).

The unlined run-up section (No. 5) was reinstalled downstream between
the remaining verification section (No. 6) and the orifice plate

at the inlet to test section (No. 9). Overall make-up length of

the test piping remained the same.

A series of three test firings was made with the new test con-
figuration (No. 165) at an initial flow velocity of 4.6 m/s (15.0 ft/s)
and a gasoline/air equivalence ratio of 1.1, A detonation was produced
in each test. The transition from deflagration to detonation appeared
to be located either in the first instrumented lined section (No. 7)
or just upstream from it, but the actual location was not well defined.

A second uninstrumented run-up section (No. 4) was removed
from the test assembly. The turbulent liner was withdrawn, modified,
and reinserted into the remaining instrumented verification section
(No. 6). These two sections were then interchanged to produce the
facility piping assembly shown in the schematic diagram in Figure
11-1. Thirteen test firings were made with this test configuration
(No. 166 and No. 167). 1Initial flow velocity was varied through
o, 1.5, 3.0, 4.6, and 6.1 m/s (0, 5, 10, 15, and 20 ft/s) with the
gasoline/air equivalence ratio of 1.1. The results of these tests
are plotted in Figure 11-2. Although there is some scatter in both
flame velocity and peak pressure data, attesting to the complexity
of the transitional process, the preponderance of data indicates
that the location of the transition point is about 15.4 @ (50.5 ft)
from the point of ignition., The run-up length through turbulent
liner pipe was 11.2 m (36.7 ft) giving an L/D of T4. There appears
to be no discernible correlation between the initial flow velocity
used in testing and the resulting run-up length. The stable deto-
nation wave velocity downstream of the transition is 1800 m/s
(5906 ft/s) with a peak pressure of 1900 kN/m2 (276 psia). Some

11-1
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FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENT
TEST CONFIGURATION NO. 165, NO. 168, AND NO. |
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FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO. 165, NO. 166, AND NO. 167
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Figure 11-2., Deflagration-to-Detonation Transition Test Results
RAMB for Gasoline and Air Mixtures at Selected Initial

Flow Velocities

11-3



peak pressures measured near the point of transition exceeded 4000
kN/m? (580 psia).

To determine the influence the equivalence ratio has on the
detonation run-up length, nine additional test firings were made
at a constant initial velocity of 4.6 m/s (15.0 ft/s). The equiv-
alence ratio was varied from 0.7 to 1.4 in steps of 0.1 for these
tests. The results of these tests are plotted in Figure 11-3, At
an equivalence ratio of 0.7, the flowing gasoline and air mixture
would not ignite. Increasing the gasoline flow to an equivalence
ratio of 0.8, the flowing mixture was ignited, but the flame accelera-
tion was too slow to reach detonation velocity within the test length
of run-up piping. The maximum flame velocity in this test was measured
at 600 m/s (1969 ft/s) and tie peak pressure at 900 kN/m? (131 psia)
in the last instrumented section (No. 10). Stable detonations were
obtained for all test conditions where the equivalence ratio ranged
from 0.9 to 1.4, The data are scattered to the extent that there
is no obvious correlation between equivalence ratio and the run-
up length. The location of the transition is at 15.4 m (50.5 ft)
from the point of ignition, which is the same location determined
in the previous test series. This is undoubtedly caused by the
fact that the same data obtained at an initial velocity of 4.6 m/s
(15.0 ft/s) and an equivalence ratio of 1.1 are used in both plots.
It is these data that produce the maximum levels of flame velocity
and peak pressure, which are the criterion used to identify the
point of transition., Data at other test conditions, with the one
exception, do not show any consistent results that influence a change
in the apparent location of transition. A detonation run-up length
of 11.2 m (36.7 ft) for the turbulent lined 15.2-cm- (6.0-in.-)
diameter piping, or an L/D of 74, holds for all conditions tested
except at an equivalence ratio of 0.8.
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PRECEDIN
SECTION XII
FACILITY PIPING RELATIVE ROUGHNESS DETERMINATION TESTS
The relative roughness of the turbulent liners in the facility
piping was required to relate the experimental results of detonation
run-up distance vo standard commercial pipe. A series of air.-flow
tests was made to measure the pressure loss through the 15.2-2m- (6.0-
in.-) diameter facility run-up piping with varying lengths of turbulent
liners and without the liners. The measured data were used in t{he
Darcy equation to determine the pipe wall friction factor (f) as tollows:

(1) Darcy equation,

L 2
AP = flo— | [ =~
A2D/ \2g,p

(2) Solving for friction factor,

/a2 D> <pAP>
L/\

where g, = gravitational conversion constant relating force and mass
A = internal cross-sectional area of pipe
D = inside diameter of pipe
L = 1length of pipe
p = fluid density
P = pressure loss through pipe
m = fluid mass flow

The friction factor is a dimensionless quantity, and at normally

encountered pipe flows is a function of two other dimensionless quantitiec,

the relative roughness (e/D) and the Reynolds number (Rg), which are
defined as follows:

(1) Relative roughness = ¢/D
where: ¢ = height of absolute roughness

4m

(2)  Reynolds number, Rg =
nDyp
where p = absolute viscosity of fluid

12-1
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In Reference 12-1, L. F. Moody has presented two charts; one gives
the functional relationship between f, Ry, and ¢/D, and the second
relates f, ¢/D, and ¢ to those values typical of commercial pipe and
tubing.

The first set of experimental pressure loss data, which was obtained
with test configurations (No. 157 to No. 164) using the installed pressure
transducers and steady-state recorders, pr wved to be unrellable. The
total pressure and differential pressure measurements encountered were
below the linear, repeatable range of the transducers employed. They were
replaced by a visually read micromanometer to measure upstream pressure
and an inclined manometer to measure pressure loss. The data obtained
using these instruments were considered to be acceptable.

The air-flow tests were made at velocities of 1.5, 3.0, 4.6, and 6.1
w/s (5, 10, 15, and 20 ft/s) in both increasing and decreasing steps. The
t<st configurations (No. 168 to No. 175) included lined pipe lengths of
1.6, 8.0, and 3.4 m (41.3, 26.2, and 11.2 ft), and an unlineu pipe length
of 10.6 m (34.9 ft). Pressure loss through each length was measured for
the conditions of both an open outlet and for the orifice pl.-.te installed
on the outlet. At the lowest air-flow velocity, 1.5 m/s, and the shortest
pipe length, 3.4 m, the pressure measurements obtained were questionable
because of their very low values. However, the measurements made at the
other test conditions appeared good and produced the following results:

Pipe
Condition Length.@ Re £ £/D

Lined  12.6, 8.0, and 3.4 2x10°% to 5x10-% 0.040 to 0.047 0.010 to C.015

Unlined 10.6 2x10~% to 5x10-% 0.016 to 0.020 <106

The lined pipe had a friction factor and relative croughness comparable
to riveted steel pipe 15.2 cm (6.0 in.) in diameter. The unlined,
honed, and polished shock-tube pipe had a friction factor and relative
roughness less than any commercial grade smooth pipe.

12-2
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SECTION XIII

PARAMETRIC TESTS OF DETONATION-FLAME ARRESTERS

A. DOWNSTREAM PRESSURE PULSE

A low-level pressure pulse that penetrated through the test arrester
was measured in the witness section on two of the four generic types
of flame coatrol devices found to be effective in arresting a detonation.
The pre. sure pulse level ranged frem 250 to 470 kN/m2 (36 to 68 psia)
for the spiral-wound, crimped aluminum ribbon arrester and the foamed
nickel-chrome metal arrester. The pressure pulse, if present, was below
the lower sensitivity level of 207 KN/m@ (30 psia) for the hiph-pressure,
quartz-crystal-type pressure transducers installed in the witness section
of the vertical bed of aluminum Ballast rings arrester, the water-trap
arrest », and the Linde hydraulic back-pressure valve arrester. The
existence of this low-level pressure pulse passing through the arrester
caused some concern as to the possibility of a reignition occuring in
the combustible fuel and air mixture in the piping at sname distance
beyond the arrester. Although reignition was not observea in the initial
evaluation tests, it was not known whether this was due to the short
length of piping in the witness section, which was only 1.5 m (5 ft),
or due to the fact that operational procedures terminated the flow ol
gasoline into the induction section just prior to ignition. Both of
these conditions were later evaluated by additional testing. A long
length of extension piping was installed downstream of the arrester
test section and a change in the operating procedure was made to allcw
gasoline and air mixture to flow continuously through the piping system
for periods up to 120 seconds following ignition and detonation.

Before proceeding with continuous-flow detonation testing, two of
the more applicable arrester configurations were further evaluated with a
series of parametric tests designed to identify any existing relationships
between the measured levels of downstream pressure pulse and the arrester
size, inlet configuration, or rupture disc pressure rating. The two
configurations selected were (1) The Shand and Jurs spiral-wound, crimped
metal ribbon arrester and (2) the vertical bed of Ballast rings arrester.
Bboth of these devices are considered to be readily adaptable to either
shipboard or shore-based tank installations, and could be made compatible
with a marine environment.

During the initial testing of Shand and Jurs spiral-wound, crimped
aluminum ribbon arrester, a pressure pulse of about 290 kN/m2 (42 psia)
was measured on the downstream side (Figure 8-7). The detonation pressure
wave on the upstream side was on the order of 1900 kN/m2 (276 psia).

Only 15% of the detonation wave pressure was transmitted through the
15.2-cm- (6-ia.-) inng arrester core element. An increase in core length
would be expected to reduce tne downstream pressure pulse even lower.

The measured air-flow pressure loss across this core element averaged
only 0.152 kN/m2 (0.022 psid) at an average air velocity of 4.68 w/s
(15.35 ft/s) (Table 1-1). 1t 3 apparent that the core length could be
increased considerably and st... operate at an acceptable pressure loss.
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Testing of the vertical bed of aluminum Ballast rings arrester
produced no measurable pressure pulse in the downstream piping. This
original configuration was very large and heavy compared to the Shand
and Jurs arrester assembly. The size of the bed of packed rings was
designed to assure its flame arresting capability. This large size
also resulted in the lowest measured air-flow pressure loss of all
the arrester configurations tested. It was apparent that the packed
bed of rings could be reduced in size without developing an unacceptable
high-pressure loss, providing the detonation arresting capability was
not lost. However, a significant reduction in bed size would undoubtedly
be accompanied by an increase in the level of a pressure pulse that
would pass through the arrester. A more sensitive lower-range pressure
transducer had to be employed in the witness section to monitor any
measurable variations in downstream pressure pulse.

A series of parametric tests were conducted to evaluate the following
variations on the two selected types of detonation-flame arresters:

(1) The Shand and Jurs arrester was tested with the spiral-
wound, crimped stainless-cteel ribbon core elements having
the same crimp height and diameter as the original aluminum
core element, but with three different core lengths. The
inlet configuration was eventually changed from the indirect
pipe tee, rupture-dise and pipe-elbow assembly to a directly
connected in-line pipe tee and rupture-disc assembly where
the rupture-disc pressure rating was increased in four
steps up to a blanked-off condition.

(23 The vertical bed of aluminum Ballast rings arrester was tested
with four bed diameters, three bed depths, three Ballast ring
sizes, and increasing rupture-disc pressure rating in four
steps up to a blanked-off condition. The inlet and outlet
configuration were the indirectly connected pipe tee, rupture-
disc and pipe-elbow assemblies used with the existing pressure
vessel housing.

B. SHAND AND JURS SPIRAL-WOUND, CRIMPED STAINLESS-STEEL RIBBON ARRESTER
TEST ASSEMBLIES

New spiral-wound, crimped stainless-steel ribbon core elements
for the Shand and Jurs arrester test assemblies were obtained from
G.P.E. Controls. They are manufactured in only two core lengths, 15.2 cm
(6 in.) and 20.3 em (8 in.), so the third experimental length was made
by assembling two 15.2-cm- (6-in.-) long units in series in a single
30.5-cm- (12-in.-) long high-pressure housing. The new 20.3-cm (8-in.)
and 30.5-cm (12-in.) arrester housings were identical, except in length,
to the existing 15.2-cm (6-in.) housing, and could interchangeably use
the two existing mounting rings with the grid retainers.

All three lengths of the stainless-steel Shand and Jurs arresters
were initially tested using the same test assembly shown in the schematic
drawing, Figure 8-6. This configuration used the indirect inlet connection
consisting of a pipe tse, rupture disc not in line, and a pipe elbow on
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the upstream side of a pair of 30.5- to 15.2-cm- (12- to 6-in.-) diameter .
concentric and eccentric flanged pipe reducers. A photograph of the

20.3-cm- (8-in.-) long arrester test assembly is shown in Figure 13-1.

A rupture disc with a pressure rating of 690 kN/m2 (100 psid) was installed
on all these tests. The two 20,685 kN/m2 (3000 psia) quartz-crystal-type
pressure transducers were relocated from the witness section (No. 10) up-
stream to the verification section (No. 7) instrumentation pressure ports
(P71 and P72). Two 345 kN/m2 (50 psia) strain-gage-type pressure transducers
were installed into the witness section instrumentation pressure ports

(P101 aind P104). All test firings were made using gasoline and air mixtures
at the established standard conditions with the upstream ignition location.

Figure 13-1. Shand and Jurs Spiral-Wound, Crimped Stainless-Steel
Ribbon Arrester Test Installaticn

The 15.2-cm- (6-in.-) long stainless-steel Shand and Jurs arrester
configuration (No. 176 and No. 177) was subjected to five stablz deto-
nations. The rupture disc was blown out on all tests. Detonation was
arrested on the first four test firings, but on the fifth, the passage
of a flame traveling at 570 m/s (1870 ft/s) was recorded in the witne.s
section. When the detonation was arrested, the peak-pressure pulse
downstream of the arrester averaged 344 kN/m? (50 psia). This same
pressure increased to 460 kN/m2 (67 psia) when the flame penetrated
the arrester A plot of these test results are shown in Figure 13-2.
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Pre- and posttest pressure loss across the arrester averaged 0.151 kN/m2

(0.022 psid) at an average air-flow velocity of 4.78 m/s (15.68 ft/s).
These are about the same values recorded for the 15.2-c.-(6=-in.-) long
aluminum core arrester (Table 1-1). Posttest inspection of the stainless-
steel core element revealed that a circumferential displacement had oc-
curred in an overlap joint at the middle of the spiral-wound, crimped
ribbon windings. This produced a double-width gap in the windings,
approximately 6.35-cm (2.5-in.) long, that extended through the full depvh
of the core. A photograph showing an enlarged view of this displacemert
is presented in Figure 13-3. It is believed that this was the path for
flame passage through the arrester on the last test, since there was

no other evidence of distortion or damage. Inspection of the other
stainless-steel core elements disclosed that this particular unit was

the only one that had been manufacturered with an overlap joint in the
crimped ribbon windings.

The 20.3-cm- (8-in.-) long stainless-steel Shand and Jurs arrester
configuration (No. 178) was subjected to six stable detonations. The
rupture disc was blown out and the detonation was arrested on all test
firings. A low-level peak-pressure pulse, which averaged 320 KN/m@

(46 psia), was measured in the witness section. A plot of these test
results are shown in Figure 13-4. Pre- and posttest pressure lost
across the arrester averagea 0.152 kN/m2 (0.022 psid) at an average
air-flow velocity of U4.58 m/s (15.89 ft/s).

The 30.5-cm- (12-in.-) long stainless-steel Shand and Jurs arrester
configuration (No. 179) was subjected to six stable detonations. The
rupture disc was blown out and the detonation was arrested on all test
firings. A low-level peak-pressure pulse, which averaged 260 KN/m2
(38 psia), was measured in the witness section. A plot of these test
results are shown in Figure 13~5. Pre- and pcsttest pressure loss across
the arrester averaged 0.230 KN/m2 (0.033 psid) at an average air-flow
velocity of 4.48 m/s (14.70 ft/s).

The results of the parametric tests are summarized in Table 1-2.
A plot of the arrester core length versus the dowrstream peak-pressure
pulse is shown in Figure 13-6. If the apparent linear relationship between
core length and peak-pressure pulse on this graph were to be extrapolated
down to the atmosphere, (zero peak-pressure pulse) the corresponding
arrester core length would be 58.5 cm (23 in.). It was impractical
to verify this resvlt by further testing since the required arrester
core element was not commercially available. The 20.5-cm- (8-in.-)
long Shand and Jurs arrester assembly was selected to bc evaluated using
a directly connected inlet pipe configuration.

The indirect inlet connection tc all detonation-flame arresters
was initially employed to reduce the severity of the impacting shock
wave, The rupture-disc assembly was used to release the hot combustion
gas from the pipeline detonation rather than allowing it to flow through
the arrester. If this gas retained enough heat, it ~ould cause a reignition
of the flammable mixtures downstream of the arrester. The first assumption
proved to be wrong, in that there was no evidence that the combustinn-
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Figure 13-2. Shand and Jurs Spiral-Wound, Crimped Stainless-Steel
Ribbon Arrester Assembly Test Results, Size: 30.5-c¢m
Diameter by 15.2-cm Length
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Figure 13-3. Spiral-Wound, Criwped Stainless-Steel Ribbon
Core Element, 30.5-cm Diameter by 15.2-cm
Length, Posttest

driven detonation wave was in any way diminished by combinations of
pipe tees and pipe elbows. The second assumption on combustion gasses
causing a reignition remained to be evaluated.

A direct connect inlet was made by rearranging the test assembly
inlet pipe tee to an in-line position with the arrester test assembly and
removing the inlet pipe elbow. The branch line of the pipe tee, contain-
ing the rupture-disc assembly, was directed vertically up as shown in
Figure 13-7. A photograph »f this installation containing the 20.3-
em- (8-in.-) long stainless-steel Shand and Jurs arrester test assembly
is presented in Figure 13-8. This configuration (No. 180 to No. 183)
was subjected to six stable detonations. 1In the first three tests,
the rupture-disc pressure rating was increased in steps through 690,
2068, and 4137 kN/m (100, 300, and 600 psid). On the last three tests,
the rupture-disc assembly was blanked off with a blind flange. The
detonation was arrested on all test firings. A low-level peak-pressure
pulse that averaged 3225 kN/m2 (47 psia) was measured in the witness
section. The level of this pressure pulse was not noticeably influenced
by the rupture-disc pressure rating or when the blow-out port was blanked
off. Pre- and posttest pressure loss across the arrester averaged 0.138
kN/m2 (0.020 psid) at an average air-flow velocity of L4.4Y4 m/s (14.58
ft/s). A plot ol the test results is shown in Figure 13-9 and summarized
in Table 1-2.
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Posttest inspection of the arrester core element showed no dis-
tortion or damage to the spiral-wound, crimped stainless-steel ribbon
windings. A photograph of the upstream side of the core element showing
a flame imprint of the retainer grid, caused by carbon deposit, is
presented in Figure 13-10. By contrast, the downstream side of the
same element shown in Figure 13-11 appears very clean. The downstream
retainer grid was bowed slightly at the axial center line as shown
in Figure 13=12.

C. VERTICAL BED OF ALUMINUM BALLAST RINGS ARRESTER TEST ASSEMBLIES

The vertical bed of Ballast rings arrester test assembly was
installed into the test section in the same configuration used earlier
as shown in Figure 8-18. New aluminum Ballast rings were obtained
from Glitsch, Inc. in three sizes: (1) 2.54 em (1.0 in.) in diameter
by 2.54 cm (1.0 in.) long, (2) 3.81 cm (1.5 in.) in diameter by 3.81 cm
(1.5 in.) long, and (3) 5.08 cm (2.0 in.) in diameter by 5.08 cm
(2.0 in.) long. Figure 13-13 shows the three different sizes of Bzllast
rings used. The lower support grid ring covered with heavy wire mesh
was installed into the arrester housing assembly just above the inlet
port. This was fcllowed by a welded spacer assembly made from two
2.54-cm (10-in.) diameter pipe rings and four 3.81-cm (1.5-in.) steel
90-deg angle bars. The spacer established the packed bed depth. A
second support grid ring, also covered with heavy wire mesh, was placed
on top of the fir.t spacer and held down by a second spacer, which built
the stack height up to the vessel cover. This stacked assembly is shown
in Figure 13-14. The internal volume between the two grid support rings
was packed with the selected size of aluminum Ballast rings. The spacers
rigidly controlled the established bed depth by maintaining the position
of the support grid rings against the displacing forces of the incoming
detonation wave. Three sets of spacers, two in each set, provided the
three variations in bed depth: (1) 63.5 cm (25 in.), (2) 45.7 cm (18
in.), and (3) 22.9 em (9.0 in.), all at a constant bed diameter of 43.2
em (17 in.).

The variations in bed diameters were accomplished with cylindrical
pipe inserts that were flanged on the lower end to close-off the annular
area between the inner wall of the housing vessel and the outer wall
of the pipe insert. Internal diameter of the pipe insert controlled
the packed bed flow path. The insert was lowered into the vessel housing
on top of the lower support grid ring. The second support grid ring
was then placed on top of the insert and held in place by a spacer,
which built the stack height up to the vessel cover. This stacked
assembly is shown in Figure 13-15. The volume between the two support
grid rings were packed with the selected size of Ballast rings, both
inside the cylindrical insert and in the surrounding annulus. The
flow path is restricted to the internal diameter of the pipe insert.
Including the unrestricted vessel housing and three sets of cylindrical
inserts and spacers, the four variations in bed diameter are (1) 43.2
em (17 in.), (2) 33.7 em (13.25 in.), (3) 30.5 em (12 in.), and (4)

25.4 cm (10 in.), all at a constant bed depth of 63.5 cm (25 in.).
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Figure 13-10. Spiral-Wound, Crimped Stainless-Steel Ribbon
Core Element, 30.5-cm Diameter by 20.3-cm
Length, Posttest Upstream Side

The inlet and outlet piping connections to the vertical bed of
Ballast rings arrester were the same combination of pipe tees, rupture-
disc not in line, and pipe-elbow assemblies as previously used. It
would have reyuired a major modification to the facility piping and
support structures to accomplish a direct in-line inlet and outlet
connections to the arrester vessel housing. Rupture-disc assemblies
with a 690 kN/m? (100 psid) pressure rating were installed on the inlet
pipe tee, the vessel cover, and the outlet pipe tee. All test firings
were made using gasoline and air mixtures at the standard test conditions
with the upstream ignition location.
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Figure 13-11. Spiral-Wound, Crimped Stainless-Steel Ribbon
Core Element, 30.5-cm Diameter by 20.3-cm
Length, Posttest Downstream Side

The first three bed depth parametric test configurations (No.
184, No. 185, and No. 186) were all packed with the 2.54-cm- (1.0-in.-)
diameter by 2.54-cm- (1.0-in.~) long aluminum Ballast rings. A new
bed of rings was installed at the start of each test series because
of the deformation that ozcurred in the rings. Starting with the full-
size bed that was 43.2 cm (17 in.) in diameter, the bed depth was reduced
in steps through 63.5 cm (25 in.), 45.7 cm (18 in.), and 22.9 cm (9
in.). Each configuration was subjected to six stable detonations.
Only the inlet rupture disc was blown out and the detonation was
arrested on all but two test firings. On the fourth and sixth test
firings, with the 22.9-cm (9-in.) bed dep.h, the detonation passed
through the arrester, blowing out all three rupture discs. Flame
velocity in the witness section on these tests was measured at around
660 m/s (2166 ft/s). When the detonation was arrested, the down-
stream peak pressure pulse ranged from 181 to 236 kN/mé (26.3 to 34.2
psia), and showed an increase in pressure level with the reduction
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Figure 13-12. Spiral-Wound, Crimped Ribbon Arrester
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Side Showing Deformation of Retainer
Grid
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Figure 13-13. Aluminum Ballast Rings, Thiree Sizes
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Figure 13-14. Stacked Assembly of Figure 13-15. Stacked Assembly of

Support Grid Rings Support Grid Rings
Covered with Heavy Covered with Heavy
Wire Mesh and Bed Wire Mesh, Bed
Depth Spacers Diameter Insert,

and Spacer

in bed depth. On the test firings where the detonation passed through
the arrester, the peak pressure pulse exceeded the 450 kN/m? (65 psia)
upper range of the pressure sensors installed. Plots of the test data
results for these tests are shown in Figures 13-16, 13-17, and 13-18.
Table 1-3 is a summary of the test results.
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The pre- and posttest pressure loss across the arresters ranged
from 0.05” to 0.075 kN/m2 (0.007 to 0.011 psid) at an average air velocity
of 4.58 m/s (15.03 ft/s). Pressure loss decreased with the reduction in
bed depth, and generally increased slightly after the first test firing
in a series. Posttest inspection of the packed bed of ring - showed
about a 35% compaction due tc distortion of the Ballast rings. A posttest
photograph of a compacted bed of rings is shown in Figure 13-19. Since
the support grid riugs were restrained from motion, the compaction
had to be caused by the force of the detonation wave acting on the
frontal area of the Ballast rings alone.

A full-size arrester bed was used in the parametric testu with
different-size Ballast rings. The 2.54-cm (1.C-in.) rings were replaced
by new 3.81-cm- (1.5-in.-) diameter by 3.81-cm- (1.5-in.-) long aluminum
Ballast rings in a bed depth of 63.5 cm (25 in.). All other parameters
remained the same. This new arrester configuration (No. 187) was subjected
to four stable detonations. On the first two firings, only the inlet
rupture disc was blown out and the detonation was arrested. On the
last two firings, all three rupture discs were blown out and flame was
recorded in the witness section with a velocity of around 770 m/s (2530
ft/s). When the detonation was arrested, the downstresm neak pressure
pulse averaged 290 KN/m2 (42.1 psia) and then exceeded 450 kN/m2 (65
psia) when flame penetrated the arrester. Pre and posttest pressure
loss across the arrester averaged 0.067 kN/m2 (0.010 psid) at an average
air-flow velcecity 4.73 m/s (15.52 ft/s). The arrester bed was repacked

ANK NOT FILMED
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Figure 13-19. Posttest Compactel Bed of Aluminum Bali:st Rings
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with new 5.08-cm- (2.0-in.-) diam/ter by 5.08-em- (2.0-in.-) long
aluminun Ballast rings at the same bed depth of 63.5 cm (25 in.). All
other parameters remained the same. This arrester configuration (No.
188) was subjected to three stable detonations. The detonation was
arrested on only the first test firing. On the last two L..t firings,
all rupture discs were blown out and flame was recorded in the witness

section with a velocity of around 733 m/s (2406 ft/s). When t'e detonation

was arrested, the downstream peak p: .ssure pulse was 304 kN/m2 (44,1

psia) and exceeded 450 kN/m2 (65 psia) when flame penetrated the arrester.
Pre- and posttest yressure loss across the arrester averaged 0.056 kN/m?
(0.008 psid) at an average air-flow ‘elocity cf 4,68 m/s (15.35 ft/s).
Posttest inspection showed a 28% compaction of the bed from distortion

of the Ballast rings. The results of this test are plotted in Figure
13-21 and summarized in Table 1-3.

The next t'ree parametric test configurations (No. 189, No. 190 and
No. 191) for variations in beud diameter were "1 made with new 2.54-cm
(1.0-in.) aluminum Ba_..ast rings. A full 43.2-cm- (17-in.-) diameter
bed was demonstrated in the first test series, so this test series
started with the largest cylindrical insert and in three steps reduced
the bed diameter through 33.7 em (13.25 in.), 30.5 em (12 ir.), and
25.4 cm (10 *n.), all at a constant bed depth of 63.5 cm (25 in.).
Ballast rings were packed into both the central flow passage of the
insert and the nonflowing annular space between the inner wall of the
housing vessel and the ~uter wall of the insert. Figure 13-22 is &
pretest photograph showing the ring packing of the 33.7-cm (13.25-in.)
diameter bed. Each configuration was suhjected to six or more stable
detonations. The detonation was arrested on all test firings and only
the inlet rupture disc was blown out. The downstream peak pressure
pulse ranged from 181 to 132 kN/m? (26.3 to 19.1 psia) and showed a
slight reduction in pressure level as the bed diameter was reduced in
size., Pre- and posttest averaged pressure loss across the arresters
increased from 0.075 to 0.278 kN/mc (0.011 to 0.040 psid) as the bed
diameter was reduc:d. The averaged air-flow velocity was 4.55 m/s
(14.93 ft/s). Posttest inspections showed that each bed had compacted
about 30% from distortion of the Ballast rings. The results of these
tests are plotted in Figures 13-23, 13-24,and 13-25, and summarized
in Table 1-3.

The vertical bed of Ballast rings arrester test assembly used
to evaluate the inlet rupture-disc pressure rating parameter combined
the results of the previous parametric tests. The selected bed size
was 25.l4-cm (10-in.) diameter by 45.7-cm {18-in.) deep, packed with
2.54-cm- (1.0-in.~) diameter by 2.54-cm- (1.0-in.-) long aluminum Ballast
Rings. The bed depth was obtained by cutting 17.8 cm (7 in.) off the
upper end of the 25.4-cm- (10-in.-) diameter cylindrical insert and em-
ploying the appropriate length spacer to complete the stack height.
This test configuration (No. 192 to No. 195) was subjected to six stable
detonations. In the first three tests, the inlet rupture-disc pressure
rating was increased in steps through 690, 2068, and 4137 kN/m2 (100,
300, and 600 psid). On the last three tests, the rupture-disc assembly
was blanked-off with a blind flange. The detonation was arrested on
all test firings. Where the inlet rupture disc was blown out, the
downstream peak pressure pulse measured about 141 kN/mé (20.4 psia).
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Figure 13-20. Vertical Bed of Ballast Rings Arrester Assembly Parametric
Test Results, Bed Size: U43.2-cm Diameter by 22.9-cm Depth,
Ring Size: 2.54-cm Diameter by 2.54-cm Length

L FOLDOUT FRAME

13-29

bl B R T R R R Y BN

eaany



G O

1000}

%

FLAME VELOCITY, m/s

TEST | SYMBOL

NO.

1479-A o) ¢ =11
B 0 VA =4.6m/s
c o PD = 690 kN/m

O OPEN SYMBOL - FLAME SENSOR

@ CLOSED SYMBOL - PRESSURE SENSOR
¢ EQUIVALENCE RATIO, GASOLINE/AIR

VA INITIAL FLOW VELOCITY

PD RUPTURE DISC PRESSURE RATING

FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH

TEST CONFIGURATION NO. 188

20}
™~ ~ -_— ™ .
T < o .
woll 1 1 Il ! i I l I ] |
0 2 4 8 10 12 14 16 18
T F
FOLDOU PIPE LENGTH, m

e e e s -“w"--~-~m~w~—wg§—. e e

Figure 13-21.

Vertical Bed o
Test Results,

Ring Size:

5.¢



[
PRSI, J4)

FLAME VELOCITY AND PEAK PRESSURE VERSUS PIPE LENGTH
TEST CONFIGURATION NO. 188

or
VAR
. THROUGH ARRESTER
ON LAST TWO TESTS

i
DETONATION PASSED /';
|

sed

: |
—-l——.———ﬁ—'.ﬁ i . ;
® :

LOW-LEVEL PRESSURE PULSE

PASSED THROUGH ARRESTER J ~e
ON ALL TESTS; DOWNSTREAM 1000
PRESSURE SENSOR REMOVED £ .

ON LAST TEST —1800 w
=1
60 2
E

b4 E}

400 X ;
[-%

i
Q
a
2 s 31200
s 3 s 8§ g 9o 22 :
[ a o - o a. o - ~ M
8§ 9 = o o @9 g s 3 E
~0 e ~ ~ -] © -— — .;
w w [T w. W [T NG I { 9 o «
| | | ! | AT AN N TN U O PR | O B I 1 T i
10 12 14 16 18 20 22 24 T 30 i
PIPE LENGTH, m ry FOLDOUT FRAME °
t

Figure 13-21. Vertical Bed of Ballast Rings Arrester Assembly Parametric
Test Results, Bed Size: 43.2-cm Diameter by 63.5-cm Depth,
Ring Size: 5.08-cm Diameter by 5.08-cm Length

1y




Figure 13-22. Pretest Packed Bed of Aluminum Ballast Rings Around
the 33.7-cm Diameter Cylindical Insert

When the rupture disc was blanked-off, this same pressure increased
slightly to average 164 kN/m? (23.8 psia). Pre- and posttest pressure
loss across the arrester ranged from 0.162 to 0.220 kN/m? (0.023 to

0.032 psid) at an averaged air-flow velocity of 4.56 m/s (14.97 ft/s).
Posttest inspection showed that the bed had compacted 28% from distortion
of the Ballast rings. The results of this test are plotted in Figure
13-26, and summarized in Table 1-3.

This last test completed the parametric testing of detonation-
flame arresters. From these tests, two arrester configurations were

defined that were used in the continuous-flow testing described in the
next section.
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SECTION XIV
CONTINUOUS-FLOW TESTING OF DETONATION~-FLAME ARRESTERS
A. TEST FACILITY MODIFICATION

Continous-flow testing, as referred to in this report, is defined as
a type of test where the gasoline and air mixture, used to generate a
stable detonation in the facility piping, continues to flow into the
piping for a finite time period following ignition and detonation. At
the end of the specified time period, the gasolire vapor is manually
diverted into the fuel condenser. This differs from the normal detonation
test where the vaporized gasoline flowing into the induction piping is
automatically diverted ‘nto the fuel condenser 1.0 second before
ignition. 1In both procedures, air continues to flow through the
piping until a posttest inspection verifies that the facility is clear ol
residual gasoline ana combustion by-products.

There was a high probability that continuous f? - ; testing would
cause a flame to flash back from the detciation test piping into the
induction system piping. The rarefaction wave or the reflected detonation
wave could be expected to drive any lingerins fla.e in tne ignition section
upstream through the flow straightener and into the induction piping.
This flame would undoubtedly persist in the mechanical mixer, a region
of high turbulence, and burn out the hardware. The flow straightener,
which was made from a spiral-wound, crimped stainless-steel ribovon core,
15.2 cm (6 in.) in diameter by 3.8 cm (1.5 in.) long with a flow passage
hydraulic diameter of 0.269 c¢m (0.106 in.), was not considered to be an
adequate arrester for high-velocity flames. Installed in its place was
a larger Shand and Jurs spiral-wound, crimped aluminum ribbon arrester
assembly, 25.4 cm (10 in.) in diamet-r by 15.2 cm (6 in.) long with a
smaller flow passage hydraulic diameter of 0.114 cm (0.045 in.). The
arrester assembly was mounted between two 25.4- to 15.2-cm- (10- to 6-in.-)
diameter flanged-pipe reducer assemblies, as shown in Figure 14-1.

To explore the possibility of reignition occuring at some distance
downstream of the experimental detonation-flame arrestzr, two lengths
of standard steel pipe 15.2 em (6.0 in.) in diameter, and each 6.7 m
(22 ft) long, were instal.ed at the exit of the witness section (No. 10).
The upstream instrumented verification sectior {No. 6) was removed and
replaced by the uninstrumented extension section (No. 11). The instru-
mented verification section (No. 6) was reversed 180 deg ard installed
at the exit of the new 13.4-m- (U4-ft-) long extension sections (No. 12
and No. 13). By reversing the verification section, the instrumentation
ports were placed at the upstream end of this pipe section, thus allowing
some protection for the flame sensors from ambient sunlight. A schematic
diagram of the continuous-flow testing arrangement of facility piping is
shown in Figure 14-2. This new assembly provided sufficient run-up
piping and instrumented sections to verify whether or not the low-_>vel
peak-pressure pulse passing through the experimental detonation arrester
had sufficient energy to cause an ignition of the combustible gasoline
and air mixture downstream. A photograph of the facil.ity piping, showing
the new extension sectiuns, is presented in Figure 14-3.
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Figur< 14-1. Shand and Jurs Spiral-Wound, Crimped Aluminum Ribbon
Arrester Assembly Installed in the Inlet Flow Straight-
ener Location, Size: 25.4-cm Diameter by 15.2-cm
Length

The preprogrammed ignition and fuel diversion procedure, provided
by the automatic sequence timer, was modified to reduce the igniter
"on-time" from 500 milliseconds to 180 milliseconds and the fuel diversion
command changed from an automatic to a manual input. The reduction
in igniter "on-time" removed the source of ignition from the upstream
test piping by the time the detonai.ion rarefaction and reflection waves
retrogressed back to the ignition section. The only source then available
vor ignition of the continuing flow of combustible gasoline and air
mixture in the test piping would have to be a lingering flame or residual
wave 2nergy from the initi:) detonation. Fast . ->sponding bare-wirsz
thermocouples were install into the induction piping, run-up piping,
test section, and witre- € tion to monitor the presence of any continuous
flame.
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Figure 14-3. Facility Piping Assembly with the 13.4-m-Long Extension
Sections Installed

B. VERTICAL EED OF ALUMINUM BALLAST RINGS ARRESTER TEST ASSEMBLY

The test configuration for the vertical bed of aluminum Ballast
rings arrester used in the continuous-flow tests was identical to the last
one used in the parametric test series. Bed size was 25.4-cm (10-in.)
diameter by 45.7-cm (18-in.) depth, packed with new 2.54-cm- (1.0-in.-)
diameter by 2.54-cm- (1.0 in.-) long aluminum Ballast rings. The inlet
rupture-disc assembly was blanked-off, but the rupture-disc assemblies on
the vessel cover and the outlet pipe tee both contained discs with the 690
kN/m? (100 psid) pressure rating. Using a gascline and air mixture at tae
standard test conditions and the upstream ignition location, four stable
detonation firings were made on this test configuration (No. 196). The
first two firings were followed by 2 continuous flow of the gasoline
and air mixture for a period of 30 seconds. On the last two firings,
the flow period was extended to 60 seconds. The detonation was ar-
rested on all tests and was completely contained between the inlet
and test section arresters. None of the induction piping rupture discs

14-4




s W e v o

min

0 SIS ARSI 51, S e et

or the downstream piping rupture discs were blown out. There was no
evidence of reignition in the witness or extension sections, and no
lingering flames in the test run-up sections. The thermocouple in

the ignition section (T12) registered the short-lived flame and the
thermocouple in the witness section (T102) recorded only a few degrees
rise in temperature due to the passage of the combustion gas products

as they exhausted through the downstream piping. Most of the heat of
combustion was apparently absorted by the pipe wall ¢or .he heat sink
capability within the arrester bed. The pre- and posttest pressure

loss across the arrester bed averaged 0.30 kN/m2 (0.044 psid) at an
averagced air-flow velocity of 4.68 m/s (15.35 ft/s). Posttest inspection
of the bed showed a 25% compaction due to distortion of the Ballast rings.

The arrester bed was repacked with new 2.54-cm- (1.0-in.-) size
aluminum Ballast rings. Four more detonation test firings were made
on this test configuration (No. 197). 1In this series, the first two
firings were followed by 90 seconds of continous gasoline-and-air-mixture
flow, and the last two firings by 120 seconds of continucus mixture
flow. Again, the detonation was arrested on all test firings
and was completely contained between the inlet and test section arresters.
No ruptire discs were blown out. There was no evidence of reignition
in the witness or extension sections and no lingering flame in the
test run-up section. Pre- and posttest pressure loss measurements
averaged about the same as the previous test series. Posttest inspection
showed a 27% bed compaction. Test data from these two test series are
plotted in Figure 14-4 and summarized in Table 1-4. The peak pressure
pulse measured in both the witness section and the downstream verification
section averaged around 146 kN/m2 (21.1 psia) and was traveling at
an average velocity of 398 m/s (1306 ft/s). There was no evidence
of increasing wave velocity or pressure in the extension section, as
would have been the case had ignition and combustion been present.

c. SHAND AND JURS SPIRAL-WOUND, CRIMPED STAINLESS-STEE'. RIBBON
ARRESTER TEST ASSEMBLY

The Shand and Jurs spiral-wound, crimped stainles. teel ribbon
arrester test assembly was installed into the test sect Jsing the
last test configuration developed during the parametric t. :ting. It
contained the 30.5-cm- (12-in.-) diameter by 2C.3-cm~ (8-in.-) long
arrester assembly with the directly conneccted inline pipe tee and the
blanked-off rupture-disc assembly shown in Figure 13-7. This test
configuration (No. 198) was subjected to four stable detonations using
the gasoline and air at the standard test condition and the upstream
ignition location. The first two test firings were followed by the
continuous mixture flow for a perioa of 30 seconds and the second two
test firings by 60 seconds of continuous mixture flow. The detonation
was arrested on all test firings and was completely contained between
the inlet and test section arresters. There was no evidence of reigni-
tion in the witness or extension secticns and no lingering flame in
the test run-up section. Pre- and posttest pressure loss measurements
showed no change from the parametric tests. A postiest inspection
of the arrester assembly revealed a slight bowing of the downstream
retainer grid as previously described and a few cracked welds in the
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grid. The damage was repaired and the arrester was reinstalled into
the test assembly.

Four more stable detonation test firings were made on the repaired
arrester configuration (No. 200). The first two test firings were
followed by 90 seconds of continuous mixture flow, and on the last
two test firings the flow period was extended to 120 seconds. The
results were the same as those of the previous test series. There
was no evidence of reignition or lingering flames. Test data from
these two test series are plotted in Figure 14-5 and summarized ia
Table 1-4. The low-level peak-pressure pulse measured in the witness
section averaged 335 kN/m2 (48.6 psia), and decayed to an average 240
kN/m2 (34.8 psia) at the exit of the extension section. The velocity
of this pressure pulse likewise decayed from an average of 640 m/s
(2100 ft/s) in the witness section to 480 m/s (1575 ft/s) at the exit
of the extension sectiou. With both the intensity and velocity decreasing
in this downstream pressure wave, there was no evidence of reignition
or combustion taking place. Posttest inspection revealed no unusual
damage or distcrtion to the crimped ribbon arrester test assembly.

The arrester core was removed from the test assemtly and the
two 30.5-cm- (12-in.-) diameter flanges were bolted together. Also,
the low-pressure transducers were removed from the witness and extensinn
sections. One last test firing was made where a stable detonation
was recorded passing through the entire 13.4-m- (U44-ft-) long extension
piping.
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SECTION XV
CONCLUSIONS

The following conclusions have been reached from the results of this
experimental evaluation of flame-control devices in a simulated vapor re-
covery system using 15.2-cm- (6.0-in.-) diameter piping where combustible
mixtures of gasoline and air flowed at pressures slightly above one atmo-
sphere and temperatures ranged from 23 to 65°C (74 to 149°F).

(1) The deflagration-to-detonation run-up distance is 11.2 m
(36.7 ft), or an L/D of 74 for 15.2-cm- (6.0-in.-) diameter
piping artificially roughened to a Darcy friction factor
ranging from 0.040 to 0.047, or a relative roughness ranging
from 0.010 to 0.015.

(2) The deflagration-to-detonation run-up distance does not
change significantly for gasoline-and-air equivalence ratios
ranging from 0.9 to 1.4, or for initial flow velocities
ranging from 0 to 6.1 m/s (0 to 20 ft/s).

(3) The stable detonation after transition has a measured flame
velocity of 1800 m/s (5906 ft/s) and a peak pressure of
1900 kN/m?2 (276 psia).

4) During the transition from deflagration to detonation, flame
velocity reaches 2700 m/s (8860 ft/s) and peak pressure
exceeds 4000 kN/m? (580 psia).

(5) A reflected detonation wave had a measured peak pressure
of 3300 kN/m2 (479 psia), or double the level of the stable
propagating detonation wave.

(6) Four generic types of flame control devices found effective in
arresting detonations are:

(a) Spiral-wound, crimped metal ribbon.

(b) Foamed nickel-chrome metal.

(e) Vertical bed of aluminum Ballast rings.

(d) Water-trap or hydraulic back-pressure valve.

(7 Combinations of standard pipe fittings, such as tees and
elbows, with rupture-disc assemblies and restricter orifice
plates, are ineffective in arresting detonations.

(8) Rupture-disc assemblies installed on the inlet side of deto-
nztion arresters do not reduce the intensity of the detonation

wave pressure, but do provide a controlled release of the hot
combustion gases behind the detonation wave.

15-1
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(9)

(10)

(1)

(12)

(13)

(1%)

(15)

The smallest-size vertical bed of metal rings arrester
found to be effective in arresting detonations is

25.4 cm (10 in.) in diameter by 45.7 cm (18 in.) in depth
and packed with 2.S54-cm- (1.0-in.-) diameter by 2.54-cm-
(1.0=in.-) long aluminum Ballast rings.

Aluminum Ballast rings in larger sizes, 3.81 (1.5 in.) and 5.08
em (2.0 in.), are not effective in repeatedly arresting
detonations.

Increasing the rupture-disc pressure rating ro1 690 K2
(100 psid) up to a blanked-off condition on the Inlet piping
of a vertical bed of aluminum Ballast rings arrester does
not affect the arrester's ability to stop a detonation.
Also, it has very little influence on the level of peak~
pressure pulse passed through the arrester.

Repeated exposure to the impact of detcnation shock waves
caused distortion of the aluminum Ballast rings, resulting
in compaction of the bed of rings in the arrester. The
amount of compaction ranged from 25 to 35% o1 the starting
depth; larger diameter beds experience a higher percentage
of compaction. The resulting pressure drop across the bed
increases with each succeeding detonation, but reaches an
upper limit after three to four detonations.

The smallest core length of a 30.5-cm- (12-in.-) diameter
spiral-wound, crimped metal ribbon arrester found to be
effective in arresting detonatiuns is 15.2 cm (6 in.) with
a crimp passage hydraulic diameter of 0.114 cm (0.045 in.).
Stainless-steel ribbon material is better able to withstand
the impact of detonation shock waves without distortion
than aluminum ribbon, providing the core wingings are made
from continuous length ribbons.

The downstream peak-pressure pulse passing through a spiral-
wound, crimped stainless-steel ribbon arrester was reduced
from 344 to 260 kN/m? (49.9 to 37.7 psia) when the core length
was increased from 15.2 to 30.5 cm (6 to 12 in.). Assuming a
linear relationship between core length and downstream peak-
pressure pulse, the core for a 30.5-cm- (12-in.-) diameter
arrester would have to be 58.5 cm (23 in.) long to reduce the
downstream pressure pulse to one atmosphere or 101.4 KN/m2
(14.7 psia).

Increasing the rupture-disc pressure rating from 690 kN /m?

(100 psid) up to a blanked-off condition on the inlet riping

of a spiral-wound, crimped stainless-steel ribbon arrester does
not affect its ability to stop a detonation. Also, it has

very little influence on the level of the peak pressure pulse
passed through the arrester.

15=2
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(16)

Both the vertical bed of aluminum Ballast rings arrester

and the spiral-wound, crimped stainless-steel ribbon arrester

are effective in stopping detonations followed by continuous
combustible mixture flow for periods up to 120 seconds.

There is no indication that lingering flames remain in

the 25 m (80 ft) of run-up piping upstream of the arrester,

and no evidence of reignition “n the 18 m (60 ft) of exit

piping downstream of the arrester. In this limited configuration,
a rupture disc upstream of the arrester was not required

to relieve the hot combustion gases following the detonation.

15-3
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SECTION XVI

RECOMMENDAT1ONS

In the design of a closed-loop vapor recovery system for gasoline
cargo transfer at a marine terminal, the following recommendations
are made regarding the selection and installation of detonation-flame

arresters:

(1)

(2)

(3)

(%)

(6)

(1)

Ranked in order of preference, the selection of an arrester
based on the least drop in system pressure is (1) packed

bed of Ballast rings, (2) spiral-wound, crimped metal ribbon,
(3) 80-grade foamed metal, (4) water trap, and (5) hydraulic
back-pressure valve.

Ranked in order of preference, the selection of an arrester
based on the ability to withstand repeated detonat®-n is
(1) spiral-wound, crimped metal ribbon, (2) packed ved of
Ballast rings, (3) water-trap or hydraulic back-pressure
valve, and (4) 80-grade foamed metal.

Ranked in order of preference, the selection of an arrester
based on minimum maintenance, least susceptibility to £ uling,
and reduced contamination is (1) packed bed of Ballast rings,
(2) spiral-wound, crimped metal ribbon, (3) 80-grade foamed
metal, and (4) water-trap or hydraulic back-pressure valve.

The selection of materials used in the construction of arresters
should be based on their compatibility with the environment

and the fuel vapors to be encountered. However, stainless

steel is recommended over aluminum or similar lower-strength
metals.

Because of the short deflagration-to-cdetonation run-up distance,
it would be impractical to install a series of detonation-flame
arresters in a vapor transfer line at spacing intervals that
would prevent the occurence of a detonation. The combined
arrester pressure losses in such an installation would soon
exceed the available operating pressure differential between
stor.ge and receiver tanks. It would be better to place

the arresters as close to the individual tanks as possible,
making sure that they are located between the tanks and

any source of ignition.

To minimize the possibility of a detonation, a flame arrester
device should be placed as close as possible to any potential
ignicion source, at a position well within the detonation
run-up distance.

For operational safety, the arrester, vapor transfer lines,
valves, and other components in the vapor recovery system
should be designed to withstand the instantaneous pressure
spikes ranging from 1900 kN/m2 (276 psia) to 4000 kN/m2

16-1



(580 psia) as associated with stable, transitional, and
reflected detonation waves, should they occur.

P A O U

(8) Rupture-discs or rupture-d.sc/relief-valve coanbination
assemblies should be included in vapor transfer lines to
vent the hot combustion gases produced by a detcnation.

; This would minimize the danger of over pressurizing the

tanks attached to these lines,

The data and experience obtained from these detonation arresting
tests is limited to gasoline and air mixtures in 15.2-cm (6.0-in.-)
diameter pipe sizes. It is recommended that extrapolatior of this
data should be limited to the following:

(1) Application to other fuels should be limited to those hydro-
carbons that have flame propagating . aracteristics similar
to gasoline. This does not include such fuels as hydrogen
and acetylene or any type of fuel in an oxygen enriched
environment .

(2) Scaled-down applications to pipe sizes smaller than a
15.2-cm (6.0-in.) diameter are considered to be conservative.

(3) Scaled-up applications should be limited to pipe sizes
no larger than a 20.3-cm (8.0-in.) diameter, providing
adequate con..deration is given to structurial strength.

It is recommended that the following experimental work be considered
as possible follow=-on programs to extend the data base and experience
already achieved:

(1) Using the existing test facility and with a moderate increase
in air flow and fuel flow capability. detonation-flame
arrester testing could be conducted with enlarged conical
transition pipe sections up to and larger than 30.5-cm
(12.0-1in.) diameter.

(2) Detonation-flame arrester testing should be made with other
fuel/air combinations that would normally require a closed-loop
type of vapor recovery system for transfers operations.

(3) Detonation qualification-type testing should be made on v:
recovery system components other than zrresters including
(1) valves, (2) pumps, (3) blowers, («; filters, (5) condeu_.rs,
and (6) separators.

(u) Flame arrester qualification type testing should be ccnducted
at conditions other than detonations including atm=spheric
flashback from fuel/air vapor plumes and under .i® lLaat-up
characteristics achieved by sustained burnirng ‘..« Zuel/air
mixture flow rates are representative o1 a vapor -c.overy
system or normal tank venting systems.
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The following is an analysis of the uncertainties associated
with pressure, temperature, and IDAC program calculations. Although
these values can be assured with only a 95% (20 ) probability, this
is most likely a conservative estimate. Many of the uncertainty values
used are absolute in that the procedures specify a maximum limit.
Others are difficult to ascertain precisely, so "safe" estimates must
be large. The calibration of pressure transducers, for example, are
always subject to the uncertainties of accidental, fixed, or operational
errors. However, considerable effort has been expended on procedures,
techniques, and training to minimize effects of this type. Certainly
encouraging is the fact that data taken on B-Stand as well as other
stands supports the conclusions reached by this type of analysis.

In this analysis it will be assumed that:

(1)  All elemental errors are normally distributed and hence are
in "statistical control.”

(2) All elemental errors are based on at least 20:1 odds, i.e.,
95% probability; hence the overall accuracy determination
has that probability.

A. PRESSURE MEASUREMENTS
1. Component Errors
Figure A-1 sbows the various components of error e, , e7 in a

strain-gage instru.entation channel from the sensed parameter "to the
digitized tape record, and is typical for pressure measurements. These
error components are first evaluated by estimating the elemental errors
making up each component and then combtining them (where appropriate) by
the standard "square-root-of-the-sum-of-the-squares” technique.

TAP AND/OR LTRANSDUCER ::TRANSMISSION—— AMPLIFIERp— DIGITAL

COUPLING LINES eg RECORDER

CONF IGURATION e7
€1

ENVIRONMENTAL ACTUAL |  [ELECTRICAL ELECTRICAL

EFFECTS CALIBRATION CALIBRATION EXCITATION

(VIBRATION, e3 ey e

TEMPERATURE, J

ETC.) 5

Figure A1. Typical Strain-Gage-Type irstrumentation Channel
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2. Tap and/or Coupling Errors e,

These consist of amplitude error when the nature (frequency,
amplitude, wave shape) ¢f the fluctuating components of the measurements
exceeds the response capabilities of the coupling/transducer system.
However, the system will produce a nearly-average electrical analog
for small amplitude fluctuations at frequencies beyond the response
of the system. It is assumed that this analog is a true average of
the noise-like fluctuations during steady-state conditions. Therefore,
€, = nil.

3. Environmental Errors ep

Bonded strain gage construction provides low vibration sensitivity
for pressure transducers. Noise intrcduced by mechanical vibration for
pressure will be assumed to be of small amplitude and to be effectively
averaged at the digital recorder input filter (0 to 10 cps low pass).

Transducers are not exposed to heat radiation from exhaust gases
and are normally shielded from the direct rays of the sun. Temperature
errors are assumed to result from ambient temperature changes between
the time of electrical calibration and run time, and not from nonuniform
case temperature. Ambient temperature change is estimated to be within
+2.8°C (459F). Temperature effects on pressure and force transducers
are minimized by compensation circuitry and quoted by the manufacturers
to be in the range of 0.009% full scale/°C {.005% full scale/CF) for
the pressure transducers.

ey = +0.04% of run level pressure

y, Actual Calibration Error e3
The component error ez will be considered as the error in the
parameter equivaient.

(1) Calibrator combined accuracy (linearity, hysteresis,
resolution, repeatability) =—ceeceemmcccccacnao- +0.05%

(2) Transducer
Linearity (determined for near run level) ---- nil
Temperature effects (temperature assumed

constant during calibration) -——eeeeeemecmaaae- +0.10%
Interconnecting wiring (negligible current

flow with high-impedance system) ==——-crmeceoe--- nil
Combined hysteresis and repeatability -------- 0.25%
Excitation (short-term stability) —e~mee—ccemece-- 4+0.10%
Readout (digital voltmeter overall accuracy

at 30-mV full-scale and 24-mV reading) ~----=~- +0.033%

Thus, e3 = +0.29%
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e7 plus the uncertainty (UcaL) in the calibration step.

PP

Electrical Calibration Error ey

(1) Repeatability

- +0.10%

(2) Thus, ey = +0.10%

Electrical Excitation Error eg

(1)

Excitation stability (from prerun electrical

calibration through run) -—-ceecececcccccccacaa- +0.10%
(2) Thus, e5 = +0.10%
Amplifier Error eg
(1) Amplifier stability (from prerun electrical
calibration through run):
Gain stability ----- ——— ——— -~-=- +0.01%
Nonlinearity ----e--cccemcacccccmamccccccccccee +0.01%
Balangce =eewmmcm e +0.01%
(2) Thus, eg = +0.02%
Digital Recorder Error er
(i) Resolution (416,384 counts full scale) ---==-- +0.006%
(2) Short term stability (from prerun calibration
through run) -e-ceccecmmmmmc e e +0.05%
(3) Linearity =e--ceccmmece: ccmcccecccc e e +0.02%
(4) Electrical noise (comoined effects of entire
SYSLeM) —meemmme oo e e +0.10%
(5) Conversicn error ———meeeee e +0.05%
(6) Thus, e; = +0.13%
Uncertainty

The uncertainty (Up) in a pressure measurement involves eq through

The uncertainty

in the calibrate step involves ey, eg, and e7:
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Ucarz [(ey)2 + (eg)2 + (eq)2] 172

= [(0.10)2 + (0.02)2 + (0.13)2] 172 = 40.17%

Up = [(e9)2 + (e3)2 + (e3)2 + ()2 + (e5)2 + (eg)2 + (e)2] 172
= [(0)2 + (0.04)2 + (0.29)2 + (0.10)2 + (0.10)2 + (0.02)2
+ (0.13)2 + (0.17)2] 172
= £0.39%
B.  THERMOCOUPLE MEASUREMENTS

Figure A-2 shows the various components of error eq» --<» eg in a
thermocouple instrumentation channel trom the sensed parameter to the
digitized tape record. These error components are first evaluatad by
estimating the elemental errors making up each component and then combining
them (where appropriate) bty the "square-root-of-the-sum-of-the-squares"
technique.

1. Thermocouple Errors eq

All thermocouple probes at ETS meet the standard limits of error
of premium grade thermocouples recommended by the Instrument Society
of America (ISA). All of the thermocouples used were type-K, chromel-
alumel, and therefore only this type will be evaluated. The ISA limits
of error are given as percentages applied to the temperature being
measured. The ISA limits of error for type K thermocouples are:

+1.19C (+2°F) from -17.8 to 276.7°C (0 to 530°F)

40.375% from 276.7 to 1260°C (530 to 2300°F)

THERMOCOUPLE | _ | REFERENCE TRANSMISSION| _|AMPLIFIER DIGITAL
eq[T[JUNCTION [~~™ LINES [ "] ey| | RECORDER
e2 e5

ELECTRICAL

CALIBRATION

€3

Figure A-2. Typical Thermocouple-Type Iastrumentation Channel
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2. Reference Junction Error ep

The reference junction used at ETS is the Pace Ergineering Company
65.6°C (150°F) reference junction. The manufacturer lumps its total

inaccuracy as +0.28°C (+0.5°F).

Temperature °C (°F):

10.0 to 37.8 37.8 to 93.3 93.3 to 148.9
(50 to 100) (100 to 200) (200 to 300)
e : 0.67% 0.33% 0.20%
148.9 to 204.4 204.4 to 276.7 276.7 to 1260
(300 to 400) (400 to 530) (530 to 2300)
e, : 0.14% 0.11% 0.03%

3. Calibration Voltage Error e3

The thermocouple systems at ETS calibrate the records by voltage
substitution using a Video Power Supply Model 200. The power supply
stability is +0.05%. The voltage divider resistors are +0.05%.

ey = +0.07%

4, Amplifier Error ey

(1) Amplifier stability (from prerur electrical calibration

through run):

Gain stability ———cemecmmmmc e
Non linearity ---——e-mcecmceccmcacccccc e
Balance =-e=eeemeccccccccme e mc e
(2) Thus. = 0.02%
5. Digital Recoraer Error eg
(1)  Resolution (+16,384 counts full scale) ----=--
(2) Short-term stability (“rom prerun calibration
through run) =-—eeccecacm e e
(3)  Linearity =--——smeeecemcccemcmm e e ee

A-6



(u) Electrical noise (combined effects of entire
system) ——-emmee-- - +0.10%

(5) Conversion error eee—eee e cccccacmmcaaae 10.05%

(6) Thus, eg = +0.13%

6. Uncertainty

The uncertainty (Upc) in a thermocouple measurement involves
eq thiough eg plus the uncertainty (Ucpp, in the calibrate step.
The uncertainty in the calibrate step involves e3, €y and eg:

UcaL = [(e3)2 + (ey)2 + (eg)2] 1/2

[(0.07)2 + (0.02)2 + (0.13)2] 1/2

0.15%

Upc for type K (CR-AL) thermocouples for the range 10.0 to 37.89C (50°F
to 100°F):

[(e1)2 + (e2)2 + (e3)2 + (ey)2 + (e5)2 + (Ugy)2] 172

Urc
[(2.6)2 + (0.67)2 + (C 07)2 + (0.02)2 + (0.13)2 + (0.15)2] 1/2

+2.7%

For range 37.8 to 93.3°C (100 to 200°F):

£(1.3)2 + (0.33)2 + (0.07)2 + (0.02)2 + (0.13)2 + (0.15)2] 1/2

Urc

+1.4%

Uncertainties for other ranges of type K are calculated the same way and
are listed below.

Temperatirre °C (°F):

10.0 to 37.8 37.8 to 93.3 93.3 to 148.9
(50 to 100} (100 to 200) (200 to 300)
Upe: +2.7% +1.4% +0.85%
148.9 to 204.4 204.4 to 276.7 276.7 to 1260
(300 to 400) (400 to 530) (530 to 2300)
Upc: 40.62% +0.49¢% +0.43%

A-7
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C. CALCULATION PROGRAM UNCERTAINTIES

There are three error sources in an IDAC calculation program:
input data exceeding the input range of the program, resolution of the
engineering units conversion, and calculation round-off errors. The
first error nearly always shows as a major discrepancy in the calculated
data. The latter two have a relatively small magnitude and are inherent
in the IDAC, su will remain throughout use of the program.

In general, there have been no problems with the calculations
in other IDAC programs when the range of the sourc~ data is within
the general range used for the program verification. Problems may
be found if the range of the source data is greatly exceeded. However,
such errors typically produce a calculated result that is obviously
incorrect, so there is relatively little chance of obtaining invalid
data.

Engineering units data displayed for the source channels are
obtained by multiplying a digital value proportional to the physical
quantity by a parameter equivalent (PE) value. The digital value is
referred to as "raw data," and has a range of +16,384 counts. The PE
typically has a value in the range of 4000 to 10,000 counts. If the PE
has a relatively small magnitude, the engineering units value displayed
by the IDAC will stay at the same value while the raw data bits are
changed through a range of at least several bits. Typically, the raw
data must change on the order of Y4 ccunts before change will be shown
in the engineering units data. A small PE may re,iire a change of
over 10 raw data counts to cause a change in the engineering units
data. The typical engineering units data have a resolution of 4 digits;
this does not represent a significant error for real-time data. However,
this characteristic will affect the calculated data since several source
channels may all have their maximum resolution errors at the same time.
The combined resolution error is thus present in the calculated data.

The round-off errors are caused by the limited word length of the
IDAC. All calculations are performed in a two-word format; one defines
the magnitude and the other the exponent. The magnitude word has 16 bits,
so the least significant bit represents 0.006% of the full scale value.
Each operation of the calculation sequence can thus lose 0.006%.
The air-flow calculation involves about 30 operations, so the round-
off error can be on the order of 0.2%.

To verify the calculation program results, source channel data was
entered into IDAC, read on the video display, and logged. A Texas
Instruments SR51 calculator was used to calculate the air- and fuel-flow
rates from the logged data. The calculator result was compared to the
IDAC result and the difference noted. The maximum percentage difference
of reading is, air flow 0.54% and fuel flow 0.13%. Multiplying the
percent difference by 1.5 gives a safe uncertainty number for the IDAC
program calculation. The results:

Air flow = +0.81% of reading; fuel flow = +0.20% of reading

A-8
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D. FUEL FLOW MEASUREMENTS
1. Component Errors

Figure A-3 shows the various components of error eq+ °°*» eg in
a turbine flowmeter instrumentation channel from the transducer to the
digitized tape record. These error components are first evaluated by
estimating the elemental errors making up each component and then combining
them (where appropriate) by the "square-root-of-the-sum-of-the-squares"
technique.

2. Environmental Errors e4

Magnetic coil pickups are receptive to external ac signals. Good
instrumentation shielding and grounding techniques virtually eliminate
externally induced signals. Thus, eq is nil.

3. Actual Calibration Errors ep .

The turbine flowmeter used was calibrated at the Jet Propulsion
Laboratory where the overall calibration uncertainty is 1.3%. Thus,
ep = +1.3%.

y, Electrical Calibration Errors ej
The electrical calibration is a known frequency substitution
and is not used in the flow-rate calculation, and therefore introduces
no error in the measurement. Thus, e3 = 0
5. Electrical Shaping Errors ey
The shaping electronics convert the transducer output to a fast-

rise-time pulss. This is straightforward electrical process and the
error will be assum~d to be nil. Thus, ey = nil.

TURBINE TRANSMISSION

FLOWMETER LINES

=

DIGITAL
RECORDER

L=

|

ENVIRONMENTAL
EFFECTS
€1

ACTUAL
CAL.BRATION

€2

ELECTRICAL
CALIBRATION

€3

Figure A-3.

ELECTRICAL
SHAPING

ey

Typical Turbine Flowmeter Instrumentation Channel
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6. Digital Recorder e

The turbine flowmeter output is recorded on the IDAC period counters.
The inherent uncertainty of the period measurement is +0.20%. Thus,
e5 = 10.20’.

T. Uncertainty

The uncertainty (UF) in a turbine flowmeter measurement involves
eq through eg:

Up = [(e)2 + ()2 + (e3)2 ()2 + (e5)2] 1/2

[00)2 + (1.3)2 + (0)2 (0)2 + (0.20)2] 1/2

+1.32%

The uncerfainty (Uyp) in the mass fuel-flow measurement involves the
fuel-flow measurement uncertainty (Up) plus the fuel-temperature measure-
ment uncertainty (Uqc) plus the calculation program uncertainty (Ucpp):

UM = [(UF)2 + (UTC)2 + (UCPF)Z] 172
= [(1.3232 + (1.1)2 + (0.20)2] 172
= +1.93%
E. MASS AIR~FLOW MEASUREMENT
1. Component Errors

Figure A-4 shows the various components required to make the mass
air-flow measurement. The error of each component is combined by the
"square-root-of-the sum-of-the-squares" technique to determine the
uncertainty for this measurement.

2. Laminar Flow Element Errors e
The laminar flow element (LFE) has no direct out. but requires

that three measurements be taken on it. The manufactu: ar lists the
LFE measurement uncertainty at +0.50%. Thus, e, = 0.50%
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PRESSURE
TRANSDUCER

TEMPERATURE
TRANSDUCER |—
(TO1)  eg

— e — .
LAMINAR PRESSURE #{ DIGITAL CALCULATION
FLOW ————"{TRANSDUCER [——] RECORDER [ ~*1 PROGRAM
ELEMENT e (PBO) ey | MA or VA eg

PRESSURE |
TRANSDUCER

Figure A-U. Mass Air-Flow Measurement

3. Transducer Measurement Uncertainties
(1) PAMB, ey = +0.39%
+1.4%

(3) PBO, ey = +0.39%

(2) TO1, e3

(4) DP2, eg = +0.39%

(5) Mass air flow calculation program uncertainties eg = +0.81%

4, Uncertainty

The uncertainity (Uya) in the mass air-flow measurement involves
eq through eg.

Up = [(e1)2 + (e2)2 + (e3)2 {ey)2 + (e5)2 + (eq)2] /2

[(0.50)2 + (0.39)2 + (1.4)2 (0.39)2 + (0.39)2 + (0..8)2) 1/2

+ 1.82%

F. MIXTURE RATIO (MR) AND EQUIVALENCE RATIO (ER) CALCULATIONS

The MR and ER calculation uncertainty involves the mass fuel-flow
uncertainity (Uyp), mass air-flow uncertainty (Uyp), and calculation program
uncertainty (chg In this case, the calculation ,rogram involves only
2 operations, so the round-off error is 0.012%.
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G. QUARTZ~CRYSTAL

UMR

+2.65%

1. Component Errors

Ugg = [(Up=)2 + (Ump)2 + (Ucp)?] 1/2
[(1.93)2 + (1.82)2 + (0.012)2) /2

PRESSURE TRANSDU<SR MEASUREMENTS3

Figure A-5 shows the various compoiients of errcor eq,
quartz-piezoelectric instrumentation channel from the sensed parameter to
These error components are first evaluated by estimating
the elemental errors making up each component and then combined (where

the recorder.

appropriate,

eg in a

by the standard "square-root-of-the-sum-of-the-squaras"

technique.
TAP AND/OR QUARTZ TRANS- AMPLI-| |FM TAPE AMPLI-; |OSCILLO-
COUPLING ol TRANSDUCER || MISSION |- FIER RECORDER e FIER [ GRAPH
CONFIGURATION| [IN-LINE LINES eg eg eg RECORDER
e AMPLIFIER t
ENVIRONMENTAL ACTUAL ELECTRICAL ELECTRICAL OSCTLLOGRAPH
EFFECTS CALIBRATION CALIBRATION EXCITER RECORDER
32 93 eu 35 87
Figure A-5. Typical Quartz-Piezoelectric Type of Instrumentation Channel
2. Tap and/or Coupling Errors e,

These consist of amplitude error wnen the nature (frequency,
amplicude, waveshape) of the fluctuating components of the measurements
exceed the res,onse capabilities of the coupling/trinsducer system.
Quartz-crystal pressure transdvcers are high-frequency (500-kHz) sensors
that are ncomally flush-mounted to eliminate tap and/ue coupiing errors.
Therefore, ey = nil.

3. Environmental Errors e

The rigid structure of quartz-crystal pressure tiransdvcers with
ar integral compensating accelerometer reduce vibration sensizivity
a.d suppress resona-~ce effects.

Transducers in the flame arrester d4¢.onation piping are exposed
to flame and heat for milliseconds zs the flame movr s down the piping.
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Heat radiation absorbed by the transducer is minimal due to the short
duration and is estimated to be within 5.6°C (10°F). The manufac-
turers quoted temperature coefficient is 0.054%/°C (0.03%/°F). Thus,
82 s 10.30’.

W
U

y, Actual Calibration Error eg

The component error eg will be considered as the error in the
f parameter equivalent.

E (* Calitra ~r combined inaccuracy (linearity, hysteresis,
; resoluiion, repeatability) --- -—- +0.20%

Lal

(2, Quartz-crystal pressure Transducers:
Linearity (determined for near run level) ---- +0.10%

Temperature effects (temperature assumed

constant during calibration) -- +0.10%
Interconnecting wiring (negligible current

flow with high-impedance system) ~———ee——aa—aa- nil
Combined hysteresis and repeatability ------=- 0.25%
Excitation (short-term stability) -e—-ececee-e-- +0.10%

Readout (X-Y plotter combined linearity,
hystersis, resolution, repeatability) ----e--- +0.50%

(3) Thus, e3 = +0.62%

; 5. Electrical Calibration Error e)
(1) Repeatability ~==~ecececmcmcmccccccmcccccceee +0.10%

(2) Thus, ey = +0.10%

6. Electrical Excitation Error eg

(1) Excitation stability (from prerun electrical
calibration through run) —-cce-mcccmcccccaecaas +0.10%

{(2)  Thus, eg = £0.10%
7. Amplifier Zrror eg

(1) Amplifier stability (from prerun electrical
calibration through run):

A-13
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Gain stability +0.01%
Nonlinearity +0.01%
Balance ~== +0.01%

(2) Thus, eg = 4$0.02%

8. Oscillograph Recorder Error eq

(1) Resolution [+10,.16-cm (+ 4-in.) full-scale
deflection] +0.50%

(2) Linearity [+10.16-cm (+ U-in.) full-scale
deflection] - +2.00%

(3) Electrical noise (combined effects of entire
system) +0.10%

(4)  Thus, e7 = +2.1%

9. FM Tape Recorder Error eg
(1)  DC Linearity =-=e=-——meoom oo +0.50%

(2) Short-term stability (from pressure
calibration through run) ———-—-ececococccmmacee- +0.05%

(3) Electrical noise (combined effects of entire
System) —meememm e +0.10%

(4) Flutter (instantaneous tape speed errors) ---- +0.10%
(5) Resolution —=ememee e +0.01%

Thus, eg = 20.53%

10. Uncertainty
The uncertainty (UQT) in a qu :z-crystal pressure transducer
measurement recorded on FM tape and played back onto an oscillograph

involves ey through eg plus the uncertainty (UCAL) in the calibration
step. The uncertainty in the calibrat.- step involves ey, eg, eq, and eg:

Ucar= [(ey)@ + (eg)2 + (e7)2 + (eg)? + (eg)?] 1/2

[€0.10)2 + (0.02)2 + (2.06)2 + (0.02)2 + (0.53)2] 1/2

+2.17%
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[(e)2 + (e2)2 + (e3)2 « (eq)2 + (e5)2 + (e)2 + (eg)2
+ 236) %e7) CAL)

[€(0)2 + (6.30)2 + (0.62)2 + (0.10)2 + (0.10)2 + (0.02)2
+ (0.53)2 &+ (0.02)2 + (2.06)2 + (2.17)2] 1

+3.1%

The uncertainty (Uog) in a quartz-crystal pressure transducer
measurement recorded directly onto an oscillograph involves ey through
e7 plus the uncertainty (Ucyy) in the calibration step. The uncertainty
in the calibrate step involves ey, eg, and eg:

Uca= [(ey)? + (eg)2 + (ep)?] 172

[€0.10)2 + (0.02)2 + (2.06)2] 172

= +2.06%
Ugg = [(e2 + (ez)2 + (e3)2 + (ey)2 + (e5)2 + (eg)2 + (eq)2
+ (UCAL) ] 1/
= [(0)2 + (0.30)2 + (0.62)2 + (0.10)2 + (0.10)2 + (0.02)2
+ (2.06)2 + (2.06)2] 1/2
= +3.0%
H. QUARTZ-CRYSTAL PRESSURE TRANSDUCER RISE-TIME RESPONSE
1. Component Limitations

Figure A-6 shows the various components for a quartz-piezoelectric
instrumentation channel that limit the rise-time response. These components
are first evaluation individually for rise-time limiting characteristics;
the lowest response component(s) in the system determines the maximum
rise-time response capability of the system.

TAP AND/OR TRANSDUCER TRANS- AMPLI- FM TAPE AMPLI- 0SCILLO-
COUPLING | |IN-LINE [ |MISSION| o |FIER | ,|RECORDER|u|FIER | n|GRAPH
CONF IGURATION AMPLIFIER LINES ry rg ry RECORDER
P] P2 P3 P6
OSCILLOGRAPH

! RECORDER
r'e

Figure A-6. Typical Quartz-Piezoelectric Type of Instrumentation Channel
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2. Tap and/or Rise-Time Response Limitations r,

These consist of amplitude damping, waveshape distortion or fre-
quency filtering when the nature of the fluctuation components of the
measurement exceed the response capabilities of the coupling/transducer
system. Quartz-crystal pressure transducers are fast rise-time, high-
frequency (500-kHz) sensors that are normally flush-mounted to eliminate
tap and/or coupling errors. Therefore, ry < 1- pus rise time.

3. Transducer In-Line Amplifier Rise-Time Limitations rp

The manufacturer's quoted rise-time response for a quartz-crystal
pressure transducer, in-line amplifier system is 1 us. Thus, rp is 1-ps
rise time.
y, Transmission Line Rise-Time Limitations rj

All coaxial lines are used. Thus, r3 is negligible.

5. Amplifier Rise-Time Limitations ry

The manufacturer's quoted rise-time response is 2.5 ps. Thus,
ry is 2.5 ps rise time.

6. FM Tape Recorder Rise-Time Limitations rg

When frequency data and/or rise-time response data is required
for a test, the data is recorded at maximum FM tape recorder speed.
If more than 13 channels of data are required, two tape recorders are
used and they have different capabilities:

Parameter Recorder No. 1 Recorder No. 2
(Ampex FR 3020) (Ampex PR 2200)
Tape speed, cw/s (ips) 304.8 (120) 152.4 (60)
Bandwidth, kHz (+ 1/2 dB) DC to 80 DC to 40
Rise Time, ps 3.5 7.0
Flutter, % 0.13 0.20
Dynamic Skew, ps 0.2 0.4

Dynamic skew is the relative time displacement of an event recorded
simultaneously on any two adjacent tracks within the same head stack as
observed on playback. The dynamic skew of the recorders can be accounted
for by simultaneously recording a square wave on all tape channels and
making note of the time displacement between all channels.

A-16
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A technique used to improve the time resolution between step functions
on different tape tracks is to time expand the playback by decreasing
the tape speed. A one-step speed reduction [from 304.8 to 152.4 cm/s
(120 to 60 ips)] reduces the recorded frequ-acy output by 1/2 and increases
the time resolution by a factor of 2. This is very useful when playing
back onto an oscillograph recorder whose galvanometers have a limited
frequency and rise-time response.

7. Oscillograph Recorder Frequency Limitations rg

The response limitations are dependent on the type of galvanometer
used. Included here are galvanometers used for this test program:

Undampened
Galvanometer Natural Rise-Time
Type Frequency, Hz Response, pus
M600 DC to 600 757
7-362 DC to 4150 110

8. Results

The quartz-crystal pressure transducer system response limit when
recorded directly on the oscillograph is:

757-ps rise time response

When recorded on FM tape and playback with a time expansion of 32
onto the oscillograph, the response limits are:

3.5-ps rise time on tape recorder No. 1
7.0-us rise time on tape recorder No. 2
I. PHOTODETECTOR RISE-TIME LIMITATIONS
1. Component Limitations
Figure A~7 shows the various components of a photodetection system
that limit the rise-time response. These components are first evaluated
individually for rise-time response limiting characteristics; the lowest

response components in the system determine the maximum rise-time response
capability of the system.
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TAP AND/OR PHOTO- TRANS- AMPLI-| |FM TAPE AMPLI-| |OSCILLO-

COUPLING .. DETECTOR MISSION{—aFIER |—{RECORDER|-FIER GRAPH

CONF IGURATION ry LINE ry rg ry RECORDER
P1 P3 r6

Figure A-7. Typical Photodetector Type of Instrumentation Channel

%

2. Tap and/or Coupling Rise-Time Limitations ry

et A T KA T

With photodetectors, the tap or coupling may decrease the photo

: intensity and affect the spectral response. These characteristics

may result in lower output amplitudes, but have minimum effect on rise-
time response. However, the field of vision, reflections, flame-front
characteristics, and flame speed will affect rise-time response. These
characteristics are unknown and indeterminate at this time. Therefore,
rq is indeterminate, and the rise-time limitation analysis will begin
with P2.

3. Photovoltaic Rise-Time Limitations r,

The manufacturer's quoted rise-time response is 1.5 ps.

y, Multiplier Phototubes Rise-Time Limitations r,

The manufacturer's quoted rise-time response is 0.05 pus.

5. Rise-Time Limitations rs Through rg

Ti.ese rise-time limitations are the same as for quartz-crystal
transducer systems.
6. Results

The photodetector system response is limited by the rise-time
response limitations of the recorders. Therefore, for real-time record-

ings, the limit is the 757-us rise-time response of the oscillograph.

For time-expanded data recorded on FM tape and played out onto
an oscillograph, the limits are:

P S
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Rise-Time Response, us

Time
Expansion Tape No. 1 Tape No. 2
1:1 110 110
2:1 55 55
421 28 28
8:1 14 14
16:1 7 7
32:1 3.5 7
64:1 3.5 7
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Configu-
ration
No.

Test
No.

Deseription

100
to
17

118

119

120

121

122

123

124

1415
to
1428

1429

1430

1431

1431

1432
1433

1433

1434

(A-F)

(4,B)

(4)

(B-D)

(A-D)
(4,B)

(C-E)

(K)

The first eighteen test configurations were
evolved during the facility check-out tests
designed to produce a stable detonation with
propane and air mixtures. They covered the
development of the hydrogen-air-spark igniter,
the fuel-and-air-mixture sampling procedure,
the increase in pipe run-up length from 8.
to 31.5-m (25.5 to 103.5-ft), the changes

in propane fuel from chemically pure to
commercial grade, and the eventual addition
of the expanded metal liners to produce
turbulence in the fuel-and-air mixture
burning in the run-up piping.

This configuration was similar to that
shown in Figure 3-1. The only difference
was that two 4.6-m (15.0-ft) sections of
turbulent liners were installed at this
time. The orifice plate was not installed.

The orifice plate was installed at the
outlet of the extension Section No. 11.

The third turbulent liner was added to the
remaining 4.6-m (15.0-ft) Section No. 5,
making the total run-up length of lined
piping 13.7-m (45.0-ft).

Installed orifice plate at the exit of the
verification sections; that is, between
Sections No. 8 and No. 9.

Changed fuel in the test supply tank from
commercial grade propane to Indolene HO III
clear gasoline. Removed the orifice plate.

Installed the orifice plate between Sections
No. 8 and No. 9.

Removed the 3.1-m (10.0-ft) test Section No. 9
and installed the two pipe tees and in-line
rupture-disc test assembly as shown in Figure
8-1. Two 4137-kN/m2 (600-psid) pressure-rated
rupture discs were installed. Orifice plate
was installed at entrance to witness Section
No. 10.
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Configu-

ration Test

No. No. Description

125 1434 (B) Rupture discs with 2068-kN/m? (300-psid)
pressure rating were installed.

126 1434 (C) Rupture discs with 690-kN/m2 (100-psid)
pressure rating were installed.

127 1434 (D) Rupture discs with 345-kN/m2 (50-psid)
pressure rating were installed.

128 1435 (A) Rearranged the upstream pipe tee and replaced
the downstream pipe tee with a pipe elbow as
shown in Figure 8-3. Installed a rupture disc
with 4137-kN/m2 (600~-psid) pressure rating.
Orifice plate remained at the entrance to
witness Section No. 10.

129 1435 (B) Rupture disc with 2068-kN/m2 (300-psid)
pressure rating was installed.

130 1435 (C) Rupture disc with 690-kN/m2 (100-psid)
pressure rating was installed.

131 1435 (D) Rupture disc with 345-kN/me (50-psid)
pressure rating was installed.

132 1436 (A-E) Removed the orifice plate from the entrance

1437 (4) to Section No. 10 and inst-lled the 30.5-
to 15.2-cm (12-to 6-in.-) diameter pipe reducer
assembly containing the Shand and Jurs arrester
as shown in Figure 8-6. 1Installed a rupture
dise with 690-kN/m2 (100-psid) pressure rating.

133 1437 (B) Rupture disc with 1379-kN/m2 (200-psid) pressure
rating was installed.

134 1437 (C) Rupture disc with 2068-kN/m2 (300-psid)
pressure rating was installed.

135 1437 (D) Rupture disc with 4137-kN/m (600-psid)
pressure rating was installed.

136 1437 (E) Removed the Shand and Jurs arrester and bolted

the 30.5-cm~ (12-in.,-) diameter flanges back
together with only a gasket seal. Rupture
disc with 4137-kN/m? (600-psid) pressure
rating installed.
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Configu-

ration Test

No. No. Description ‘

137 1438 (A-D) Replaced the 30.5- to 15.2-cm- (12- to 6-in.-)
diameter pipe reducer assembly with a 25.4-
to 15.2-cm- (10- to 6-in.-) diameter pipe
reducer assembly containing the Amal arrester
as shown in Figure 8-10. Installed a rupture
disc with a 690-kN/m? (100-psid) rating.

NOTE: The rupture-disc pressure rating was 690 KN/m? (100-psid)
on all subsequent test assemblies unless otherwise noted.

138 1439 (A-C) Replaced the Amal arrester with the Whessoe
80-grade foamed metal arrester.

139 1439 (D) Replaced the Whessoe 80-grade with a U45-grade
foamed . ‘tal arrester.

140 1440 (A-E) Replaced the 25.4- to 15.2-cm- (10- to 16-in.-)
diameter pipe reducer assembly with the water-
trap arrester assembly as shown in Figure 8-15.

141 1440 (F) Removed all the water from the water-trap
arrester.

142 1441 (A-E) Reversed the water-trap inlet and exit ports
and installed the vertical-packed bed of
aluminum Ballast rings arrester as shown
in Figure 8-18.

143 1442 (A-E) Replaced the vertical-packed bed arres’ 'r

1433 (C) with the Linde hydraulic back-pressure valve
arrester as shown in Figure 8-21.

144 1442 (F) Removed all the water from the Linde arre: “er.

145 1444 (A-B) Reversed all the detonation test piping from
the inlet pipe tee Section No. 0 to the exit
extension Section No. 11 to arrange the down-
stream ignition test assembly. The Linde
arrester was installed in the normal flow-
through direction. Orifice plate was installed
at exit of Section No. 11,

146 1444 (C) Reversed hydrogen-air-spark igniter orienta-
tion by 180 degrees.

147 1444 (D) Removed all water from the Linde arrester.
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Configu-
ration
No.

Test
No.

Description

148

149

150
to
156

157
to
164

165

166

167

1445 (A-F)

1446 (A-E)

1447
to
1449

1450
to
1449

1458 (A-C)

1459 (4-G)

1460 (A-F)
1461 (A-I)

Interchanged ignition Section No. 1 with
stabilizer Section No. 2 and installed the
orifice plate between Sections No. 1 and
No. 2. as shown in Figure 9-1. T[lefilled
the Linde arrester with water up to the
gaging port.

Replaced the Linde arrester with the water-
trap arrester and filled with water to the
gaging port.

Removed the water-trap arrester and reassembled
all the detonation test piping back to the
upstream ignition arrangement so that it was
identical to Configuration No. 121. Replaced
the gasoline in the test fuel supply tank

with chemically pure (CP) propylene,

Various lengths of both lined and unlined
piping were used during the unsuccessful
measurement of air-flow pressure lc-s to
determine pipe-wall friction factor.

Removed the turbulent liner from Section No. 5
and cut it into required lengths for installa-
tion into Sections No. 7, No. 8, and No. 10.
Provided instrumentation ports in the liners
so that the ports were coincident with the
flame sensor and pressure sensor locations

in these sections. Reassembled all sections
in the following order: No. 1, No. 2, Wo. 3,
No. 4, No. 7, No. 8, No. 10, No. 6, No. 5,
orifice plate, No. §, and No. 11. Removed

the CP propylene from the fuel supply tank

and replaced it with gasoline.

Removed the turbulent liner from Section No. 4,
cut it into required length, and installed it
into Section No. 6. Reinstalled Section No. 6
between Sections No. 3 and Section No. 7. Re-
installed Section No. 4 between Sections No. 10
and No. 5 as shown in Figure 11-1.

Section No. 10 liner broke loose and jammed
up into Section No. 8. The damaged liner was
removed from Section No. 8 and a new liner
installed into Section No. 10.

teenda g
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Configu-
ration
No.

Test
No.

Description

168
to
175

176

177

178

179

180

np W

31
\
i
L

f

1462
to
1469

1470 (A-C)

1471 (A,B)

147~ (A-F)

1473 (A-F)

1474 (8)

Various lengths of both lined :1d unlined
piping were used during the successful measure-
ment of air-flow pressure lcss to determine
pipe-wall friction factor,

Reassembled the detc. ation fest ;shock-tube

piping to the upstream ignigion configuration
shown in Figure 3-1. Two new expanded metal

tube liners were installed into the run-up
Sections No. 4 and Na.-5. The liners were

removed from the verification Sections No. 6,

No. 7, and No. 8 aud the witness Section No. 10.
Installed the 30.5-to 15.2-cm- (12- to 6-in.-)
diameter pipe reducer assembly into the test
Station No. 9 as shown in the arrester test assembly,
Figure 8-6. A 30.5-cm- (12-in.-) diameter by
15.2-cm- (6-in.-) long Shand and Jurs spiral-
wound, crimped stainless-steel ribbon core element
was installed into the arrester assembly. Replaced
the two high-pressure quartz-crystal-type pressure
transducers in the witness Section No. 10 (P101

and P104) with two lower..;-ange bonded strain-
gage-type pressure transducers.

Installed the two high-pressure quartz-crystal-
type pressure transducers into verification
Section No. 7 (P71 and P72).

Replaced the arrester core element with a
30.5-cm- (12-in.~-) diameter by 20.3-cm- (8-in.-)
long spiral-wound, crimped stainless-steel ribbon
core element and high-pressure housing.

Replaced the arrester core element with a
30.5-cm- (12-in.-) diameter by 30.5-cm- (12-in.-)
long spiral-wound, c¢rimped stainless-steel
ribbon core element and high-pressure housing.

Rearranged the test assembly inlet pipe

tee to an in-line position with the branch

line containing the rupture-disc agsembly
directed vertically up and eliminated the

inlet pipc elbow as shown in Figure 13-7.
Reinstalied the Snand and Jurs arrescer test
assembly containing the 30.5-cm- (12-in.-)
diameter by 20.3-cm~ (8-in.-) long core element.

B6 ORIGINAL PAGE I8
OF POOR QUALITY
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Configu-
ration
“o‘

Test
No.

Description

181

182

183

184

NOTE:

185

186

187

188

189

RS a3 W stisine™ 7

1474 (B)

1474 (C)

1474 (D-F)

1475 (A-F)

Rupture disc with 2068-kN/m2 (300-psid)
pressure rating installed.

Rupture disc with 4137-kN/m2 (600-psid)
pressure rating installed.

Replaced the rupture-disc assembly on the
inlet pipe tee of the test assembly with
a blind flange.

Removed the Shand and Jurs arrester test

assembly and installed the vertical bed of
Ballast rings arrester test assembly as shown

in Figure 8-18. Bed size is #43.2-cm (:7-in.)

in diameter by 67.5-cm (25-in.) in depth contain-
ing 2.54-cm~ (1.0~in.-) diameter by 2.54-cm-
(1.0~in.-) long aluminum Ballast rings. Bed
depth controlled by special spacers between

lower and upper grids and between upper grid

and dome cover.

Aluminum Ballast ring size was 2.54-cm (1.0 in.) in diameter by
2.54-cm (1.0 in.) in length on all subsequent test assemblies
unless otherwise noted.

1476 (A-E)

W77 (A-E)

1478 (A-D)

1479 (A-C)

1480 (A-F)

Changed bed size to #3.2-cm (17 in.) in diameter
by 45.7-cm (18 in.) in depth, containing new
Ballast rings.

Changed bed size to 43.2 em (17 in.) in dia-
meter by 22.9 cm (9 in.) in depth containing
new Ballast rings.

Changed bed size to 43.2 cm (17 in.) in dia-

meter by 63.5 cm (25 in.) in depth containing
new 3.81-cm- (1.5-in.-) diameter by 3.81-cm-

(1.5-in.~) long aluminum Ballast rings.

Replaced the bed with new 5.08~cm-(2.0 in.-)
diameter by 5.08-cm- (2.0-in.-) long aluminum
Ballast rings.

Installed cylindrical insert to change bed
size to 33.7 cm (13.25 in.) in diameter by

63.4 em (25 in.) in depth containing new
Ballast rings.

B-7

~——a.g



[

e T g
|

[
[P

Configu-

ration Test

No. No. Description

190 1481 (A-F) Changed bed size to 30.5 cm (12 in.) in diameter
by 63.5 em (5 in.) in depth containing new
Ballast rings.

191 1482 (A-H) Changed bed size to 25.4 cm (10 in.) in diameter
by 63.5 cm (25 in.) in depth containing new
Ballast rings.

192 1483 (4) Changed bed size to 25.4 cm (10 in.) in diameter
by 45.7 cm (18 in.) in depth containing new
Ballast rings.

193 1483 (B) Rupture disc with 2068-kN/m? (300-psid) pressure
rating installed on inlet pipe tee.

194 1483 (C) Rupture disc with 4137-kN/m? (600-psid)
pressure rating installed on inlet pipe
tee.

195 1483 (D-F) Replaced the rupture-disc assembly on the
inlet pipe tee with a blind fiange.

196 1484 (A-D) Modified the detonation test piping installation

for continuous flow as shown in Figure 14-2.
Replaced the 15.2-cm- (6-in.-) diameter flow
straightener at the exit of the inlet pipe

tee Section No. 0 with the 25.4- to 15.2-cm-
(10- to 6~in.-) diameter flanged pipe reducer
arrester assembly containing a 25.4-cm- (10-in.-)
diameter by 15.2-cm- (6-in.-) long Shand and
Jurs spiral-wound, crimped aluminum ribbon core
element mounted in a high-pressure housing.

The instrumentea verification Section No. 6

was replaced by the extension Section No. 11.
The vertical bed arrester assembly remained
installed in test Section No. 9 with a blind
flange on the inlet pipe tee. The bed size
remained at 25.4 cm (10 in.) in diameter by
45.7 em (18 in.) in depth containing new
Ballast rings. Two flanged 15.2-cm- (6-in.-)
diameter standard pipe extension Sections

No. 12 and No. 13, each 6.8 -m (22.4-ft)

long, were installed at the exit of the witness
Section No. 10, downstream of the gas sample
rake. The instrumented verification Section
No. 6 was reversed 180 degrees and installed

at the exit of extension Section No. 13. 1In
reversing Section No. 6, instrument ports

B-8
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Configu-
ration
No.

Test
No.

Description

197
198

199

200

1485 (A-D)
1486 (A-D)

1487 (A-D)

1487 (E)

F63 and P63 are now upstream of instrument
ports F62 and P62. This change provided
better protection of the flame sensors
from ambient light at the pipe exit.

Replaced the bed with new Ballast rings.

Replaced the vertical bed arrester test assembly
with the Shand and Jurs 30.5-cm- (12-in.-) di-
ameter by 20.3-cm-(8-in.-) long spiral-wound,
crimpled stainless-steel ribbon arrester test
assembly using the inline pipe tee connection
with the rupture-disc assembly replaced by a
blind flange in a configuration identical to

No. 183.

Removed the Shand and Jurs arrester assembly
to straighten and repair cracked welds in
the downstream retainer grid ring. Reversed
the upstream and downstream retainer grid
rings and reinstalled the Shand and Jurs
arrester test assembly.

Removed the Shand and Jurs arrester assembly
and bolted the 30.5-cm- (12-in.-) diameter
flanges together without an arrester.

B-9
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TABULAR SUMMARY OF STEADY~STATE MEASURED AIR

AND FUEL SYSTEM TEST CONDITIONS
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Config

Test |urationl PBO, DrO, TO1, PFL, TFL, FMF, PV1, V1, ™2, T™F, PM1
No. No. | kN/m? | kN/m2 °C kN /m2 °c Hz kN/m2| °¢ ° °C kN/z
ﬁ_q=======$=============

1429A | 118 125.09 |0.2951] 85.6 | 2212 33,4 |238.0 [117.1 | 75.3 91.9 | 66.6 | 93.°
B | 118 [125.08 ]0.5640] 83.9 | 1931 33.3 | 454.3 |163.3 | 93,2 |138. 79.9 | 9%.4

C | 118 [125.04 |0.8453 | 83.9 | 1941 36.5 |682.5 |223.2 | 86.8 [146.2 | 76.4 | 94.8

D | 118 |125.55 |1.1452]82.1 {1931 36.7 ) 941.7 {303.2 | 86.4 [165.4 | 79.4 | 95.5

E | 118 [124.83 ]0.2848 | 83.1 | 1959 39.0 ]230.0 |114.9 | 95.7 |108.4 | 84.2 | 93.Z

F | 118 J124.75 |0.2820 ] 80.2 | 1961 39.6 ]237.5 [113.5 | 66.8 85.1 | 57.9 | 93.7
1430A | 119 126.11 (j0.8122]78.3 |[1906 28.7 |673.5 |233.2 {108.7 [175.0 | 95.0 | 95.27
B | 119 []125.84 [0.8315] 78.9 1953 32.3 1690.0 {230.5 | 86.0 [147.0 { 76.9 | 95.4"

C 118 125.82 [0.8315] 78.3 1967 33.6 |688.3 {229.1 | 87.9 |148.7 79.4 95.1.

D 118 125.74 0.8467 | 78.9 1970 34.3 {691.3 [230.4 | 91.8 |154.0 | 81.5 95.1
1431A | 120 1126.65 |0.8150 ] 73.4 1838 26.7 [678.2 {233.2 | 98.3 |164.9 92.1 94.9¢
B 121 126.46 {0.8142 1 74.5 1856 28.4 |684.3 1229.2 | 90.9 [156.0 79.8 95.2.

c 121 126.16 .8122176.9 1878 31.2 }687.3 |236.7 |114.7 |{184.7 }1G5.1 95. 3¢

D 121 125.92 [0.8253 | 80.0 1878 32.2 689.1 [231.8 | 97.3 [157.0 91.2 94.6!

E [121 [125.83 [0.8205)77.7 {1884 33,1 }706.2 [223.6 | 78.1 {137.6 | 70.3 ] 95.1¢
1432A 122 125.53 P.9591 | 78.7 574 32.3 531.2 [199.3 |186.1 |286.4 |174.2 95.3¢
B 122 125,42 0.7246 | 81.2 591 35.3 392.1 [160.6 {2C1.7 [277.2 1189.9 94.6¢

c 122 125.24 0.4888 | 83,9 €25 37.1 274.5 [127.5 |195.1 {256.8 {166.2 94,2¢

D 122 125.18 pp.2441 | 80.7 708 37.7 132.6 }101.3 |212.8 |277.1 (206.3 93.9°¢
1432° | 122 25.23 P.2434 | 83.0 667 46.6 |133.9 1101.3 (182.3 [296.4 ]209.3 | 94.27
B 122 25.00 P.7557 ]85.1 532 46.7 1429.6 |177.3 ]182.3 [345.3 1233.7 94,37
C 123 124.85 ]0.7467 | 87.7 522 48.2 417.8 |170.9 [180.3 |328.5 [224.0 94.62
D 123 124.89 |0.7474 ] 86.4 518 48.7 [418.2 f177.1 [179.1 [363.1 1242.6 94,59
E 123 124,89 [0.7419 ] 83.7 517 48.9 1420.7 {171.8 1180.3 |375.9 [251.3 94.49
1434A 124 125.93 10.7233 ] 76.0 359 40.9 |419.5 |172.3 {170.6 |341.7 {221.7 94.,7C
B , 1.5 125.69 [0.7205 ] 75.6 565 43,9 |408.4 [169.6 [179.2 ]408.3 |268.8 94.73
E“ 126 125.56 10.7267 ] 78.7 599 43.9 |418.0 {176.4 {191.6 [395.0 ]268.1 94.74
.Y 127 125.48 10,7219 | 77.7 609 45.6 |418.9 (173.6 166.4 [394.8 ]257.5 94,64
1435A 128 125.32 10.7405 | 82.3 515 46,4 | 411.8 {169.4 (172.9 |344.7 1234.7 94,51
B | 129 ]125.25 [0.7384 | 82.9 625 45.7 | 403.9 ]163.8 [162,1 [336.4 [217.1 | 94.47
c 130 125.06 (0.7281 | 80.2 725 46.3 |405.1 [163.7 [159.2 {33i.4 {210.6 94.36
D 131 125.02 {0.7508 | 82.2 831 47.0 |416.3 {167.9 [166.5 |337.1 [214.7 94.38

8YA values given in parentheses are the air flow velocities at

b'I'Le dash signifies the lack of an event.

| FOLDOUT FRAME

the time DPA measurements were
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PRECED
T™F, | PM1, | ™1, | T12, | T102,| PAl, | DPA1, | DPA2,| PaMB, | VA?, | MaA, MF, A/F ¢ HCA
°c kN/m2 °c °c °C | kN/m2 | kN/m2 | kN/m2| kN/m®| w/s | kg/h | ke/h | RATIO | E.R. E.R.
) ====s==hﬂ=F=T=ﬂ
66.6 193.96 | 58,9 |48.2 | 38.6 | — — — |93.680} 1.878 | 125.10] 9.58 | 13.00]1.21 ]1.05
79.9 | 94.40 | 63.6 [49.1 39.9 , — — — }93.624) 3.606 | 236.28}17.85 | 13.23|1.19 {1.03
76.4 | 94.84 | 66.3 151.9 | 39.4 | — — — 193.618| 5.337 | 350.85|26.40 | 13.28]11.18 |0.99
79.4 ]95.59 | 68.6 |55.2 39.7 | — — — 193.624 7.321 | 472.64{36.26 | 13.02]1.21 [1.03
84.2 193.24 | 59.7 |48.1 | 40.8 [ — — — ]93.562|(1.811)] 120.93{ 9.10 { 13.28(1.18 [1.03
57.9 |93.78 | 53.8 }45.2 | 41.6 | — — —  193.487{(1.850)] 121.29] 9.42 | 12.88]1.22 [1.04
| 99.0 |95.27 | 64.7 |49.4 | 35.8 | — —_ —  193.921] 5.243 } 349.04|26.58 | 13.13|1.20 |1.04
" 76.9 |95.47 | 61.8 {47.7 | 36.5 | — —_ — 193.949| 5.337 | 355.21{27.07 | 13.12] 1.20 [1.01
"'29.4 195.19 | 62.6 |49.2 37.1 | — — —  193.990| 5.358 | 356.11[26.84 | 13.27|1.18 [1.01
81.5 {95.16 | 63.2 |49.8 | 37.3 | — — —  }93.928] 5.358 | 355.21/26.93 | 13.19|1.19 [1.02
92.1 194.99 | 59.3 }43.8 31.8 | — — —  |94.017| 5.328 {360.11}27.02 | 13.32{1.10 |1.04
79.8 |95.25 | 58.2 |44.0 | 33.9 |94.2910.276 | — |94.024| 5.307 | 357.29|27.04 | 13.21]1.11 |{1.04
105.1 |95.36 | 64.6 {48.9 33.2 [ 94.29 ]0.248 | —  |94.017| 5.240 §351.44{26.98 | 13.02]1.12 |1.03
91,2 | 94.62 | 66.3 |51.4 34.1 }94.2110.248 | — [93.949{ 5.267 {351.26/26.98 | 13.01|1.12 |{1.03
70.3 ] 95.18 | 59.5 [46.8 | 35.4 |94.1310.248 | — {93.873) 5.267 [352.71{27.42 | 12.86|1.14 |1.02
174.2 | 95.38 | 73.8 |54.7 36.7 | — — — 193.818] 6.197 {407.64]31.20 | 13.03]1.12 |0.91
189.9 | 94.68 | 74.2 {53.3 | 36.2 | — — —  193.735) 4.512 {306.54]23.28 { 13.16 | 1.11 {0.91
166.2 | 94.24 | 70.2 |[51.2 | 37.7 | — —_ —  |93.693] 3.115 | 205.52]16.48 | 12.46 ;1.17 (0.93
206.3 |93.95 | 64.0 |45.4 37.7 | — — — 93,666 1.585 | 105.51| 8.29 | 12.72}1.15 {0.93
209.3 194.27 1 64.5 144.3 ) 36.1 | — — — l93.700{¢1.554){103.96] 8.33 ! 12.84]1.17 10.89
233.7 194.37 1 83.2 Is6.4 | 38.1 | —— — —  193.693) 4.779 | 312.39]25.25 | 12.36|1.18 !0.88
224.0 |94.62 | 84.6 }59.4 | 40.6 | 93.890.166 | — ]93.700] 4.697 [305.13{24.53 | 12.4311.18 10.87
242.6 |194.59 | 85.7 }59.8 | 40.8 }93.90[0,172 | — 193.700| 4.730 [306.90}24.57 | 12.4911.17 10.86
251.3 {94.49 | 84.1 |58.2 | 40.6 [ 93.84[0.166 | — {93.666] 4.746 | 308.62]24.68 | 12.50/1.17 10.87
221.7 | 94.70 | 74.8 |49.8 | 32.1 |93.93]0,193 | — 193.735] 4.709 {314.79}24.69 | 12.74 |1.15 [0.87
268.8 | 94.73 | 79.3 |52.2 31.8 | 93.9400.214 | — {93.707] 4.663 | 310.71}123.93 | 12.98|1.13 ]0.88
268.1 | 94.74 { 80.9 |52.1 32.2 193.9510.207 | — |93.700| 4.673 [311.34}24.39 | 12.76 | 1.15 [0.87
257.5 [94.64 | 78.5 [52.0 | 32.7 {93.8710.193 | — {93.625{ 4.666 [(310.39/24.51 {12.66{1.15 10.89
234,7 194.51 | 82.3 |56.1 33.6 | 93.7410,214 | — lo3.521] 4.271 |311.16/24.15 | 12.88 |1.13 [0.94
217.1 | 94.47 | 78.2 |53.7 34.0 ] 93.7400.221 | — |93.514] 4.679 {309.30{23.66 | 13.06]1.12 10.94
210.6 194.36 { 75.2 |52.1 34.1 } 93.6270.214 | — |93.404] 4.663 [ 308.71/23.74 | 13.00]1.12 [0.96
J214.7 | 94.38 | 77.7 |54.0 | 35.4 | 93.60]0.214 | — 193.390] 4.779 | 314.56]24.35 | 12,91 1.13 10.96

urements were taken. Flow velocity at the time of ignition was zero.
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Test S:::ig pso, | oro, | ToO1, | PFL, | TFL, | FMF, | PV1, | TVi, | Tv2, | TMF, PMl,:
No. No. | kN/m2 |kN/m2 ]| °C | kN/m2 ] °C Hz | kn/m2| °c °C °C KN/me
12364 | 132 l125.48 | 0.7439] 79.8 | 686 | 42.2 | 427.1|174.8 |184.0 |335.2 |219.1 94.;;;
Bl 132 i125.24 {0.7474] 81.7 | 946 | 43.2 | 413.3 1168.6 [198.2 |357.6 |234.2 | 94.47

c | 132 li25.98 |0.7301] 82.0 | 1073 | 44.8 | 405.0 | 165.8 |187.5 | 348.9 |227.6 | 94.47

p | 132 l125.92 {0.7343] 82.8 | 1072 | 45.4 | 418.9 {163.0 1179.2 {329.1 {212.1 | 94.40

E | 132 [125.83 }0.7329] 82.4 | 1171 | 46.4 | 409.3 j164.4 ]183.6 | 333.1 |211.7 | 94.36
14374 | 132 l125.66 10.7219) 81.0 | 1010 | 40.8 | 409.3 |167.4 |184.4 | 313.6 }203.2 | 94.56
B | 133 l125.54 |0.7212] 80.4 | 1016 | 42.2 | 399.7 {161.9 |181.9 |313.6 |198.3 | 94.58

¢ | 136 li25.28 {0.7350]| 80.9 | 1026 | 44.2 | 414.0 |163.9 }188.9 | 312.6 |201.9 | 94.68
p | 135 l|125:14 [0.7391] 83.2 | 1021 | 45.0 | 401.2 {161.2 {190.3 | 307.7 |200.4 | 94.7C

E | 136 [125.01 [0.7391| 84.3 | 1026 | 46.3 | 417.2 |164.5 [199.9 | 317.3 |208.2 | 94.5¢
1438a | 137 |125.73 |0.8053} 84.8 | 794 | 42.4 | 399.6 {162.8 [163.2 | 261.6 {163.6 | 95.27
B | 137 l125.28 {0.82741 89.1 | 794 | 43.9 | 411.6 |166.3 1191.3 |307.0 }202.4 | 95.31

c 1137 li124.76 10.832201 91.2 | 794 | 47.6 | 414.8 {168.9 [217.1 | 339.4 |229.3 | 95.33

p | 137 l124.69 {0.8308] 91.3 | 797 | 48.2 | 428.2 |165.4 [184.5 |301.9 |195.9 | 95.49
1439 | 138 125.79 10.7439] 85.6 | 953 | 42.5 | 405.8 {166.2 |163.7 | 262.0 |163,2 94.85
B | 138 l125.56 {0.7619] 87.6 | 957 | 43.2 [ 423.5[169.0 [171.1 | 283.3 |180.0 | 95.01

¢ | 138 li25.11 l0.7646 ] 89.8 | 967 | 47.2 | 404.3 [164.8 1191.8 ! 313.2 ;209.8 | 94.91

p | 139 l126.98 {0.7633} 88.5 | 975 | 48.7 |410.5 {170.1 |205.8 | 328.4 {215.0 | 94.6.
1440A | 140 [125.03 |0.7633] 88.1 | 792 | 42.3 | 402.6 |167.7 |163.4 | 263.5 ]163.2 | 95.67
B | 140 [124.44 |0.7695]91.5 | 784 | 45.8 | 421.5]168.0 [218.8 | 304.4 1199.9 | 96.3t

c | 140 [124.27 [0.7688| 89.7 | 775 | 46.1 | 411.0 {161.0 [204.3 | 279.7 {180.4 | 95.77

p | 1420 124.29 [0.7639 | 89.1 788 | 47.7 | 404.6 [159.6 |205.5 |275.2 {171.8 | 96.1"

E | 140 [125.16 [0.7529] 87.1 | 791 | 50.3 [408.8 |156.7 |172.3 ,246.1 |136.7 | 95.8%

P | 141 [24.07 {0.7701] 87.3 | 939 | 50.3 | 417.8 [160.1 [194.6 | 263.8 [121.6 | 93.61
14614 | 142 [125.16 |0.7660] 90.7 | 811 | 43.9 |404.6 {151.7 {169.5 | 231.7 {125.8 | 94.7¢
B | 142 |124.89 |0.78121 91.8 | 875 | 45.2 | 414.4 [155.1 [183.3 | 245.2 |140.4 | 94.8"

c | 142 |124.66 |0.7750] 92.2 | 909 | 47.9 | 414.6 |158.4 ]180.2 | 243.8 1139.3 | 94.7¢

p | 142 [124.52 lo0.7743] 92.2 | 816 | 47.9 |420.1 |156.4 [167.9 [234.1 |126.7 | 94.7

E | 142 (124.53 |0.7722] 91.3 | 918 | 48.6 |418.4 [159.1 {194.7 |252.4 |152.6 | 94.71
14424 | 143 [125.04 |0.7570| 87.2 | 802 | 39.3 [404.4 |160.4 210.4 | 260.8 |157.5 | 96.33
8 | 143 1125.83 |0.7653)] 87.2 | 897 | 40.7 | 415.7 |157.6 [165.6 |233.4 [123.6 | 96.1.

¢l 143 1125.51 10.7653( 87.2 | 904 | 42.9 |422.5 |150.6 {150.9 |221.2 {113.9 | 95.6

‘ FOLDOUT FRAME

a s s
The dash signifies the lack of an event.
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. TMF, PM1, ™1, T12, | T102, | PA1l, DIAl, | DPA2, | PAMB, VA, MA, MF, A/F i ) HCA
: °c | kn/m2|  c°c °c °C | kN/m2| kN/m?| kN/m2| kN/me| m/s | ke/h | kg/h | RATIO | E.R. | E.R.
===#==============ﬁ=======#======f=======F======¥======T============== e
.2 1219,1 | 94.36 | 76.1 | 50.9 30.7 § 93.65]10.152 | 0.159 |93.473] 4.746 316.42 | 25.15 | 12.58| 1.16 ]0.83
.6 1234.2 | 94.47 | 78.7 | 53.1 32.7 | 93.64]0.145 |0.145 |93.480| 4.755 314.48 [ 24.44 & 12.86{ 1.14 [0.82
.9 [227.6 | 94.47 | 78.2 | 52.9 34.6 | 93.5910.138 | 0.152 {93.438] 4.700 [310.21 |23.79 | 13.03} 1.12 }0.86
W1 1212.1 | 94.40 | 79.4 }5° 3 35.6 | 93.4110.159 10.159 [93.411| 4.676 [306.81 [ 24.5. | 12.51| 1.17 [0.87
.11211,7 | 94.36 | 76.9 | 5.7 35.8 § 93.56]0.138 | 0.152 {93.390] 4.654 306,26 | 24.10 | 12.75]| 1.15 ]0.86
.6 1203.2 | 94.56 | 75.4 | 51.C 32.1 ] 93.80]0.152 10,159 {93.631| 4.599 [306.45 } 24 27 | 12.62] 1.16 |0.86
.6 1198.3 | 94.58 | 73.3 | 51.1 32.2 | 93.85|0.166 0.159 {93.680] 4.599 [306.58 | 2° .46 | 13.06] 1.12 |0.86
.6 1201.9 | 94.68 { 75.1 | 51.6 34.4 | 93.85(0.152 [.0.152 {93.670f 4.682 |310.71 | 24..0 , 12.79} 1.14 |0.87
.7 1200.4 | 94.70 | 77.4 | 54.8 35.7 | 93.8410.145 10.145 |93.660| 4.691 [308.99 23.5f- 13.10f 1.12 10.87
.3 (208.2 | 94.59 | 78.7 | 54.5 36.8 | 93.70]0.035 —° 193.631] 4.666 {306.67{24..6 | 12.58]| 1.16 [0.87
.6 [163.6 | 95.27 | 78.9 | 54.8 31.9 | 94.31}0.428 ]0.421 |93.886] 4.694 [312,80 | 23.60 { 13.26| 1.10 {0.85
.0 [202.4 | 95.31 | 84.4 | 61.4 35.2 | 94.29]0.428 [0.434 [93.852] 4.785 PB13.79 }2+.16 | 12.98{ 1.13 }]0.86
.4 1229.3 1 95.33 | 88.8 | 63.8 38.9 | 94.1610.421 0.428 193.714f 4.825 312,93 §24.27 | 12.83{ 1.14 }0.85
.9 [195.9 § 95.49 | 87.0 ]64.8 40.6 | 94.1410.428 10.44: 193.700] 4.813 310.89 §?5.14 | 12.36] 1.18 10.85
..0 |163.2 | 94.85 ] 79.5 | 55.9 33.6 | 94.05[0.234 |0.234 |93.811} 4.676 B09.21 '23.93 12,911 1.13 }|0.86
.3 |180.0 | 95.01 | 81.7 | 54.9 32.6 | 94.12]0.248 §0.255 |93.859| 4.712 B12,39 {24.92 | 12.55} 1.16 |0.87
.2 ,209.8 | 94.91 ] 74.3 [62.4 38.8 | 94.02(0,214 |O.110 ]93.769} 4.776 B15.12 123.70 | 13.08] 1.12 |0.86
.4 [215.0 | 94.67 | 82.6 | 58.8 38.7 | 93.71]0.131 |0.124 }93.562| 4.779 310.98 | 24.04 | 12.93] 1.13 10.88
.5 1163.2 | 95.65 | 85.8 | 60.2 29.7 | 95.25(1.517 }1.558 |93.262] 4.€48 B11.16 {23.73 | 13.11 1.11 [0.86

41199.9 | 96.38 | 85.6 ] 62.1 36.4 | 95.21(1.648 |[1.655 |93.556| 4.654 P07.35 | 24.63 | 12.47{ 1.17 ]0.88
.7 |180.4 | 95.72 ] 82.6 | 61.5 35.8 | 95.28]1.709 }1.758 }93.381%] 4.679 09.67 | 24.11 12,84 1.13 ]0.86
.2 |171.8 | 96.12 | 80.1 | 61.7 36.8 | 95.15(1.655 |1.620 }93.425] 4.676 308.53 {23.66 | 13.03] 1.12 |0.85
.1 1136.7 | 95.82 | 74.9 | 58.2 38.7 | 95.05{1.724 {1,710 {93.231 4.648 B07.17 23,82 | 12.89}1.14 }0.85
~.8 121.6 | 93.61 | 78.3 | 59.6 38.8 | 93.27]0.028 — 93.225| 4.837 B12.89 }{24.33 | 12.85] 1.14 10.87
.7 1125.8 | 9/ .78 1 79.6 | 61.6 34.1 | 93.82]0.042 |0.042 ]93.776] 4.734 p09.30 |23.76 | 13,01/ 1.12 10.86 |
+2 |140.4 ;2£;§g 82.3 | 63.1 35.3 | 93.820.055 |0.048 |93.762] 4.810 P13,02 |24.29 | 12.88[1.13 [0.88
.8 |139.3 | 94.7¢  80.3 | 62.1 40.6 | 93.67]0.055 {0.042 }93.618| 4.798 B09.62 | 24.23 | 12.77 | 1.14 10.88
.1 [126.7 | 94.78 | 80.4 | 63.6 41.0 | 93.68[0.055 [0.048 }93.618] 4.801 B08.94 [24.54 | 12,58 1.16 (0.89
o4 1152,6 | 94,71 | 82,3 ] 64.3 42.4 | 93.67]0.055 |0.055 |93.604} 4.825 B09.35 [24.35 | 12.65]1.16 10.88
.8 1157.5 ] 96.33 1 77.1 | 56.2 33.1 | 95.80]2.158 ]2.137 [93.528] 4.599 p10.03 {23.80 | 13.02}1.12 10.85
W4 1123.6 | 96,2 | 73.4 | 56.7 33.3 | 95.7202.062 |1.931 |93.493} 4.633 B13.16 |24.41 | 12.82|1.14 [0.86
.2 1113,9 | 95.68 | 72.1 | 56.8 36.4 | 95.40]2.027 }1.999 |93.369| 4.682 B12,52 {24.83 | 12.58 | 1.16 |0.86
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Test gzzz;& PBO, DPO, TO1, PFL, TFL, FMF, pPVt, TV1, V2, T™F, PM1,
Yo. | No. |k¥/m? Jin/m2] °c | k/m2| °C Hz | kN/m2| °C °C °c kN/m2
———— ——

14420 | 143 [124.42 10.7667] 86.3 | 907 [ 43.2 {431.0 [162.3 ]171.9 |241.2 136.2 | 96.51 | 76.2
£ | 143 |124.35 [0.7722] 85.8 | 909 | 44.9 |415.4 {159.5 [172.5 |262.2 |155.4 96.05 | 78.2
F | 144 |124.35 |0.7502] 82.7 | 899 | 44.5 | 415.6 |165.6 {201.3 |295.5 |182.9 94.46 | 76.2

1443a | 144 1126.15 |0.7164| 764.7 | 863 | 37.2 |418.9 |166.9 [193.9 |292.1 |178.8 94.96 | 67.7
s | 144 1125.93 |0.7095] 77.1 | 859 | 39.0 |405.8 [163.4 |200.5 |295.4 |183.4 | 94.18 69.4
c 1143 1125.63 |0.7281| 79.1 | 867 | 40.7 |405.8 {164.1 {193.1 |287.3 |177.3 | 96.33 70.<
> | 144 1125.53 [0.7205] 77.9 | 866 | 40.9 [409.6 |162.0 |199.4 |293.7 {183.8 | 94.92 71.2

1444A 145 126.78 {0.23721 74.4 850 41.1 136.8 |104.4 |207.6 | 259.9 |158.0 95,96 53.9
s | 145 1126.22 [0.2379| 77.7 | 864 | 43.5 [136.9 |104.3 [216.6 |271.9 |166.9 | 96.11 58.6
c | 146 1126.06 [0.2337(77.5 | 861 | 44.8 |128.1100.1 |213.3 |273.2 j147.3 } 95.1% 57.6
D 1147 1125.93 10.2392| 77.3 | 861 | 44.9 |138.1 |100.7 {205.3 |263.1 |146.3 | 94.05 58.1

1445a | 148 |125.80 |0.2420]82.9 | 785 | 29.8 |131.0 {101.9 {227.6 |281.1 |182.6 95.64 | 59.7
5 | 148 N24.78 10.2606 | 88.8 | 788 | 34.3 1135.8 | 98.4 {205.0 |259.6 |163.7 | 95.08 66.4
C 148 124.73 10.2517 ] 89.7 789 35.8 132.4 99.2 }184.7 260.6 1146.6 95.44 67.6
> | 148 [124.50 {0.2565] 91.9 | 788 | 36.7 |136.5 {101.8 {197.0 |252.3 }139.2 } 95.89 69.1
E | 148 I24.44 10.2530 ) 87.6 | 787 | 40.6 [135.7 | 96.9 |192.6 |251.6 }134.5 | 96.72 65.°
F | 148 |124.34 [0.2537190.6 | 784 | 40.6 |130.8 | 99.0 |187.3 ]234.6  146.6 }95.61 70.2

L446A | 149 1126.00 |0.2365} 74.1 | 821 | 26.1 ]123.1 |101.7 ]199.6 }276.0 }133.1 95.24 | 51.2
B 149 126.02 10,2310 71.3 828 24.8 133.7 }102.3 |196.6 260.1 j143.5 94.79 &8.;
C 149 126.00 |0.2303 | 71.6 827 25.6 133.3 {100,3 |213.2 }266.2 }156.7 95.05 5Q.°
D | 160 1126.15 |0.2248 | 67.8 | 837 | 24.0 |130.5 [101.0 |199.6 [259.4 139.9 | 96.16 45.°
E 149 126.77 |0.2130] 60.2 841 20.3 123.1 }100.2 |231.9 |287.9 160.8 95,51 39,

14474 1 150 1127.55 10.6929 | 73.1 [1532 | 33.9 |581.2 [226.6 |135.2 |244.9 1139.8 | 93.6] 61.7
B 151 127.40 10,6736 | 73.8 1568 41.4 563.7 |211.4 |136.2 215.8 J111.8 95.18 58.6
C | 151 1127.19 |0.6853 | 72.6 | 1565 | 41.4 |575.3 |218.9 |128.8 1224.3 1123.8 | 95.08 59.7

1648A | 152 |126.81 |0.7184179.7 |1741 | 36.6 |581.1 |216.8 |101.6 |213.6 }108.9 93,46 | 64.-
5 | 152 |126.58 |0.7136 | 81.3 | 1772 | 37.5 |559.7 |214.1 |122.4 (224.2 1128.5 }95.50 68.7
C 152 126,38 10,7295 | 83.6 1781 39.4 570.1 }213.4 1108.7 211.6 |113.5 95.52 71.¢
5 1 153 1125.24 |0.7267 | 83.2 | 1818 | 40.2 |574.3 [196.7 | 85.4 |186.1 | 65.8 | 95.32 66,0

1449A 154 126.33 |0.7281 ] 82.6 1938 36.7 568.0 1207.1 84.3 193.8 89.8 95.36 66.°
5 1 155 T126.62 0.7591] 85.1 | 2004 | 40.9 |589.0 |207.6 | 80.3 |180.8 | 82.3 }95.42 67.°
C 156 125.39 {0,7467 | 86.7 2020 42.0 590.7 1217.2 [119.4 219.4 }124.5 95.21 74.€

a
VA values given in parentheses are the air flow velocities at the time DPA measurements

bThe dash signifiss the lack of an event,
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T™MF, PM1, T™1, T12, T102, | PAl, DPA', | DPA2, | PAMB, VAa. MA, MF, A/F ¢ HCA

°c | kv/m2| °c °c °c | kN/m2 | /w2 | kN/m2| kN/m2| m/s | kg/h | kg/h | RATIO | E.R. | E.R.

136.2 | 96.51 | 76.2 | 58.6 | 35.7 | 95.60| 2.241 [2.206 |93.356] 4.706 |314.07 | 25.35 | 12.39| 1.18 |0n.87
155.4 | 96.05 | 78.2 | 60.4 | 36.2 | 95.11] 1.793 |1.724 |93.266] 4.791 |16.79 | 24.38 | 12.99] 1.13 |o0.86
182.9 | 94.46 | 76.2 [56.5 | 36.5 | 93.59] 0.407 | — ° [93.187} 4.773[312.43 [ 24.39 | 12.80] 1.14 [0.88
178.8 | 94.96 | 67.7 |45.6 | 28.7 | 94.22] 0.393 |0.393 [93.818] 4.633[314.56 [ 24.82 | 12.66] 1.15 [0.87
183.4 | 94.18 | 69.4 | 48.3 | 30.7 | 94.18]| 0.372 | — 193.797} 4.569 [307.62 | 24.02 | 12.80} 1.14 |o0.88
177.3 | 96.33 | 70.8 | 49.8 | 30.6 | 95.63| 1.862 |1.868 {93.728] 4.566 [311.43 | 24.13 | 12.90] 1.13 |0.87
183.8 | 94.92 | 71.2 [49.9 | 31.4 | 94.10] 0.393 | — [93.700/ 4.621[309.67 [ 24,02 | 12.89] 1.13 }0.87
158.0 | 95.96 | 53.9 [29.7 | 29.4 | 95.98| 1.731 [1.779 {94.017| 1.570 [106.91 | 8.46 | 12.63] 1.16 |o0.86
166.9 | 96.11 | 58,6 }35.2 | 34.8 | 95.93] 1.779 |1.772 [93.99.{(1.570)105.14 | 8.58 | 12.25| 1.19 [0.88
147.3 | 95.16 | 57.6 |35.4 | 36.0 | — — — 193.,80](1.634)[103.42 | 7.96 | 12.99] 1.12 |o0.88

. |146.3 | 94.05 | 58.1 |36.5 | 35.2 | — — — 19°.811{(1.609)[105.51 | 8.50 | 12.41{ 1.18 [0.89
1 [182.6 | 95.64 | 59.9 |29.8 | 27.6 | 95.79] 1.655 }10.979 }93.666}(1.545)104.10 [ 8,29 | 12.55{1.16 |0.87
"> |163.7 | 95.08 | 66.4 [40.6 | 42.4 | 95.62}1.979 |0.779 |93.583[(1.652)108.14 | 8.60 | 12.57| 1.16 |0.83
- 1146.6 | 95.44 | 67.6 144.2 | 44.7 | 95.78] 2.062 |1.965 ]93.659](1.594)}105.78 | 8.30 | 12.50]1.17 }10.89
3 4139.2 {95.89 | 69.1 }45.2 [ 46.1 | 95.56] i.965 }1.717 |93.562} 1.618 J104.73 | 8.51 | 12.30{1.19 [0.89
2 |134.5 1 96.72 | 65.8 | 45.9 | 46.3 | 95.59] 1.924 |1.793 {93.425| 1.612 ho4.82 | 8,44 | 12.41]1.18 [0.88
6 l146.6 | 95.61 | 70.2 la5.2 | 45.9 | 95.54] 2.109 |2.006 |93.438] 1.609 103.92 | 8.16 | 12.72]1.15 |0.87
3 [133.1 [95.24 | 51.2 [27.9 | 26.3 [ 95.24[ 1.062 J0.979 |93.445] 1.556 hos.09 | 7.85 | 13.51]1.08 lo.89
143.5 | 94,79 | 48.4 }24.6 | 23.9 | 95.06] 1.607 }1.469 ]93.349} 1.530 105.01 | 8.50 | 12.35]1.18 10.87
156.7 | 95.05 | 50.9 }24.7 | 23.8 | 95.00] 1.448 |1.413 {93.390| 1.330 [104.46 | 8.46 | 12.36]1.18 0,87
139.9 | 96.16 | 45.9 |24.6 | 22.8 | 94.83] 1.448 |1.607 |93.383] 1.512 h04.10 | 8.33 | 12.48]1.17 10.86

; 1160.8 | 95.51 | 39.4 |18.9 | 19.3 | 95.07] 1.496 |1.379 }93.266} 1.469 103.37 | 7.92 | 13.05]|1.12 ]0.84
9 1139.8 | 95.67 | 61.4 J42.1 | 25.1 | 94.42}0.199 | — 194.197] 4.505 B09.94 §22.28 | 13.91]1.13 10,90
8 [111.8 [ 95.18 | 58.6 [41.5 | 26,0 | — — — |94.197} 4.371 p9y.82 | 21.51 [ 13.93]1.13 ]0.89
3 [123.8 [95.08 | 59.7 [41.7 | 25.9 | — — — 194.059] 4.478 B06.67 121.92 | 13,99]1.12 ]0.92
6 |108.9 | 95.46 | 64.3 |47.1 | 32.3 ] 94.3110.193 | —  |94.114} 4.596 B09.17 |22.50 | 13.7411.14 |0.89
2 [128.5 | 95.50 | 68.7 |50.8 | 33.0 | 94.32}0.179 | — |94.080] 4.551 B04.54 |21.59 | 14.07[1.12 [0.91
2 {113.5 | 95.52 | 71.0 |54.2 | 34.8 ] 94.3110.186 | — ]94.095| 4.630 B07.40 {22.36 | 14.0211.12 10.90
1 |65.8 |95.32 | 66.4 |51.2 | 35.4 | 94.19/ 0.186 | — [93.990] 4.602 B06.31 |22.00 | 13.91]1.13 [0.88
'3 | 89.8 | 95.36 | 66.2 |49.7 | 31.6 | 94.32] 0.193 | — 194.004] 4.581 P09.vy9 |21.98 | 14,01 }1.12 [0.86
8 | 82.3 | 95.42 | 67.9 |53.5 | 38.2 | 94.18] 0.221 | — 193.838] 4.776 B15.25 |22.54 | 13.98]1.12 0.88
4 1124.5 | 95.21 | 74.6 |58.3 | 40.3 ] 93.93]0.002 | — ]93.811] 4.724 B07.62 [22.47 | 13.69{1.15 10.88

asurements were taken, Flow velocity at the time of ignition was zero.
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1458A | 165 [126.08 ] 0.7839] 82.6 830 31.4 | 406.8 1161.2 | 173.2) 253.1 | 14¢
B| 165 [125,69 |0.7991{ 83.6 821 36.7 | 418.9 | 161.0 | 167.1 252.3 | 145
C| 165 [125.53 |0.7970} 83.7 824 39,7 | 406.2 | 159.6 | 182.2] 265.5 | 167

14594 | 166 |127.03 |0.6978} 75.8 756 30.3 | 390.5 | 158.5 | 171.8] 261.9 |15¢
B | 166 126,57 {0.7219] 79.2 778 32.2 | 330.5(142.7 | 191.4| 270.1 {175
C | 166 |[125.91 |0.7371] 84.1 755 35.9 | 469.3 |174.9 | 159.7| 264.8 | 149
D | 166 [125,66 |1.,0060{ 84.1 746 36.4 | 526.0 | 192.8 | 149.2{ 256.3 [132
E | 166 |126.65 |0.7564] 86.7 766 38.2 | 424.9|163.8 | 186.6| 278.4 176
F | 166 1124.93 {0.4902] 85.4 786 40.4 | 262.6 | 126.5 | 203.2} 274.7 | 176

166 [{125.53 [0,2537] 84.4 800 41,8 | 134.0 | 99.7 | 192.1] 241.5 {162

1460A | 167 [124.29 10.2365] 72.1 818 20.7 | 134.0 | 105.8 { 285.9| 340.6 {233
B | 167 126,37 |0.2324} 75.2 844 23.0 | 127.3 | 103.6 | 231.5) 265.9 | 199
C | 167 (126,15 |0.2448| 77.8 842 23.6 { 137.5[102,9 | 228.1| 288.8 | 180
D | 167 |125.87 |0.2434) 78.8 848 25.2 | 133.6 {102.2 | 210.3} 248.6 | 180
E | 167 |[126.12 [0.4833| 78.6 827 25.1 | 260.51126.3 { 216.2| 288.6 {190
F | 167 (125,91 {0.9653] 77.1 741 25.0 | 532.8 }197.3 | 154.9| 264.8 | 145,

1461A | 167 }127.88 [0.7336{ 69.3 654 15.7 | 391.4 [ 163.4 | 179.6| 273.2 1169
B | 167 ([127.63 |0.7219| 71.9 680 16.9 | 453.7 | 175.6 | 166.3] 267.3 | 156.
C | 167 [126.69 |0.7529] 75.6 730 21.4 | 325.7 | 143.1 191.81] 271.7 [173,
D | 167 [126.50 |0.7750] 76.7 759 21,5 | 253.4 |125.9 | 186.1| 244.6 |177.
E | 167 |126.47 |0.7467] 78.3 753 21.8 | 279.5 [133.4 | 193.41} 265.8 [174-
F | 167 |126.45 |0.7764 | 78.4 744 22.8 | 350.1 |152,8 | 192.3| 273.6 |178.
G | 167 }126.29 {0.7598| 78.2 723 22.6 | 421.6 1162.4 | 152.4 | 243.8 | 148.
H | 167 {126.28 |0.7777] 78.1 684 24.1 | 508.3 {190.7 | 171.0] 281.7 [161.
I | 167 [126.13 |0.7770] 78.5 689 24.6 | 542.6 1 200.9 | 185.0] 301.1 |174.

1462

to Air flow pressure loss calibration tests.
1469

8yA values given in parentheses are the air flow velncities at the time DPA measureme
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NOT FILMED
MF, PM1, ™1, T12, | T102, | PAl, | DPAl, | DPA2, | PAMB, va? , MA, MF, AJF ¢ HCA
°¢c | kw/m2| °C °c oc | kn/m2 | wN/m2 | kN/m2{ kN/m2| m/s | kg/h { ke h | RATIO| E.R. | E.R.
?_.8_ 94,85 75.2 | 55.6 35.8 | 93.76] — bl 93.604] 4.697]308,71{ 24,29 | 12,71} 1.15 10.88
éj 94.71| 73.8 | 55.6 38.5 | 93,58 — — 93.404| 4.846]316.65] 24,83 | 12.56] 1.16 |0.89
7. 94.67 | 77.1 | 57.9 39.4 | 93.55] — _ 93.376| 4.855)315.52 23.99 | 12,95/ 1.13 ]0.96
i?. 94,73 68.1 | 45.1 25.1 | 93.86{ — -—_ 93,673| 4.508[306.76 | 23.36 | 13,12} 1.11 |0.86
’bST 94,93 | 71.9 { 50.0 30.6 | 93.96] — — 93.742| 4.642|310.98]19.69 | 15.79] 0.93 |0.81
?.1 94.93| 75.6 | 54.8 37.8 | 93.78{ — —_— 93.569| 4.703308.58 | 27.65 | 11.15{ 1.31 {0.92
H 95,72 | 76.0 | 58.7 39,1 { 93.94{ — —_ 93.535| 6.392 1416.85( 31.17 | 13.37{ 1.09 {0.86
5.6} 94,98 82,1 | 6l1.4 41,5 | 93.78] — —_ 93.521| 4.846{313.02| 25.26 | 12,38} 1.18 {0.89
h;:& 94,30 | 67.4 | 54.0 40.7 | 93.55] — —_— 93.425| 3.1491205.57 | 15.84 | 12,98) 1.13 j0.88
2.2 | 94.00 | 69.5 | 52.7 41,6 | 93.44) — — 93,445} 1.655108,05| 8.39 | 19.04} 0,77 }0.89
3.9 | 93.67 ] 59.0 | 35.2 25,6 | 93.42] — — 93.376} (1.655)107.86 | 8.50 | 12.68] 1.15 0.88
9.9 | 93.70 | 59.3 | 38.7 31.0 | 93.35| — —_ 93,307} (1.536)104.14 { 8.15 | 12,78] 1.14 ]0.91
9.7 193,97 59.3 | 40.1 31.7 { 93.32| — — 93.266( (1.597){107.91 | 8.61 | 12.52| 1.17 ]0.91
0.1 ] 93.71| 62.1 | 42.8 34,2 | 93.32] — — 93.259] 1.591[106.50 | 8.49 | 12,53] 1.17 ]0.91
9.7 | 94.05| 67.5 | 46.5 33.8 | 93.37] — —_ 93.238] 3.1521209.97 | 15.85 | 13.24| 1.10 0.88
5.5 { 95.31{ 71.8 | 53.1 33.4 | 93,64 — — 93.231{ 6.264 |414.40 | 31.85 | 13.00| 1.12 |0.87
9.1 | 94.93| 62.5 | 40.2 21.1 | 93.95{ — —_— 93.728] 4.526 |312.93 {23.81 | 13.13] 1.11 |0.83
.7 1 94.88 | 67.3 | 46.2 24,8 | 93.92| — - 93.707] 4.462[303.45)22.85 | 11.08] 1.32 0.84
3.1 94.82 | 67.2 | 47.7 29.7 | 93.74| — —_— 93,507] 4.587 [308.21 | 19.81 | 15.55| 0.94 0.78
.1 194,87 69.6 | 51.2 32.8 | 93.73;1 — - 93.514] 4.740 315.11115.48 | 20.351 0.72 0.74
v.7 194,82 | 66,2 | 53.7 34.2 | 93.671 — — 93.459) 4.566 (301,68 | 16,96 | 17.79] 0.82 0.77
5.3 | 95.05] 74.9 | 55.6 35.9 | 93.78f — - 93.549{ 4.7551312.48 {21.86 | 14.291 1,02 0.83

.8 | 94,90 ] 73,2 |55.3 36.4 | 93,671 — — 93,459 4.660 305,99 125,36 } 12,061 1,21 84
1.1 | 94.99{ 73.2 | 54.1 35.1 | 93.721 — —_ 93.438) 4.769 [313.02 ] 30.39 | 10.03 1.42 }0.89
.1 ] 94.98] 76.8 | 56.2 35.4 | 93.68f — — 93.369] 4.749]311.84 } 32.30 9.65% 1,52 |0.90

1
lents were taken, Flow velocity at the time of ignition was zero.
1} 05 OUT F
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Config
Test |uration PBO, DPO, TO1, PFL, TFL, FMF, PV1, Tvl1, v2, T™MF, PM1,
No. | No. | kN/m2 |kN/m2] °c | kN/m2| °C Hz | kN/m2]| °C °C °c kN/m2
= L == -

14704 | 176 |126.65]0.7336] 78.4 | 726 | 18.8 | 416.7 | 168.6 | 1£0.7]| 276.1 | 169.3 | 94.90
B| 176 |126.24 {0.7508] 80.1 | 717 | 22.2 | 413.9|166.8 | 171.3) 264.7 | 162.7 | 94.72
cl| 176 [126.16 |0.7433] 80.9 | 716 | 25.5 | 416.1|166.2 | 17¢ 1] 270.9 | 162.8 | 94.77
1471A | 177 |126.52 10.7488) 74.3 | 789 | 15.1 | 397.3 | 163.6 | 185.1] 276.4 |172.3 | 94.38
B | 177 |125.77 |0.7943] 78.1 | 725 | 21.1 | 417.5]167.0 | 176.3] 271.0 | 165.9 | 94.39
14724 | 178 |127.71]0.7157] 65.2 | 744 | 14.3 | 413.8 | 166.8 | 1¢f 45,8 | 153.3 | 94.63
B| 178 |127.65 [0.7046| 66.5 | 757 | 15.7 | 399.5 | 156.1 | 1! 0.4 | 168.7 | 2°.55
C | 178 [127.40 |0.7012| 64.7 | 766 | 15.7 | 408.5 | 168.1 | 19t "4 1169.0 | 94.47
p| 178 [127.39 |0.7164] 67.5 | 771 | 16.4 | 390.9 | 163.3 | 184.4| 275.4 | 164.6 | 94.56
E| 178 [127.26 0.7012] 70.1 | 768 | 18.4 | 390.0 | 161.4 | 167.7] 254.2 |158.1 | 94.45
F | 178 {127.12 (0.7198] 72.2 { 772 | 18.9 | 412.11168.6 | 174.0] 266.2 |165.9 | 94.51
(14734 | 179 [127.82 |0.7136] 68.4 | 784 | 11.7 | 390.5|166.3 | 194.5] 290.7 |177.6 | 94.87
B | 179 1127.37 10.6950] 67.3 | 814 | 12.7 | 396.1 |165.4 | 182.0] 274.5 |163.7 | 94.52
c | 179 [127.33 |0.6978] 66.2 | 804 | 13.7 | 399.1 1158.1 | 152.5] 245.3 |141.4 | 94.47
p| 179 |127.19 |o.6750| 61.8 | 808 | 16.1 | 387.8 |160.4 | 195.2] 291.8 |171.9 | 94.27
E | 179 [127.17 {0.6729| 60.1 | 814 | 17.5 | 393.4 [161.0 | 168.3] 262.6 {148.3 | 94.31
F | 179 [127.26 |0.6598] 58.8 | 808 | 17.5 | 392.1]161.3 | 192.7{ 311.7 1167.3 | 94.22
1476 | 180 [127.44 |0.6522] 55.8 | 793 | 10.4 | 401.9 |163.9 | 163.3{ 261 4 |139.7 | 93.91
B | 181 [127.28 {0.6619] 58.3 | 821 | 11.6 | 402.6 |161.1 | 160.3| 254.9 [142.6 | 93.88
c | 182 [126.99 |0.6888| 60.0 | 840 | 13.1 | 407.3 |166.8 | 189.6| 289.2 | 168.8 | 93.95
D | 183 [127.08 |0.6764| 60.1 | 842 | 14.7 | 400.2 {165.8 | 193.1[ 303.7 [145.1 | 94.20

E | 183 [127.00 [0.6778] 60.3 | 844 | 14.7 | 399.3 [169.0 | 203.8] 301.6 |181.3 | 92.86 |

F | 183 |127.13 |0.6571] 60.4 | 848 | 15.4 | 401.4 | 166.8 | 181.7] 278.6 {154.4 | v3.91 |
14754 | 184 {127.16 {0.7053| 60.2 | 743 | 15.4 | 405.7 |168.4 | 197.3 297.4 |174.0 | 94.C0
B | 184 [126.86 |0.7019] 61.6 | 756 | 16.9 | 398.8 |166.4 | 197.7] 293.6 [171.7 | 94.03
c | 184 [126.40 {0.7267{ 64.9 | 756 | 18.1 | 403.9 |165.9 | 193.8{ 290.1 |168.3 { 93.96
D | 184 |126.33 [0.7184] 65.3 | 760 | 19.7 | 401.7 |163.8 | 193.3| 289.2 |166.6 | 93.89
E| 18 |126.17 |0.7274] 67.3 | 762 | 20.1 | 388.9 [167.1 | 215.3]310.7 |196.6 | 93.80
F | 18 |126.15 [0.7295{ 65.8 | 778 | 20.2 | 395.6 [162.6 | 201.3]297.0 {178.8 | 93.78
1476A | 185 [127.97 {0.7288( €9.9 | 814 | 14.5 | 393.1 [165.1 | 187.0]279.8 |167.3 | 94.91
B | 185 [127.28 |0.7536| 73.8 | 833 | 18.5 {397.2 |166.4 | 196.1370.6 [178,3 | 94.94
L¥; c | 185 [127.2310.7474) 74.4 | 822 | 20.1 | 398.3 |163.5 | 193.9]370.7 [172.9 | 94.89

| FOLDOUT FRAME
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Y PM1, ™1, T12, | T102,| PAl, | DPAl, pPA2, | PAMB, VA, MA, MF, A/F ¢ HCA
: kN/m2 °C °C oc | kN/m2| kN/m2 | kN/m2 kN/m2| m/s | kg/h | kg/h | RATIO | =.R. E.R.
319490 75.9 | 55.8 | 31.61 93.85 0.145 |0.745 |93.680] 4.7581315.0 } 25.20 12.58] 1.17 ] 0.86
7 94.72 | 75.5 | 59.2 31.8 | 93.63{0.145 | 0.145 ]93.459] 4.849 218.6 | 24.99 | 12.76] 1.14 10.86
8 | 94.77| 76.6 | 59.5 | 32.3 | 93.63 0.145 10.138 |93.452] 4.788{314.1 | 24.98 12.57) 1.16 |0.85
31 94.38| 71.9 | 53.9 2%.3 | 93.4210.166 }0.152 |93.231} 4.737 316.8 | 24.19 | 13.10} 1,12 }0.85
9 | 94.39 | 73.2 | 52.5 | 2'.6 | 92.22 0.166 |0.159 [93.045| 4.770[316.4 | 25.31 1..541 1.16 {0.85
3 | 94.63 | 58.7 | 37.9 15.3 | 93.7010.145 |[0.152 }93.556] 4.612 322.3 | 25.21 | 12.78] 1.14 0.82
.7 | 94.55| 60.1 | 37.2 6.1 1 93.75(0.152 |0.159 |93.487} 4.514 315.3 | 24.29 | 12.97% 1.13 |0.82
.0 | 94.47 | 58.4 | 37.0 16 5 | 93.58]0.159 |[0.152 |93.418] 4.535 316.2 | 24.85 | 1z.72] 1.15 0.33
.6 | 94.56 | 59.1 | 37.4 18.4 | 93.60]0.159 |0.159 [93.433] 4.578 318.1 | 23.79 | 13.36( 1,09 }0.83
8.1 | 94.45) 61.6 38.8 19.9 | 93.570.145 10.145 {93.425] 4,444 307.2 123.67 | 12.97] 1.13 10.83
5.9 | 94.51 | 66.5 | 43.7 20.3 | 93.570.152 | 0.145 193.418] 4.542 311.2 | 24.97 | 12.48] 1,17 0,85
7.6 | 94.87 ] 65.1 43.7 14.8 | 93.78l0.248 10.228 193.528] 4.569 316.7 |23.92 | 13.23} 1,10 }10.91
3.7 | 94.52 ] 61.3 41.1 17.5 | 93.61]0.228 10.234 193.342] 4.471 309.3 | 24.18 | 12.7,} 1.14 ]0.90
1.4 ) 96,47 ) 56,7 | 36.7 18.7 | 93.6010.235 10.228 193.342 4.487 1311,9 | 24.35 | 12,30} 1.14 10.89
1.9 | 94.27 54,9 | 36.5 19.7 | 93.44]0.228 |0.228 193.183 4.456 |308 9 | 23.63 | 13.00] 1,12 10.81
8.3 | 94,31 ] 50.6 33.8 | 20,1 ] 93.4110.228 10.228 93.169| 4.462 [310.5 | 23.89 | 13.00 1.12 |0.81
7.3 | 94.22 | 50.5 32.2 19.5 | 93.38l0.228 10.220 {93.128 4.4%1 310.0 | 23.84 | 13.00] 1.12 }0.81
9.7 | 93.91 45.3 | 27.7 12.4 | 92.99]0.131 |0.138 {92.828 4.353 308.6 | 24.60 | 12.54] 1.17 10.82
2.6 | 93.88 48.8 | 29.9 14.0 | 92.97]0.138 |0.138 {92.818 4.380 |308.5 | 24.62 | 12,52] 1.17 10.79
8.8 | 93.95 54.6 | 33.6 15.7 | 92.94{0.135 |0.138 192.790 4.556 317.6 }24.83 ] 12.78]1.14 |0.83
45.1 | 94.00 55.4 | 34.3 15.8 | 92.98[0.138 |0.144 [92.825 4.471 B11.3 | 26,36 | 12.78] 1.14 0.83
81.3 | 93.86 | 53.4 ] 33.2 15.6 | 92.96]0.145 10.131 {92.804 4.468 12,0 |24.34 | 12,72 1.14 10,73
55;4 93,91 | 52.5 } 34.3 15.6 | 93.00{0.131 {0.138 192,838 4,432 805.0 | 2444 | 12.64]1.16 0,82
74.0 | 94.05 52.4 | 31.9 16.7 | 93.07{0.055 {0.055 {93.004 4.490 B14.0 |24.69 | 12.71]1.15 10.78
71,0 | ©4.03 53.7 { 33.9 19.2 | 93.07]0.076 [0.076 192.976 4.468 1309.4 |24.23 | 12,771 1.15 10.77
68.3 | 93.96 5.1 | 37.9 | 20.4 | 93.0010.076 0.083 192.907| 4.560 B13.5 |24.52 12.781 1.14 |0.80
66.6 | 93.89 57.6 | 38.1 21.7 | 92.91]0.c83 [0.076 {92.818 4.508 B09.1 |24.32 | 12.70}1.15 10.79
196.6 | 93.80 | 60.8 38.6 21.0 | 93.5110,076 10,069 192,770 4.517 B09.5 23,56 | 13,130 1.11 10.72
178.8 | 93.78 | 58.8 38,3 20.1 | 92.8010,060 10.076 192,714 4.557 B12.6 123,98 | 13,031 1,12 10.72
167.3 | 94.91 | 64.5 44,1 18.1 | 93,9500,055 10,055 193,833 4.508 b11.2 123.98 | 12,97 01,13 10.7
178.3 | 94.94 ] 70.1 50.2 92.8 | 93.85]0,055 10.048 193 _gl_g;ggg+;;§.s 24.12 | 13.,00] 1,12 10,80
172.9 94.89 | 69.7 | 49.6 23.4 | 93.80}0.048 10.055 [93.73) 4.581 310.3 |26.12 | 12.86] 1,14 0,80
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Config
Test |uratiod PBO, | DPO, 101, | PFL, TFL, FMF, Pvi, | Tvl, | Tv2, | TMF. PM1.
No. | No. | kN/m2 JkN/m2 | °C | kN/m2] °c Hz | kN/m2| ¢ °c °c | kn/m2

14760 | 185 ]127.19 10.7667] 75.3 817 ] 21.3 | 396.5 | 166.1 | 195.1} 373.6 {176.9 | 94.93
E | 185 ]127.17 |0.7536} 74.3 834 | 21.5 | 397.4 | 165.0 | 199.2] 377.3 |178.7 | 94.84
1477A | 186 [126.72 |G.7426} 64.4 7331 19.1 | 407.4 | 164.7 | 165.8] 352.7 |144.8 | 94.19
186 1126.63 10.7398]1 64.9 731 | 19.7 | 309.2 1163.7 | 184.9} 366.2 [159.6 | 94.19
186 1126.47 ]0.7481] 64.5 732 | 20.1 | 407.3 | 164.2 | 181.3 364.3 |152.7 | 94.22
16, 1126.25 ]0.7591} 66.6 739 | 22.3 | 408.3 }164.3 | 192.0| 374.8 |164.0 | 94.16
186 [126.29 |0.7619{ 66.6 743 | 22.1 | 411.5|166.3 | 183.3] 368.2 |155.5 | 94.17
F | 186 [126.21 j0.7715] 66.1 741 | 22.2 | 410.5]167.8 | 200.4) 377.1 [171.2 | 94.10
14784 | 187 127.62 0.70051 59.1 769 | 12.8 | 402.9 1168.9 | 185.4! 375.1 1155.6 | 93.96
B | 187 1127.31 |0.6957} 59.8 779 | 13.1 {407.3 }167.7 | 194.4] 377.9 [166.6 | 93.91
C | 187 1127,17 10.7060] 60.7 773 ! 13.7 | 393.6 1162.4 | 177.1] 363.6 J151.7 . 93.97
D | 187 1126.84 |0.70€7] 63.8 786 | 15.7 | 798.5 [164.2 ]| 191.5] 377.9 [162.9 | 93.88
1479a | 188 127.20 j0.6929} 58.1 736 | 14.1 | 397.6 ;163.4 ] 191.6} 375.6 1162.8 | 93.83
B | 188 27.20 ]0.6840] 57.2 738 | 14.3 | 404.8 1166.7 | 185.7 372,0 {153.1 | 93.87 | 46
C | 188 1127.24 {0.6784] 56.3 738 | 15.4 ] 403.0 |]168.4 | 201.6] 387.8 |167.6 | 93.87 | 47
1480A | 189 [126.34 10.7274] 68.4 733 | 21.1 | 414.8 |167.3 | 1R82.6] 367.8 |159.6 | 93.90 | 58
B | 189 {125.20 ]0.7288| 70.6 736 | 21.8 | 406.8 [167.7 1 196.6] 378.2 /177.7 | 93.95 | 62
C | 189 {125.93 |0.7447] 70.6 738 | 23.3 | 413.7 |165.4 | 186.6] 371.6 |163.5 | 93.93 | 61
D | 189 {125.70 |0.7371; 68.0 748 | 25.1 | 403.5 ]163.4 ]| 190.9] 372.6 [162.1 | 93.83 | 60
E
F

Qo O |

“nd
tY

IRV, B LV B [V, ]
glalglvlglalnlv]elnlela]

189 1125.95 10.7267] 67.1 749 | 26.3 | 411.9 1166.0 | 191.11 376.3 |166.1 | 93.76 | 58,
189 [125.81 }0.7309} 67.7 749 | 26.2 | 409.2 {166.4 | 188,0] 371.4 [162.0 | 93.77 | 58,
1481A | 190 127,43 {0.7289) 69.4 730 | 12.7 | 403.3 |167.5 | 184.6] 370.1 [162.6 | 94.17 | 63.

B | 190 }127.28 |0.7536} 70.8 7641 | 14.7 | 407.7 |164.6 | 186.3] 371.2 |169.0 | 94.27 | 64,
C | 190 |127.16 |0.7198} 66.2 744 | 15.6 | 404.7 }164.4 | 186.8] 369.9 |163.2 | 94.13 | 59.
D | IS0 [127.30 [0.7047} 62.1 738 | 17,4 1399.3 [165.8 | 211.5] 394.6 |188.7 | 94.08 | 57.

E | 190 |127.34 |0.6791] 61.4 744 1 17.4 | 406.0 |164.4 | 183.4] 369.6 }155.9 | 94.00 | 53.
1190 [127.46 0.7040) 60.5 741 | 17.0 | 407.9 |166.0 | 180.2| 367.8 }!51.9 | 94.18 | 52.

14824 | 191 [127.47 0.7591| 73.1 758 { 13.6 { 408.1 1166.7 | 184.6{ 368.2 {168.9 | 94.75 | 68,
191 |127.17 |0.7833} 75.4 766 | 16.6 | 401.2 [164.5 | 181,7) 364.4 1169.3 | 94.71 | 69.

C i 191 ]126.99y |0.7832| 75.9 766 | 16.9 | 399.7 }164,0 | 190.7] 367.0 |178.3 | 94.92 | 71.

D | 191 |126.44 10.7847! 78.1 771 | 21.6 [ 395.4 |154.9 | 144.3 ] 240.3 |130.3 | 94.82 7i?

E| 191 [126.03 {0.7936| 79.6 766 | 26.0 | 392.9 [162.9 | 189.2] 365.4 |168.8 | 94,70 | 74,
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PRECEDING PACE PLANK

NOT BV MED

MF,

'c

.9 93.7610.055 |0.048 |93.693} 4.709 .

7 | 9.84 | 69.6 | 49.8 25.4 | 93.7410.048 ]0.048 }93.686G] 4.642 | 312.9]24.00 | 13.01}1.12 |0.78
.8 ]9.19]-56.6 | 38.1 21.6 | 93.22]0.041 |0.041 }93.169{ 4.538 | 312.1 ] 24.68 | 12.64] 1.16 {0.81
.6 | 94.19 | 55.8 | 37.4 21.4 | 93.20]0.055 |0.048 |93.149] 4.502} 310.0 { 24.12 | 12.85] 1.14 0.8l
.7 | 94.22 ] 56.3 | 38.2 22.8 | 93.14]0.048 |0.055 {93.073] 4.572] 313.6 | 24.65 | 12.73} 1.15 ]0.82
.0 | 94.16 | 59.3 | 40.6 24.0 | 93.08]0.055 |0.055 {93.011} 4.612] 314.2124.65 | 12.74] 1.15 }0.83
.5 | %.17 | 57.4 | 38.9 23.6 | 93.10{0.055 [0.062 |93.032] 4.615] 315.5] 24.82 | 12.70} 1.15 ]0.83
2 | 94.10| 57.6 | 37.9 23.4 | 93.07]0.062 [0.062 [92.990| 4.6731 320.0 | 24.77 | 12.92] 1.13 |0.83
.6 | 93.96 | 50.4 { 32.1 13.6 | 93.03]0.069 j0.069 {92.956] 4.767 | 315.4 | 24.60 | 12.81] 1.14 ]0.77
.6 | 93.91 | 51.2 { 31.1 13.0 93.06]9.069 0.062 |92.928] 4.712 §311.8 {24.86 | 12.54} 1.17 [0.78
.7 193.97] 50.2 | 30.8 13.6 93.0110.062 0.069 192.928] 4.746 ] 314.5 } 24.02 | 13.09] 1.12 }0.76
..9 ] 93.88] 55.2 | 29.8 16.5 | 92.93]0.069 |0.069 |92.838} 4.700 | 309.3 | 24.24 | 12.75] 1.15 (0.76
..8 1 93.831 50.1 } 31.4 14.4 92.94]0.048 0.062 192.866] 4.730 | 313.2 { 24.24 | 12.91} 1.13 ]O0.79
.1 193.87 ] 46.7 | 29.9 14.2 92.97]9.062 0.055 {92.901} 4.654 | 310.6 | 24.68 | 12.58] 1.16 ]0.80
.6 193.871 47.8 | 30,1 14.7 92.9i]0.055 0.055 {92.852} 4.651 | 309.7 | 24.53 | 12.62 1.16 |0.81
.6 [ 93.90] 58.8 | 39.3 24.4 93.05'0.110 0.110 [92.924f 4.353[309.3 {25.06 | 12.3311.18 ]0.83
.7 }93.951 62.2 | 41.1 24.6 93.08]0.165 0.131 [92.931] 4.548 | 309.2 ] 24.56 | 15.58] 1.16 |0.84
.5 ]193.93 | 61.8 | 42.0 26.7 93.03[0.131 0.138 |92.889} 4.602 } 311.3 | 24.94 | 12.47] 1.17 10.85
.1 193.83 ]| 60.1 | 42.2 27.6 92.90[0.138 0.131 |92.752] 4.636 | 312.6 | 24.30 | 12.84}| 1.14 |0.85
.1 193.76 | 58.9 {40.1 28.6 92.86]0.131 0.131 {92.717] 4.590 | 310.0 | 24.72 | 12.54] 1.17 0.82
.0 ]193.77 ] 58.9 | 40.4 27.9 92.8810.131 0.138 {92.717] 4.596 | 310.4 {24.57 | 12.62, 1.16 [0.80
.6 | 94.17 | 63.9 | 42.7 15.0 93.33]0.110 0.138 |93.186] 4.484 | 309.7 | 24.63 ; 12.58] 1.16 }0.81
.0 ] 94.27 ] 64.7 | 43.9 16.9 | 93.3610.152 ]0.145 }93.200] 4.633 | 318.5 | 24.82 | 12.82]| 1.14 ]0.82
.2 1 94.13 1 59.3 | 39.8 18.7 | 93.32]0.145 ]0.145 }93.165] 4.517 | 311.5 | 24.63 ] 12.65} 1.16 10.86
.7 | 94.08] 57.6 | 36.8 20.4 | 93.28]0.145 ]0.152 |93.110f 4.514 {312.0 | 24.23 | 12.87] 1.14 |0.83
.9 194.00 ] 53.6 | 34.6 20.3 | 93.26}0.152 |0.159 |93.103] 4.356 | 302.1 | 24.64 | 12.26] 1.19 ]0.83
.9 | 9.18 ] 52.6 | 34.0 19.7 | 93.34§0.159 }0.159 |93.172] 4.526 | 314.7 | 24.79 | 12.69} 1.15 10.82
.9 ] 95.75 ] 68.8 |} 47.3 16.6 } 93.75}0.186 [0.262 }93.579] 4.465 ) 306.9 | 24.88 | 12.33)11.19 10.82
-3 ] 94.71 ] 69.7 | 49.3 20.7 | 93.83]0.262 10.269 |93.558] 4.590 | 312.4 | 246.39 | 12.80} 1.14 10.82
.3 1 94.92 1 71.9 | 51,2 22,9 ] 93.81]0.269 |0.283 |93.524] 4.615]311.9 j24.30 | 12.83] 1.14 10.82
3 19.82) 71.9 | 54.4 28.9 | 93.70l0.283 |0.283 [93.413| 4.615] 307.1 [23.88 | 12.85] 1.14 [0.76
;ﬂ 94.70 | 74.6 } 55.8 29.9 | 93.57]0.283 }0.290 |93.276] 4.642 | 307.4 |23.61 | 13.01] 1.12 |0.78
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Test S:::il.g PBO, DPO, T01, PFL, TFL, FMF, PV}, V1, ™2, T™F, PM‘.,’
No. | No. |iN/m? |in/m2 | “og kN/m2| °c Hz | kN/m2] < °c C | k/m2
—— ]

191 {126,291 0.7920! 79.9 1201 23.2 | 402.3) 1620 | 141, 359.91165.5 | 94.79

G4 191 1126.01}0.7929 75.9 1631 25.8 | 401.5160.9 | 191, 365.6 1275.3 | 94.59.

By 191 1126.14 | 0.7819] 74, 766 | 25.6 | 411.0] 167.¢ 186.9) 367.3 1 164.4 | 94.56
14834 | 192 1126.09 [ 0.7502] 74.0 1371 23.2 | 404.8]163.0 | 170, 355.4 1150.2 | 94.30
31193 1125.91|0.7467] 73.2 7481 23.7 | 410.7] 165.6 | 1738 358.1 | 153.0 | 94.40

C1 194 }125.08 [0.7529] 73.¢ 7311 24.9 | 406.6 [ 163.7 | 1724 358.7 [ 151.7 | 94.48

D 195 [123.45[0.7529] 70.0 765 | 27,0 | 400.7{165.5 | 2023 382.3 {179.9 | 94.29

EJ 195 [123.68 [0.6970] 70,7 7631 27.3 | 403.8 | 164.0 | 192.9 375.0 1 169.7 | 94.21

F1 195 1123.74 [0.7578] 70.4 766 | 26.8 | 404.2{166.3 | 192.0 374.3 [166.1 | 94.30
1484A | 196 1125.9 [0.7702] 73,7 742 | 21.7 | 408.6 | 163.2 | 175.9 361.6 | 160.5 | 95.53
B 1196 |125.64 [0.7853] 79.5 730 | 23.4 | 401.6 | 164.6 | 189.¢ 369.0 | 177.0 | 94.70

C 96 ]125.56 [0.7964] 81.7 7431 25.4 | 212.7 | 166.8 | 1744 359.0 [ 161.3 | 94.80

D {196 [125.40 [0.7998] 84.2 748 | 28.1 | 403.4 [164.6 | 1945 376.3 | 183.6 | 94.77
14854 | 197 [127.40 [0.7019] 61.4 741 | 16.2 [ 414.2 [ 169.0 | 184.2 376.8 1 156.6 | 93.94
B 197 127.27 0.7040 61.7 747 16.4 407.6 | 165.1 185.5] 375.4 157.3 93.99-

C {197 [127.10 J0.7081] 62.4 748 | 18.3 | 410.8 | 166.2 | 1832 374.8 ]155.7 | 93.90

D 197 127.01 0.721%] 62.9 744 18.4 408.9 | 167.4 182.0] 374.¢ 155.9 93.99
1486 | 198 |128.10 [0.7626] 76 4 7651 17.1 l412.1 |166.9 | 1836 372.2 164, | 94.9;
B 1198 l127.65 lo.7688] 76.5 776 | 18.8 1410.8 [167.9 | 1849 369.4 {165.8 | 94.77

C 198 127.45 0.7564 77.5 777 21.1 395.8 166.9 196.11 377.4 179.8 94,72
2 1 198 1:27.07 [0.7660] 803 178 | 24.4 [403.0 164.7 | 194.7] 373.9 180.6 | 94.87
14874 1 199 1127.38 [0.7516] 80 2 734 | 21.3 402.4 [164.1 | 190.3] 3748 174.9 | 94.43
B 1199 h27.16 Jo.7688] 809 747 | 24.2 |401.9 [166.0 | 190.6] 376.8 176.9 | 94.50.

€ 1199 ]126.80 J0.7757] 813 730 | 28.2 | 406.8 [166.8 | 194.3] 330 3 176.1 | 94.40

D | 199 [126.78 |0.7791] 81.5 741 ] 29.3 [408.0 [166.6 | 184.¢ 363.9 1167.0 | 94.46

E | 200 1126.85 |0.7688] 79.9 748 | 31.0 1407.4 [168.4 | 192.3] 373.9 171.8 | 94,2

\
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™MF, | PML, ™1, { T12, | T102, | PAl, | DPAl, | DPA2, | PaMB, VA, MA, MF, A/F b HCA
°c | kN/m2| °C °c °C | kN/m2| kN/m2 | kN/m2| kN/m2| m/s | kg/h | kg/h | RATIC | E.R. | E.R.
5.3 ] 64.59) 70.3 | 50,3 | 30.1 ] 93,55} 0,297 10.297 193,241] 4.685) 312,624,103 | 12,951 1,13 10.79
4.4 | 94.56 1 67.4 | 52.8 | 28,6 § 93,521 0,297 10.297 193,22 a1t.2124.70 § 12,591 1.16 10,29
0.2 | 94.30] 64.8 | 45.64 | 23.7 | 93.57] 0.138 | 0.186 | 93.420} 4.553! 309.5) 24.41 | 12.67] 1.15 ] 0.82
3.0 | 94.40| 63.6 | 44.2 | 24.6 | 93.61] 0.200]0.193 | 93.386] 4.532] 308.5] 24.73 | 12.46] 1.17 10.86
1.7 | 94.48 ] 65.6 | 46.4 | 27.2 | 93.58] 0.186 | 0.207 | 93.358; 4.596| 310.2] 24.46 | 12.68] 1.15 {0.85
9.9 | 94.291 62.0 | 41.9 | 28.1 | 93.48{ 0.221 | 0.214 | 93.248] 4.563] 309.5] 24.65 | 12.86| 1.14 |0.82
.7 | 94.21 ] 61.9 | 42.1 | 28.2 | 93.48] 0.214 | 0.207 | 93.234] 4.532{ 307.1} 24.68 | 12.67] 1.15 }o0.83
.1 ] 54,30 63.1 | 43.2 | 27.2 ; 93.48} 0.234 }0.228 {93.234} 4.612] 312.5] 24.26 | 12.86] 1.13 ]0.82
0.5 1 95.53} 71.6 | 43.7 | 26.8 | 93.63] 0.166 | 0.310 | 93.448] 4.569} 310.0} 24.67 | 12.56] 1.16 }|o0.84
7.0 | 94.70| 73.1 | 45.9 | 29.9 ] 93.67] 0.310 }0.331 }93.351] 4.663] 313.8]24.21 | 12.96] 1.13 |0.83
1.8 | 94.80 | 75.0 | 48.7 | 32.7 | 93.69] 0.331 |0.324 | 93.338] 4.721 315.1]24.80 | 12.70] 1.15 o.84
3.6 | 94.77| 71.3 }56.1 | 35.3 | 93.61] 0.310 10.317 |93.282| 4.761] 312.4}24.18 | 12.91} 1.13 [0.84
6.6  93.94| 51.3 | 28.1 | 16.8 | 93.10f 0.179 | 0.303 }92.924| 4.496| 316.6 |25.17 | 12,29} 1.18 ]0.80
7.3 193.99 | 52.2 |29.6 | 18.3 | 93.17} 0.303 |0.310 |92.869] 4.456| 312.4 |24.76 | 12.60] 1.16 }0.80
5.7 | 93,90} 54.8 32.2 | 20.9 | 93.16} 0,310 |0.338 [92.848] 4.,496] 312.5]24.90 [ 12.54) 1,16 10,82
5.9 193.99} 54.6 | 31.3 | 21.5 | 93.17] 0,338 {0,338 |92.834] 4,566 317,5124,77 | 12,811 1,14 10,81
‘4.1 | 94.97] 68.8 1 39.1 | 23.6 | 93.99] 0,145 }0.138 §93.841] 4,569 315,3 125,03 { 12,591 1,16 10,81
2.8 1 964.77 1 63.8 {38.3 | 25.0 | 93.94] 0.138 |0.138 {93.786] 4.590] 316,3 { 24,90 | 12,701 1,15 |0.82
¢.8 | 94.77 1 691 Lar s | 26 7 193.96]0.138 {0.138 |93.806] 4.538]309.8 |23,94 | 12,931 1.13 }0.82
0.6 { 94.88 | 73.1 ] 44.6 | 29.1 | 93.89} 0.138 |0.138 |93.731| 4.560!308.7 | 24.26 | 12.72)1.15 10.83
4.9 1 94.43 ) 75.6 | 47.5 | 29.8 | 93.28] 0.131 }0.138 §93.117] 4.545]304.0 }24.32 | 12.49]1.17 |0.83
'6.9 | 94.50 | 73.8 |50.1 | 36.0 | 93.25} 0.138 10.131 |93.096] 4.691 309.1 |24.20 12.77{ 1.14 {0.84
6.1 | 94.40 | 72.3 | 47.8 | 33.2 | 93.20] 0.131 {0.138 {93.027] 4.676 | 310.6 |24.38 | 12.74) 1.15 [0.83
7.0 | 96.46 | 72.3 | 47.7 | 34.1 | 93.17] 0.124 J0.124 {92.993] 4.697] 311.5 [ 24.42 | 12.75[ 1.15 |0.83
1.8 | 94.25 | 69.0 , 43.3 | 33.0 | NI NI NI [92.972| 4.633]309.8 |24.30 | 12.74} 1.15 }0.82
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APPENDIX D

TABULAR SUMMARY OF TRANSIENT STATE MEASURED

FLAME VELOCITY AND PEAK-PRESSURE TEST DATA

D=1



< s P m_ _“_.WM

A TR gl ¥
Config F12- | F17- | F31- | F32- | F4l1- | F43- | F72- | F73- | F81
Test |uratiof @ VA, |F17, | F31, | F32, | F4l, | P43, | F72, | 73, | F81, | F85
No. No. E.R. | m/s m/s m/s m/s m/s w/s m/s m/s n/s m/s
e e — |
1429A | 118 1.1 1.5 31.52 34,32 ] 68.15 62.97 167.21 175.41 1037 1164 14.
B 118 1.1 3.0 $6.45 | 41,24 | 57.03 81.96 | 84.28 284,11 1170 1638 11.
C 118 1.1 4.6 B81.69 | 46.73 | 59.22 80.35 {106.,07 | 287.6| 1436 1914 23’
D 118 1.1 6.1 47.61 52.30 1 75.93 77.51178.85 | 279.7| 1908 1908 197
E 118 1.1 0 35.94 37.43 | 73.58 75.80 | 68.31 231.91¢ 1019 2038 20C
F{ 118 1.1 0 37.37 | 35.63 }168.52 | 64.65|61.75 | 195.1| 1170 | 1638 201
1430A | 119 1.1 4.6 68.00 | 46.79 {61.36 65.56 | 71,23 139.9| 1023 896 9!
B 119 1.1 4.6 74.40 52.03 | 66.75 64,16 | 76.14 142.7] 793 985 9
C 118 1.1 4.6 68.64 48.10 | 68.21 78.21 [118.26 313.5| 2393 1688 196
D | 118 1.1 4.6 [70.01 | 53.00 {68.98 | 72,97 102,93 | 337.9] 1686 |1791 191
F17- | F21- F23- | F62- F63~ | F71- | wyao
F21, | ¥23, F62, | F63, F71, | F72, | Fs51,
m/s m/s n/s m/s m/s m/s /s
1431A | 120 1.1 4.6 79.37 54.96 §90.62 513.7 | 2039 1836 | 1874 1590 177
B{ 121 1.1 4.6 172.57 | 44.90 | 78.09 | 220.9 { 1588 2060 | 1891 | 1763 19¢
C 121 1.1 4.6 |67.73 51.60 | 92.75 464.3 | 1791 1814 1874 1766 18€
D | 121 1.1 4.6 [69.28 | 59.10 }50.32 | 458.4 | 1904 1731 | 1867 11671 8¢
E| 121 1.1 4.6 |75.44 | 41.82 [50.29 | 200.8 | 2036 1964 1 1978 | 1665 18¢

aNot available.
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Table D-1. Propane and Air Mixture Calibration Tests

| P72- | P73- | P81- | P85- | P101-
piol,| P104, | P73, | P81, | P8S, |PlO1, | P04,
KN/m2| kN/m | m/s n/s m/s w/s m/s

1164 1435 3014 864 | 1169 1337 1555 | 2181
1638 1176 | 2211 1976 | 1775 1844 | 1425 Uises Y2632 12335 1510 | 1218 }1339 2012 | 1974
1914 | 2320 | 2092 1852 | 1843 2124 | 3558 |]3203 |2070 |2064 1507 | 1470 |2184 2033 | 2048
1908 1908 | 1994 1908 | 2179 2404 | 2226 |1986 |2015 |[1792 2202 | 1780 1948 1985 | 1964
2038 2002 | 2060 1840 | 1574 1844 | 3624 | 3406 |2084 2132 1504 | 1191 2177 2063 {1971
1638 2011 | 2052 1791 | 1036 1844 | 4890 | 5839 |2358 2132 923 | 1396 2309 2027 | 1971
896 956 581 299 767 1119 | 1227 ]1493 1013 893 923 969 |1104 1076 953
985 955 570 303 565 1050 | 1160 | 1128 [1210 1160 688 830 ]1060 1120 | 1041
1688 1963 |} 2001 1794 | 4131 2961 | 2559 {2300 }1933 2093 ! 2206 | 2116 |1954 1957 | 1732
1791 1911 | 1998 1791 | 2784 2892 | 2226 | 2507 | 1866 n.a.?| 2040 | 2009 |1963 1917 | n.a.

¥72- P6?- | P63~
F31, P62, P63, P63, P31,
n/s kI‘l/mZ kN/mz m/s m/s

15%0 1774 | 1926 1846 | 1776 1886 | 2129 |1895 | 1662 1574 | 1784 | 1836 | 1859 1876 | 1971
1763 1905 | 1148 828 | 2448 2369 | 2392 {3489 |1009 968 | 2041 | 2061 |1892 1292 | 1079
1766 1861 {1008 724 1977 2024 | 1866 | 2865 813 901 | 1910 | 1814 |1954 1190 | 1003
1671 1858 | 1020 804 | 2044 2162 | 2326 | 3004 911 935 | 1905 | 1752 |1859 1184 | 1039
1665 1898 ] 1627 1837 | 2448 2507 | 2785 | 3489 {1891 1809 | 2036 | 1885 |1908 1722 | 1908




I Mmoo s oot snme < 4 i =

R

e m———— &

P33~ |F71- F72- |F

F/1, |(F72, F81, |[F8!

m/s in/s w/s |m/

== =2

1.1 1633 | 1984 | 1984 1.

Bl 122 1.1 4.6 59.22) 39.44 | 46.57 | 214.6 | 2203 1630 | 2113 | 1668 1.

c| 122 1.1 3.0 46.92| 31,46 | 35.02 | 187.3 | 1912 1729 | 1981 | 1864 1

D | 122 1.1 1.5 30.45) 25.21 {34.05 | 190.0 | 1910 1843 | 1924 | 1763 1

1433A | 122 1.1 0 32.134 28.47 | 31.97 | 184.7 | 2045 1734 | 1870 | 1870 1

B | 122 1.1 4.6 62.54 | 40.14 [ 51.66 | 211.9 | 1907 1734 | 1870 | 1987 .

c ! 123 1.1 4.6 57.791 38.34 [41.33 | 177.9 | 1909 1735 { 1870 | 1987 1

D | 123 1.1 4.6 58.22] 37.31 |50.78 | 189.9 | 1909 1849 | 187- |1873 1.

E | 123 1.1 4.6 58.34| 36.91 |49.90 | 196.8 | 2046 1734 | 1817 |[1870 1

L
%Not available.
T " ke
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Table D-Z. Gasoline and Air Mixture Calibration Tests
¥72- F81- F85~- F101- P62- P63- |P8l- P85~ P101-
F81, F85, F101, F104, 1’62i P63, P81, | P85, P101, | P104 P63, P81, |[P85, P101, |Pl04,
m/s m/s m/s m/s /m?  |xN/m2 | kN/m2 |kN/m2 | kN/m2 kN/mi n/s m/s |m/s m/s m/s
——d
i984 1905 1957 1905 1834 2026 2083 1792 {1626 1652 1912 11862 1862 1911 1847
L1_668 1902 1920 1783 1834 1959 1751 1860 | 1626 1818 1909 1817 1957 1895 1908
1864 1855 1904 1783 1834 1959 1917 1724 1826 1818 1912 1864 1911 1914 1911
1763 1358 1957 1843 2033 2159 1585 1792 | 1726 1884 1791 1982 1957 1879 1847
1870 1361 1926 1683 2083 2118 1726 1844 | 1581 1793 2046 1888 1960 1852 1849
1987 1861 1977 1734 n.a.? | 2118 1759 1774 11750 1793 1907 1929 1963 1908 1905
1987 1818 1106 817 2281 2324 1993 3278 906 960 1909 1938 1914 1276 1083
1873 1820 1092 785 2878 2461 2059 3244 | 939 896 1909 1888 1911 1274 1082
1870 1817 1231 1010 2514 2392 2059 3453 {1041 1088 2046 1842 1865 1357 1170

R‘Lﬁ.{E D=5
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Table

.
4 Config F12- | F17- | F21- | F23- | P62- | P63 | F71- | F72- | F81-
Test [uratio ¢ VA, F17, F21, | F23, Féz, | F63, | F71, F72, | r81, | F8S,
. No. No. E.R. | m/s m/s m/s m/s w/s m/s m/s m/s | m/s m/s
436A | 124 1 1.1 | 4.6 | 63.7 | 34.3 |46.8 | 200.3 | 2204 | 1593 | 1722 [2123 | 1737
: E B 125 1.1 4.6 62,2 34.3 |35.1 171.7 | 2383 1635 | 1767 12272 1735
E c | 126 1.1 4.6 62.4 | 34.6 |38.3 170.9 | 2041 1973 | 1817 {2120 1817
3

p | 127 [1.1 4.6 | 55.7 | 36.5 |38.6 | 196.9 {2044 | 1627 {1711 |1978 | 1853
: 14354 | 128 | 1.1 4.6 | 59.1 }37.5 [48.5 |200.6 1845 | 2116 |1814 |1868 | 1858
129 [1.1 | 4.6 |59.5 {37.0 |46.8 | 204.6 |1909 | 1692 | 1880 |1880 | 1917
c |13 1.1 ]4.6 |s58.9 |39.0 |37.1 ]185.4 |2046 | 1789 | 1767 [1988 | 1862
p 131 [1.1 4.6 166.5 137.3 |42.9 ]189.9 |2046 | 1633 | 1865 [1764 | 1814
14364 | 132 ] 1.1 4.6 | 58.1 [41.9 [51.1 | 203.0 2200 | 2117 | 1764 [1984 | 1859
B 132 |11 |4.6 ]|65.8 [37.6 |41.5 |195.9 [2043 | 1789 [1817 l1871 | 1862
cli12a |11 [4.6 ]63.5 [40.1 [49.6 |207.6 2041 | 1908 |1871 [1988 | 1862
p 132 |11 |4.6 |e1.1 |36.1 Ja3.0 |196.7 [2042 | 1846 |1871 [1871 | 1862
’ E{132 |11 |4.6 |62.9 [40.3 [50.4 ]201.7 12043 | 1905 |1814 [1984 | 1859
14374 {132 |11 4.6 | 63.8 139.8 |46.5 |278.1 [1908 | 1731 [176] 1865 | 1856
B {133 |11 |4.6 [64.3 [32.9 [39.7 |269.9 |2040 | 1971 |1716 {1868 | 1814
c {13 |11 4.6 |66.8 |36.2 [35.5 |260.6 [1908 | 1841 |1761 {1981 | 1811
D {135 [1.1 4.6 |66.1 |35.2 l40.4 |273.1 |1903 [ 1905 |1764 li984 | 1814
E

136 1.1 4.6 63.6 | 37.2 |41.8 280.6 |1904 1908 | 1871 [1871 1862
F72- F82-~

R NACBIEVIG TP IREY

F82, | F85,

. n/s m/s
' =¥

) E 1438A | 137 1.1 4.6 70.0 | 44.2 ]45.5 272,5 12039 1737 ] 1820 {1699 1911

“ B | 137 1.1 4.6 61.1 [41.1 ([52.9 290.8 |1907 1786 | 1814 {1882 1905

g C | 137 1.1 4.6 68.2 [34.2 (41,1 288.2 1905 1908 ] 1927 ]1755 1847

; D | 137 1.1 4.6 67.0 |36.5 [46.7 273.9 1908 1970 11924 ]1752 1905

1439A | 138 1.1 4,6 68.3 | 42.9 [50.9 273.3 | 2044 1686 | 1930 ]1820 1849

B 1 138 1.1 4.6 66.0 { 38.3 [44.9 280.7 | 1788 1729 | 1865 1811 1902

C | 138 1.1 L.6 61.4 | 33.1 1{40.2 237.3 11906 1732 ] 1924 1752 1905

D § 139 1.1 4.6 62.8 | 30.4 |39.1 227.1 }2199 1732 | 1814|1882 1786

140 1.1 4.6 65.0 | 40.5 |42.9 254.8 [1907 1786 | 1924 1752 1844

B | 140 1.1 4.6 63,2 | 36.7 1]39.3 240.2 11906 2041 | 1984 1954 1905

LT C | 140 1.1 4,6 65.3 | 36.9 {41.6 247.9 11907 1971 | 1924 [1954 1905

aNot: available.

bThe dash signifies the lack of an event.
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Table D=3. Detonation Flame Arrester Evaluation Tests With Upstream Ignition Location

7712~ | F8l- | P85~ | F101- | p62-

‘81, | F85, F101, | F104,| P62 . | P63,

n/s | /s m/s m/s kN/mé 2 | m/s

123 | 1737 |1593 | 1686 | 2268 '

22 11735 |1928 | 1506 |2335 | 2367 | 2035 1988 [1759 | 1615 | 2384 1839 |1862 | 1994 }1735
120 | 1817 (1568 | 1636 | 2166 | 2448 | 2370 12223 1626 | 1615 | 2042 | 1888 1932 11792
978 | 1853 1802 | 1676 |2743 | 2617 | 1901 12088 11593 1581 | 2044|1799 11865 | 1660 1191
868 | 1858 1798|1732 |2359 | 2257 | 1801 [n-a. 11505 1608 | 1845 |1929 2059 | 1630 ]1681
880 [ 1917|1733 974 |2231 | 2257 | 1968 |1968 |1070 | 1157 |1909 [1881 11859 {1674 11143
988 [ 1862 {1855 1684 2231 | 2189 | 1868 11935 1850 | 1575 | 2044 | 1796 l1862 | 1724|1789
764 | 1814 11698 969 12231 | 2223 | 2269 [2336 [1070 | 1028 | 2046 |1836 1859 11722 }1121
984 | 1859 | — b1 _— 12031 | 2097 | 1716 12000 | 329 322 | 2200 {1926 J1856 | 1091 | 607
8711|1862 | — — {1866 | 1965 | 1885 {1827 1 296 284 | 2043 |1879 l1902 | 1122 | 601
988 | 1862 | — — {2031 {1933 | 1818 J1688 | — — l2062 11932 l1008 | — | —
1871 | 1862 | — — l1866 {1834 {1750 j1930 | — — {2042 1820 l18e5s | — | —
1984 | 1859 | — — 2195 | 1933 | 1784 J1861 | — — 12043 {1905 jigse | — | —
1865 | 1856 | — — 11941 1974 11878 J1so1 | 314 217 11908 13856 11902 11091 | 607
1868 | 1814 | — — 2040 | 1909 {1775 |1801 | 314 290 | 2040 }1929 1814 | 1093 | 608
981 f1811 | — — 1971 11909 | 1740 1734 | 334 200 | 1908 |1882 |1859 | 1105

984 | 1816 | — — 1041 | 1909 | 1638 1667 | 314 290 1903 |2002 |1769 {1109 | 601
1871 | 1862 l18ss 1431|1776 | 1842 | 1638 {1700 11933 | 1760 11906 L1329 1653 11905
F12- | F82- P63~ |P82-

762, | Fes, P82, P82, |P85,

m/s m/s kN/m2 kN/m? |kN/m2
———
1699 11911 | — — ly9722 12002 1750 1 1756 } 377 251 {2039 11789 7 11200 ! 636 1
1882|1905 {1042 595 |2011 | 1935 | 1847 | 1685 | 659 530 11907 |1824 [1905 |1230 | 706
1755 | 1847 {1075 622 11977 11834 | 1784 | 1614 1 719 s49 {1006 11808 (1249 | 734
1752 | 1905|1060 628 11809 | 1767 | 1818 1 1685 | 578 sgo 11908 {3933 1791 {1263 | 708
1820 | 1849 | — — 2126 | 2226 | 1851 | 1926 | 290 312 | 2066 {1773 1849 | 1062 | 561
1811 | 1902 | — — 2059 | 2059 ] 1919 | 1759 ] 290 253 | 1788 |1808 1908 | 1046 | 535
1752 | 1905 | — — 2126 | 2159 | 1919 | 1826 | 329 312 | 1906 |1905 11844 } 1076 | 3549
1882 | 1786 | 1106 457 |2093 | 2026 | 1919 | 1826 | 388 370 | 2198 |1827 lisa7 | 1145 | 578
1752 | 1846 | — — 11924 | 2315 | 1625 | 1446 | — — 11907 l1sos J190s | — 1 —
1954 | 1905 | — — Y2250 | 2248 | 1693 | 1412 | — — 1906 Y1051 lhsar | — 1 —
19564 | 1905 | — — Jisse | 1919 | 1693 | 1345| — — 11907 |1905 1844 | — 1 —
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Table D~3. Detonation 2

| F72- | F82- l R

F82, F85, 14

m/s m/s m

1440D 140 1.1 4.6 57.2 35.6 38. 224,01 1906 1786 1868 1814 1844 -

230.8 | 1906 1844 | 1924 | 1882 1844 -
276.5] 1908 1902 | 1921 | 1811 1786 | 1¢
280.6 | 1895 1905 | 1868 | 1954 1844 -
287.2 1890 1905 | 1924 | 1814 1844 -
260.5 | 2031 1905 | 1924 | 1814 1844 -
142 1.1 4,6 53.3 | 38.6 | 4l. 264.4 | 1899 1905 | 1924 | 1914 1844 -
142 1.1 4.6 63.8 | 41.8 | 54. 253.3 ] 2008 1835 | 1915 | 1806 1961 -

B
C
D
E
114428 § 143 [ 1.1 4.6 65.7 | 36.6 |47, 227.8 ] 1904 1971 | 1R68 | 1814 1844 -
B
c_
D
E
F

E| 140 1.1 4.6 55.8 | 41.9 | 43.
Fi l41 1.1 4.6 68.2 | 37.4 |45,
14414 | 142 1.1 4.6 59.1 | 40.4 | 51.
142 1.1 4.6 64,2 | 36.0 |41,
142 1.1 4.6 66,2 | 42.0 |46,

wm i I~ Jo v iwiw e

143 1.1 4.6 No ignition: no data recordede

221,01 1903 1844 | 1984 1814 ] 1844 -

143 1.1 4.6 62,5 [ 35.4 143.3
143 1.1 4.6 65.8 | 32.8 ]47.9 211.31 1901 1971 | 1924 | 1882 1844 —
143 1.1 4.6 64.6 | 35.3 [41.6 230.1 | 1902 1841 | 1921 |1811 1902 -
144 1.1 4.6 63.7_] 36.5 |43.1 247.3 ] 1902 1899 | 1978 | 1809 1838 —
14434 | 144 1.1 4.6 63.1 | 37.0 |41.8 263.2{ 1903 1726 | 1809 1746 1899 8.
B | 144 1.1 4.6 64.1 | 40.1 |47.7 286.4 | 1784 1844 | 1814 | 1814 1786 | 1¢
C | 143 1.1 4.6 61.2 | 35.3 ]39.9 220.3 ] 2040 1905 | 1868 | 1814 1905 —~
D | 144 1.1 4,6 65.7 | 35.4 ]49.1 281.3 | 2040 1876 | 1901 {1846 1875 9l

am—n—
®The dash signifies the lack of an event,
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. Detonation Flame Arrester Evaluation Tests with Upstream Ignition Location (Continuation 1)

F72- P62~ P63-

F82, P104;*[P63, P82, ' ..

m/s kN/m? | m/s m/s

1814 1844

1882 1844 — —_ 2218 2149 | 1826 | 1412 - —_ 1906 1844 | 1844 — _—

1811 1786 | 1000 939 | 1565 1884 { 1393 | 1108 865 949 1908 1881 | 1902 926 935

1954 1844 — _— 1874 1950 | 1682 | 1633 - —_ 1895 1905 | 1844 — -

1814 1844 — — 1874 1784 | 1716 | 1667 —_ — 1890 1884 | 1844 — —

1814 1844 —_ — 2068 2050 | 1750 | 1667 — — 2031 1884 | 1844 —_ —

1814 1844 — -— 1906 2085 | 1615 | 1700 — — 1898 1887 | 1908 — —

1806 1961 —_ — 2036 2116 | 1750 | 1633 -~ — 2008 1899 | 1899 — —

1814 1844 — — 2448 2469 | 1834 | 2176 — — 1954 1926 | 1844 _— —

no data recorded.

1814 1844 — — 2515 2568 | 1834 [ 2126 — — 1903 1867 | 1908 — —

1882 1844 — — 2481 2-70 | 1801 | 2126 — — 1901 1884 | 1844 — —

1811 1902 — — 2515 2271 1600 | 2073 -— — 1902 1905 | 1905 — —
' 1809 1838 — — 2044 2106 | 1567 | 1869 —- — 1902 1905 | 1844 — —

1746 1899 857 475 | 2238 2228 { 1560 { 1903 530 534 1903 1818 [ 1838 870 750
1814 1786 | 1017 608 | 1941 1866 | 1726 | 1835 510 554 1784 1818 {1838 1023 730
1814 1905 — — 2572 2359 | 1693 | 2005 — — 2040 1884 | 1844 — ——
1846 1875 942 559 | 2172 2129 | 1593 | 2005 430 574 2040 1902 {1841 960 722

oL ¢uLbOUT. FRAME
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Table D-4.
F63- | F71- F72- | F82- | F85- F101
F71, F72, F82, F85, | 101, F10L
m/s m/s m/s m/s m/s m/s
——xm
1444 |Obtained ignition, but flame did not propagate upstream.
1445A | 148 1.1 (1.5) | 137,5] 78.3 [522.9 | 2034 ;2054 1936 |[1763 1917 L =
B | 148 1.1 (1.5) {136.6| 61.6 |467.3 | 1678 {1683 1871 [ 1696 1789 - —
_C 148 1.1 (1.5) | 131.1| 68.6 [455.1 | 2035 1951 1913 | 1847 1829 — —
i D | 148 1.1 1.5 135.6 | 163.7 |378.6 | 1898 |1654 2010 | 1774 1867 — —_
E | 148 1.1 1.5 147.5 | 172.2 [413.0 | 2038 |1803 1832 | 1768 |[1861 —_ _—
F 148 1.1 1.5 147.2 1178.6 424.3 203: 1873 1837 1843 (1760 — —_
1446A 149 1.1 1.5 135.6 | 154.2 [475.4 1900 1876 1838 -]—774 1867 — —_
B 149 1,1 1.5 141.7 [ 184.1 [530.4 1900 1765 1849 | 1849 (1879 —— ._.4
C 149 1.1 1.5 139.0 | 155.8 {512.7 2057 1713 1961 1917 1879 — —_
D 149 1.1 1.5 143.2 | 137.5 |526.7 1915 1852 1881 1881 1911 —_— —_
E 149 1.1 1.5 133.5 1160.0 [495.6 1788 1899 1808 1808 |1780 —_ —
1447
to h qg_a*_m_p_ -3tsl no regeatablel detonations.
1449
450
tq Air flo pressdre loss calibrption tg¢sts X
)
457 ' ,

a
The dash signifies the lack of an event.
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Table D-4. Detonation Flame Arrester Evaluation Tests With Downstream Ignition Location

- | F82- | F85- | F101-

F101, | F104, P62, | P63, | P82,

n/'s n/s KW/t [kN/e? | kN/m2
3 (917 | —°f — 1988 | 1979 {1787 | 1861 | — — {2190 | 1840 173z T — | —
~ |iss | — | — 1784 | 1844 | 1820 | 1896 | — — 1678 [ 1765 1735 | — | —
) (1829 | — | — 1886 | 1844 | 1787 | 1763 | — — 12035 | 1811 [1908 | — [ —
: 1867 | — | — 1954 | 2216 | 1987 | 1861 | — 203 | 1783 [1837 = | =
8 |1861 | — | — 2022 | 2216 | 1856 | 166! | — __ |2038 | 1784 1785 | — | —
3 1760 | — | — 1988 | 2047 {1987 | 1727 | — — 2035 | 1836 [1753 — | —
% (1867 | — | — 1781 | 1937 | 1787 | 1869 | — — [1900 | 1785 1786 | — | —
s 1872 | — | — 1847 | 1834 | 1787 | 1766 | — —  [1900 | 1819 [1780 | — | —
7 1879 | — | — 1847 | 1971 |185% | 1800 | — . {2214 | 1780 J1726 | — | —
1 jo11 | — | — 1716 | 2006 | 1787 | 1800 | — {2052 | 1777 1835 | — | —
. 780 | — [ — 1849 | 1834 | 1554 | 1732 | — 1788 | 1744 (1726 = =
gnations.
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F21-

F23-

onfige Fl12- F17- F71- | F72- F82- | F85- |F101-
Test jration] ¢ VA, F17, F21, | F23, F71, | Fi2, |F82, F85, | Fl101, |F104,
No. No. | E.R. |m/s |m/s m/s | m/s /s |m's |m/s /s ' n/s | n/s
14584 | 165 1.1 4.6 62.8 | 37.2 {43.0 183.8 }2182 1962 | 1838 1999 | 1838
B ] 165 1.1 4.6 65.5 139.0 145.4 196.0 } 2264 1861 ] 1902 2002 1902
C | 165 1.1 4.6 72.5 | 42.4 |47.6 168.9 |2183 1801 | 1838 1808 1780
F23- F62- F63- | Fil- F72- F82-
FeZ, | F63, ¥71, | FI2, F82, F35,
m/s n/s n/s m/s m/s n/s
1459A | 166 1.1 4.6 64.0 [36.9 (42.7 126.8 1618.7 | 868.1(990.6 | 1170 1268‘qT=
B | 166 0.9 4.6 61.6 |38.1 |43.0 111,9 [444.7 | 628.2§797.4 | 1133 | 1359
C | 166 1.3 4.6 61.3 |32.6 }42.4 120.4 {537.1 | 615.1]777.9 | 1002 1085
D | 166 1.1 6.1 78.6 {47.9 ]59.1 149.1 1678.8 | 1000 | 1329 2004 | 1902
E | 166 1.1 4.6 64.0 [36.0 |41.5 112,.8 [458.7 | 628.2 ] 817.8 | 1042 1783
F | 166 1.1 3.0 51.5 }130.2 |[44.5 94,8 [490.7 | 694.6 ) 898.6 | 1063 | 1585
1460A | 167 1.1 43,3 141.,2 ]44.8 110.0 1475.2 | 685.5]849.2 | 1107 1838
B | 167 1.1 0 45.1 [41.2 ]45.4 109.1 [394.7 | 607.8 | 827.2 | 1062 | 1499
c | 167 1.1 1.5 36.0 |26.8 |36.9 82.3 1325.8 | 403.91597.1 | 776.6] 982.1
D | 167 1.1 1.5 35.1 23.8 134.4 91.1 1452.3 | 607.8 | 319.3 | 10662 | 1676
E | 167 1.1 3.0 54.3 {32.0 (42.4 103.0 1418.2 1 572.4{770.0 ! 1062 | 1356
F | 167 1.1 6.1 78.0 |50.0 |55.5 157.6 1592.8 | 1052 | 1420 1794 1838
1461A | 167 1.1 4.6 70.1 [39.0 (43.6 128.3 |566.3 | 765.7 [ 953.7 | 1182 1628
B | 167 1.3 4.6 67.4 |43.3 |54.6 145.4 |572.7 | 671.8 | 863.5 | 881.8] 933.9
c | 167 0.9 4.6 57.9 ({40.2 [42.1 109.4 |364.9 | 487.1 |620.3 | 812.9{ 1095
— D | 167 0.7 4.6 No ignition.
E | 167 0.8 4.6 45.4 {37.5 |35.4 80.5 {138.4 | 239.9|260.3 | 330.7 | 414.5
F | 167 1.0 4.6 64.9 |42.1 147.6 128.6 1592.8 | 710.2 | 1014 1369 | 2109
G | 167 1.2 4.6 65.5 |42.1 |47.6 133.5 ]650.8 | 810.4 | 1182 1734 1964
H | 167 1.4 4.6 64.2 44.2 160.7 139.0 |616.3 | 756.8 |1 924.8 | 983.3 | 1164
1462
to Air flow pressure loss calibration tests.
1469,

aNot available.
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Table D-5. Deflagration to Detonation Tramnsition Location Tests
pg5- |F101- | F104- | F62- ! p82, | p85- |P10l~ |P104~ (P62~
F101, |F104, | Fé2, F63, (P82, 5, P101 P104, | P62, |P63, |[P8S, P101, |P104, |[P62 63
n/s | w/s w/s | m/s |kN/m2 /m2 KN/wd | kN/m2 | kN/m2 | kN/m2 |m/s w/s /s als /s
3329 1838 1997 1904 2852 1 2490 | 2572 2253 | 1951 1980 11902 1811 1962 11995
52992 1902 1836 | 1784 2507 2359 | 2408 2213 | 1918 { 2086 {1902 1902 1902 | 1836 1679
I_1_&108 1780 17277 M—&ﬁi 1948 | 1825 | 1878 | 1838 1808 | 1808 | 1863 1788
F72- | F82- | F85- |F101- p71- | P72~ | P32~ | pP85- | P10l1-
F82, | F35, F101, | F104, | P71, P72, | P82, P85, | Pi01, | P104, | P72, | P82, P35, | P101, | P104,
n/s m/s m/s |w/s w/e? | wi/e? | kN/m2 | kN/o2| ki/m2 | kN/w2 | o/s n/s mfs mfs n/s
1170 | 1268 2238 | 1902 1081 1354 | 1374 4189 | 4129 | 3162 | 909.3 { 1031 1208 | 2034 1932
_l£§3 1359 2135 | 1967 800 1188 | 1633 3982 | 4068 | 3166 |723.0 | 827.0 1160 | 2169 2070
1002 | 1085 1423 | 1630 1103 1208 | 1473 1942 | 2662 |} 3078 ]659.0 | 854.0 1017 | 1220 1449
_3904 1902 1922 1841 1709 | 2939 | 2752 2721 | 2601 2426 |1181 2324 | 1951 1877 1888
1042 | 1783 2135 | 1841 1426 1447 1633 4065 | 2682 | 2232 |635.8 | 786.1 1672 | 1971 1951
H£963 1585 2135 | 1841 1527 1387 | 2493 3920 | 2254 | 3201 [837.3 ] 894.9 1400 | 2200 1960
_}107 1838 2741 1838 1094 1674 | 2263 4350 | 3928 | 2640 [602.0 | 929.0 1356 | 2257 2035
1062 {1499 2558 | 1838 994 { 1460 | 1861 4013 | 4251 | 3117 {657.8 | 666.9] 1212 | 2020 2635
- 776.6 1 982.1 1421 1899 493 1097 1937 1895 | 3081 3416 |625.1 | 619.4] 919.0} 1096 1899
ﬁEBSZ 1676 2132 | 1899 694 1323 2203 3400 | 3666 | 2958 [665.7 713.8| 1214 | 2261 2038
%2062 1356 2257 1964 1273 1205 1742 3993 { 4049 | 3078 }724.8 752.9{ 980.5 | 2016 2031
1794 | 1838 1918 | 1838 1953 | 3391 § 3910 3598 | 2576 | 2143 (1228 1637 1911 | 2033 1850
1182 | 1628 2257 1838 1413 | 1991 1785 4171 | 2446 | 2390 }717.5 91z.9} 1325 | 2132 1899
881.8| 933.9 | 1163 |863.2 | 1473 1143 1174 1367 | 1693 | 2271 }885.4 947.6} 877.8 | 985.4 | 1542
812.9| 1095 1421 1726 446 558 | 1011 1506 | 1673 } 3400 |551.5 582.5| 844.6 | 1289 1826
330.7 | 414.5 | 562.4 | 613.9 n.a.2 105 156 273 434 985 n.a. 330.7) 480.1 } 562.4 | 654.4
1369 | 2109 2132 ] 1838 1074 | 2092 | 3334 3893 | 2972 | 2509 |759.9 | 1091 | 1911 ] 2033 1977
1734 1964 2019 1964 1373 2899 | 3273 2958 | 2512 | 2014 1065 1533 | 2282 | 1921 1841
983.3 | 1164 1201 1902 1473 1709 , 2030 2143 | 3631 3360 |819.6 | 981.8] 1075 1199 1899
\
MOLDOU_’L‘ FR.%
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F12- | F17- | F21= }F23- F62- | F63- F71l- | F72- |F82- F85- | Fl101-
Test F17, | F21, | F23, |]Fe2, F63, | F71, F72, | F82, |F8S, F101, | F104, | P62, P63,
No. n/s m/s [m/s w/s n/s m/s m/s | m/s m/s w/s | m/s |kN/m2 | kN/m2
1470A | 48.6 | 37.9 48.3 | 235.8] 1902 12040 1987 2035 | 1847 — — 1 2064 1935
B} 54.8 | 37.9 39.7 | 261.0] 2038 |1903 1984 1812 | 1783 — —_ 2158 1905
Cl 47.5 | 36.2 41.7 | 289.3] 2035 | 2044 1988 1957 | 1908 — — 3345 2560
1471A 1 25,2 § 31.4 41.5 | 269.81 1908 | 1914 1876 1982 | 1914 — — 2919 2230
Bl 33.9 | 34.9 47.9 | 290.0} 1908 |2038 1981 1951 1783 | 870.0 | 570.6] 2540 2100
14724 | 32.8 | 38,2 | 43.2 | 253.5) 2078 [2078 | 1981 | 1951 | 1902 | — — | 3326 | 3472
Bl 35.6 1 36.3 43.1 | 271.3] 2036 ]1902 1981 1951 | 2039 — — 3076 2713
c ] 58.6 | 37.0 38.8 | 276.8] 1902 |2040 2116 1814 | 1904 —_— — 2723 2713
D | 43.2 | 37.1 42.4 | 263.0] 2038 ]1902 1865 1951 1902 — — 3076 2713
E | 48.7 | 37.5 45.0 | 277.5] 1903 [1962 1865 1811 | 1962 — —_ 2402 2576
F | 47.6 | 40.3 54.0 | 291.41 2037 1903 1866 1952 | 1784 — — 2857 2541
{14734 | 47.0 | 36.7 38.4 | 260.9) 1903 ]1733 1981 1951 1678 -— — 2523 2637
Bl 61.0 | 38.4 43.8 ] 271.3] 1903 1783 1866 1952 1903 — — 2720 2436
cC | 57.8 § 38.1 43.2 ] 269.7] 1902 ]1903 1866 1952 | 1784 — — 2950 2436
D | 58.5 [ 39.1 41.1 | 265.5] 2039 |[1901 1865 1951 1901 — — 3354 2570
E | 59.2 | 37.0 41.0 | 250.0| 2040 |1908 1870 1957 1908 — — 3311 2704
F | 60.4 | 36.9 42.1 | 258.7} 2038 |[1902 1981 1811 1902 — —_ 2819 2369
1474A | 51.8 | 40.1 50.4 | 261.9)] 2036 | 1902 1865 1952 | 1784 — — 2984 2359
B | 63.5 | 37.6 45.0 | 271.6 4 2048 |[1785 1763 1952 1903 — —_— 3048 2831
c | n.a.®| n.a. | n.a. | n.a. n.a |n.a. n.a. n.a. | n.a. .a. n.a.} 2698 n.a.
D | n.a. n.a. | n.a. | n.a. n.a. {n.a. n.a. n.a. | n.a. .a. n.a.l n.a,_| n.a,
E | 57.3 | 36.4 40.0 | 269.2] 1902 1902 1865 1950 | 1902 — —— 3015 n.a.
F | 57.0 | 39.8 48.7 1 285,21 1782 11901 1863 1811 1902 — — 2921 BB
1 14754 | 50.8 | 39.8 46.9 | 268.7 ] 1898 |2034 1861 1811 1902 — — 2915 2539
B 40.1 1 39.9 50.9 | 282,61 2033 ]1897 1860 1951 1902 — — 3140 2403
c | 46.0 ] 37.2 50.1 280.9 2034 11898 1861 1951 1902 i — 2562 2369
D1 55.5 | 36.7 44.9 ] 242.7 1 1902 1902 1865 1811 1902 —- — 2915 2505
E ] 50.8 37.2 42.5 | 289.4) 1902 1902 1865 1949 1901 - — 2883 2335
F | 47.6 | 39.3 50.1 277.11 1783 1902 1865 1950 | 2036 - — 3172 2539
1476A | 39.4 | 43.7 55.2 | 301.2] 1781 {2035 1862 1938 | 1890 — — 1876 2110
40.5 | 38.3 49.3 | 260.7] 1898 |1898 1861 2110 | 1900 — — 1843 1687
cl 26.0 | 37.6 47.9 | 294.1] 1900 [2035 1759 1811 1902 — — 1775 1655

%The dash signifies the lack of an event.

bNot installed:
cNot available.

| EOLDOML KRAME
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Table D-6. Detonation Flame Arrester Parametric Tests
01- ‘Teez- | pe3- | p71- [pr2- | p82- | m01-
oh, | P62, P63, P71, | P72, |PB2, |P8S5, P101, | P104, | P63, P71, | P72, |¥®82, P85, | P104, ]
/s |kN/m2 | k8/m2 | kN/m2 | kN/m2 | KN/m2 [kN/m2 | kN/ m2 | K/ w2 | m/s n/s Lm/ s |o/s n/s n/s
— l2066 | 1935 Jn.t.Pf mot | 2281 ] 2303 1424.61357.54 1902 = 1852 | —= ] 1847 17255,
— 2158 1905 | n.i. n.i. 2072 | 1858 1356.0 }1374.0 | 2037 | =—— 1831 —] 1783 | 687.6
— | ass | 2560 [ n.i. | pi | 27;as | 252¢ {a36.0 1306.0 4 2035 | =—— fdos1 = 2044 | 597.7
— 2919 2230 | 2480 | 2246 2632 | 2530 |324.1 279.0 | 2051 2051 1987 1982 | 1914 5824.;__‘
gg .6] 2540 2100 | 1850 | 1573 2029 | 2040 }464.1 |453.4 ] 1908 | 1902 1864 1951 1783 }695.9
— 3326 3472 | 2958 1 2525 2743 | 2945 |331.4 |316.6 | 2078 } 2078 1981 1951 1783 | 594.4
— {3076 | 2713 | 2492 12492 | 2471 1 2348 334.8 | 306.7 | 2036 | 1903 [ 1982 | 1812 | 1691 | 583.0
— 2723 2713 § 2392 | 2192 2029 | 2476 1331.0|307.0 | 2038 | 1902 1981 1953 | 1904 | 571.0
— 13076 | 2713 2525 12325 1} 2505 2332 |328.0 }306.7 | 1902 | 2038 1981 | 1811 | 1783 |370.6
- 2402 2576 | 2492 |} 2225 2607 } 2512 |331.4 }303.5 } 1963 | 1903 1865 2038 | 1902 |594.0
— 2857 2541 |} 2292 | 2192 2131 | 2296 |328.0 §297.2 { 1901 1901 | 1981 1813 | 1784 |}583.0
— 2523 2637 | 2 47 ] 2195 2334 | 2359 |268.0 | 255.7 1903 | 1903 1 1982 1811 | 1678 |529.0
— 2720 2436 | 2515 | 2129 1899 | 2228 ]263.3 }252,3 | 2039 | 1783 1865 1813 | 1903 [ 509.5
— 2950 2436 | 2448 | 2195 2401 | 2260 |270.0 1252.3 | 1902 1783 | 1855 1952 1784 | 529.0
— | 3354 | 2570 | 2650 2485 | 2434 | 2423 |266.7 |259.0 | 1903 | 1903 | 1866 | 1951 ] 1901 1519.0
— [ 3311 | 2704 | 2515 | 2260 2501 | 2490 |266.7 {259.0 | 1904 | 1902 | 1865 | 1957 | 1908 |529.0
— 2819 2369 | 2616 | 2359 2568 | 2523 }263.3 1259.0 | 2038 | 1903 1866 1951 1783 | 528.0
— | 2984 { 2359 2380 | 2358 1916 | 2199 1321.8 [314.9 | 1902 | 1783 | 1865 | 1813 | 1784 |607.4
— | 3048 | 2831 | 2414 |2225 1790 | 2437 1343.9 {325.2 | 2048 | 1785 |1763 | 1952 | 1903 1607.4
n.3.1 2698 n.a. } 2313 12192 1419 | 2369 1328.1 1321,8 1 1901 901 | 1761 1949 | 2035 1619
n.a | n.a I n.a, ln.a.  ll.a. ma__n.a__nﬂﬁ_nﬂ__m__ma__n&.__na__ma_.n.&_
— 3015 n.a. | 2246 2058 1585 | 2369 25.0 $322,0 | 1902 | 1902 1865 1950 1 1902 34.0 |
= 2921 LA 2347 12092 1 1850 1 2029 1328.1 118.3 1 1782 1 1901 3 1863 1811 1 19n2 1634,
: 2915 2539 ] 2588 | 2172 2403 | 2556 |185.4 {183.4 | 1898 | 2034 1861 1811 1902 |663.5
— 3140 2403 | 2490 | 2139 2535 | 2162 |176.4 1170.1 2033 | 1897 1860 1951 1902 | 731.5
— 2562 2369 | 2233 ] 2007 2337 | 2293 }179.4 |173.4 2034 | 1898 | 1861 1951 1902 |663.5
— 2915 2505 | 2490 | 2568 1874 | 2458 ] 179.3 ] 183.5 1902 | 190.. 1865 1811 1902 |} 365.8
_— 2883 2335 | 2293 | 2007 2403 | 2260 {181.3 |186.8 1902 1502 1865 1949 | 1901 ]407.3
- 3172 2539 | 2359 | 2337 2271 | 2359 ]185.3}183.5 1783 1902 1865 1950 | 2036 ]419.3
_— 1876 2110 | 2208 |} 2053 2053 | 2244 ]178.6 1180.6 1781 1890 1853 1938 | 1890 ]405.0
— 11843 | 1687 | 2045 {2053 1052 | 2176 |185.5]187.5 | 1898 [ 1900 | 1759 | 2110 1900 |425.3
1 1775 ] 1655 1980 | 2054 | 2020 | 2210 | 195.7 ] 204.2 ] 1900 ] 1902 1864 | 1811 | 1902 |[380.4
2/l"o‘-l)()U'lj FRAME
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F12- | Fi7- | F21- | F23- F62- | F63~ F71- | F72- | F82- F85- | F101-
Test F17, | F21, | F23, [Fé2, F63, | F11, F72, | F82, |F85, F101, | F104,
F=====*======
1476D 26.01 44.4 1 52.9 |309.4 | 1300 | 1900 |1862 1808 [ 1779 -2 —
L__E 23.7 ] 41.5 | 50.2 1307.8) 1896 | 1896 |1858 1944 | 2031 — b—
14774 29.1 1 45.9 | 54.2 |317.9 | 2032 | 1780 |1860 2106 | 1724 — —
B 27.4 | 44.5 | 55.6 [304.6 | 2038 | 1783 |1865 1951 | 1783 o —
(4 42.4 1 37.6 | 48.3 ]290.4 ] 2034 | 1780 1861 1944 {1777 — —
D 38.9 | 40.4 | 47.9 1275.9 1 2035 | 1781 11979 1948 | 1900 |576.4 | 633.2
E 41.3 ] 37.7 | 45.4 |269.2 { 1900 | 1781 [1862 1951 | 1902 - —
F 31.4 | 43.5 | 48.7 277.2 } 2035 | 2035 }1979 1948 | 1900 [832.9 | 678.4
14784 40.3 | 40.1 ] 47.9 |262.7 | 2035 | 1900 1979 1809 | 1900 —-= —
B 57.5 | 38.9 |44.2 }253.4 ] 1901 [ 1901 [1980 1810 } 1901 — —
C 50.4 | 39.6 ]49.6 1255.1 | 1900 {1900 1979 1809 [1900 1764.7 | 678.4
D 56.6 | 39.7 | 43.6 }280.2 | 1900 | 2035 |1862 1948 | 190C 1803.5 | 863.4
14794 50.5 | 36.2 } 44.2 }258.6 | 2030 | 1897 |1979 2028 11837 — =
B 60.6 | 38.1 ]49.4 1262,3 | 1781 ] 1900 [1979 1948 11780 ]748.4 | 825.6 1 -
c 35.4 | 39.8 ]39.8 1272.5 | 1840 | 1840 [1920 1878 ] 1840 1808,2 [ 640,8
1480A 44,81 47.5 | 56.5 |326.6 | 1893 | 1965 |1863 1948 | 1899 — —
B 49.5 | 38.2 | 46.2 [270.8 | 1893 ] 1900 1809 1876 | 1899 — —
c 34.5 ] 40.8 154.3 [302,7 | 1837 | 1780 [1918 1811 | 1840 — — :
D 50.1 { 40.9 |} 45.3 (260.1 } 1900 | 1781 ]1919 1875 (1779 — — <
E 34,2 | 43.0 }51.8 [279.0 | 2033 { 1836 |1860 1877 {1900 - — ‘
F 53.8 | 38.1 | 41.8 [265.0 | 1965 | 1839 ]1918 1809 | 1899 — — -
1481A 43,51 37.2 (51.3 {297.9 | 1779 | 1779 11976 1876 { 1838 — — z
B 30.5 | 42.3 | 56.6 1317.0 | 1838 | 1780 [1918 1809 | 1727 — —
C 35.4 | 36.3 | 45.6 [296.3 | 1927 ] 1752 ]1890 1875 | 1780 — - 2
D 47.4 ] 33.6 |41.2 ]291.1 | 1897 | 1725 [|1916 1875 | 1898 -— — 2
E 62,2 | 37.2 | 38.3 ]262,3 | 2035 | 1781 |]18k2 1808 | 1899 — — 2
F 55.2 | 41.6 ) 49.2 |274.4 | 2033 |} 1725 |1916 2028 1872 —_ —_— 2
1482A 26.3| 43.4 | 58.5 [263.3 | 1969 ] 1731 | 1866 1876 | 1838 — — 2
B Delayed ignition: no da
C 23.0 ] 43.6 | 46.4 1296.5 | 2038 | 1729 |1864 1875 | 1780 — — 2.
D n.a. | n.a. 37.1 [262.8 | 1899 | 1899 [1862 1924 11876 — — 2
E 24,81 38.3 | 44.8 |278.8 | 1822 | 1875 |[1846 1915 | 2001 — —_

a
The dash signifies the lack of an event.

b
Not installed: pressure transducer removed.

“Not available.
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Table D-6. Detonation Flame Arrester Parametric Tests (Continuabﬁgn 1)

;I §}3i’ P62 P63 P71 P72, | P82 P85 P101, ; P104 il Il U e ol Bvdy
| we |ova2 | vra? | iovva?| aye? | a2 | VR |t | et wa | we | wrs Lae | e | ol
.4 1843 | 1753 ]1948 18 1918 12210 ! 199.3) 204,21 1781 1927 1 1946 11279 1418,7
- | — 1708 | 1655 ] 1948 2020 ] 2020 4 215,9) 214,31 1777 12031 1859 1 1944 11896 1418.2 1
- | — 2141 | 1809 |2337 1851 | 2279 | 2294 230.00 235.6 1 1897 11839 1915 ! 1872 l1896 i415.2
- | = 2312 | 1776 ] 2240 1919 | 2010 12456 244.0] 248.91 1902 11902 1854 1 1951 11902 1445,7
- | — 2039 | 1809 | 2142 2222 12111 | 2327 250.81 245.4 1 1898 11896 1859 1 1944 11777  1437.5
.4 {633.2] 1971 | 1841 1947 1884 | 2044 11938 [>473.81>451.14 1781 11900 1979 ] 1809 11900 {518.0
- | — 2210 | 1971 |2272 2155 | 2178 {2327 n.i.”fn.d. {1900 |2038 1865 | 1811 [1902 | n.i.
.9 | 678.4 | 2243 | 1841 |2207 2222 {2178 12133 | mn.i. |n.d. ]2035 11900 1862 { 1945 11900 ] n,di.
- — 2068 | 1923 12403 2239 12125 | 2482 284.4) 270,5) 1900 11900 1862 | 1948 1900 1390,3
- — 2068 { 2021 |2467 2274 | 2158 ] 2482 298.21 307,3} 1901 11901 1980 | 1949 {1901 [407.3
.7 1678.41 2032 | 1988 2305 2450 12192 |2346 1>473.1]>447,8] 1900 900 1862 11948 [1781 1919,
.5 | 863.4 1 2104 | 2021 }2305 2239 12192 2482 |n.i. |n.d. 11900 11900 1862 | 1948 11900 | p.d.
- — 2187 | 1744 ] 2419 2199 {2101 [2250 299.4] 307.6 | 1900 11902 1761 ] 1951 11841 1380.4
4 }825.6 1 2187 | 1971 {2517 2029 {2118 12114 1>479.81>475.11 1900 11781 1862 11948 {1900 (1017
2 640.8 2133 2132 2662 2301 2218 21485 _n.ialnd. 1920 1878 1840 1878 1 1850 n.i
- — 2739 | 2187 2739 2363 2290 | 2475 146.9) 151.31 1890 }1960 1860 11948 | 1900 1419.0
. - 2667 | 2300 |2590 2160 ] 2256 | 2112 137.4} 139.7 1 1900 | 1900 1809 | 1876 [1900 [«425.1
- — 2433 | 1930 2672 2228 | 2205 |2180 140.6} 141.3] 1900 1780 1918 | 1811 11840 1419.5
- — 2703 | 2365 {2970 2278 | 1986 |1873 142.2) 144.7 1 1900 [1781 1919 | 1875 [1779 1452.0
— 2685 | 2332 | 2606 2160 | 2408 | 2163 159.6| 158.0] 2033 {1836 1810 | 1877 {1900 _{509.0
— 2253 { 1849 {3003 2312 | 1834 | 2180 166.0] 163.0] 1965 |1839 1918 | 1809 1900 {369.9
— 2482 | 2332 [2889 ! n.a.®l2223 | 2386 144.71 143.11 1779 {1779 { n.a. |n.a |1838 1395.5
- 3079 | 2138 {2738 3142 {2273 12334 135.0} 134.81 1900 11780 1918 | 1809 11727 1390
— 2971 | 2186 }2572 2346 {2121 | 1817 138.3} 139.8] 1927 1898 1977 | 1947 11898 1418,7
— 2410 | 2300 {2835 2296 | 1986 11920 144.7] 143.1] 1897 11725 1916 | 1875 ;1898 }379.7
— 2844 | 2332 }2671 2414 ] 2037 | 2334 140.0} 143.1] 1900 1899 1861 | 1947 | 1837 406.8
— 2734 | 2397 | 2441 2414 | 2240 ] 2196 151.1] 146.4] 1897 1902 1811 | 1878 |1968 1335.6
— 2827 | 2280 12376 2020 |} 1902 | 2209 131.2} 130.4 ] 1904 11731 1866 | io76 1838 1474
\ition: no data recorded
— 2362 | 2167 ]2146 2003 | 1953 | 1813 132.9{ 130.4] 1902 11898 {1861 1947 11898 418
— 2416 | 2231 [2113 2037 | 1767 | 2106 129.6{ 128.7) 1899 |1875 [1953 1923 | 1875 365
— 2434 | 2103 | 2080 2156 | 1919 | 2020 129.6] 123.7] 1822 11875 ]183% 1923 | 1875  {493.5

) FOLDOUT FI
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. Fl12- Fl7- F21- F23=- F62~ F63=~ F71=- F72- | F82- | ¥85=-
o Test | F17, | F21, | F¥23, | Fe2, | Fe3, | F71, | F72, | ®82, | Ees, | 101,
o No. m/s m/s m/s m/s m/s m/s m/s m/s m/s u/s

1482F | 24,5 | 44.9 50.2 | 289.1] 1964 1780 | 1918 1872 | 1897 —

G| 2C.2 | 42.6 49.2 | 290.8] 2033 ] 1837 | 1861 1797 | 1826 —

H | 33.6 | 43.9 45.9 | 257,6| 1831 | 1831 | 1853 1948 | 1780 —

1483A | 45.6 | 37.9 45. 265.4| 1766 | 1766 | 1962 1863 | 1952 —_—

B | 41.3 | 41.5 45. 245.4| 1825 | 1825 | 1905 1855 | 1818 —_

38.1 | 45.2 53. 268.8| 1596 | 1719 | 1890 1732 | 1754 -

26.4 | 45.1 54. 293.6| 1832 | 1832 | 1856 1806 | 1835 -

=~ o = |

48.0 | 41.7 54. 323.5| 1897 | 1836 | 1916 1948 | 1781 —

I R L= (2]

30,0 | 46.2 51. 284.2| 1839 | 1839 | 1863 1812 | 1841 ——

oo

‘-;M "

8The dash signifies the lack of an event.
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Table D-6. Detonation Flame Arrester Parametric Tests (Continuation 2)

%101 P62, P63~ P71~ | P72~ P82« | P10l-
F104, P62, P63, P71, P72, P82, P85, P101, | P104, | P63, P71, P72, |P82 P85, P104,
m/s KN/m2 | kN/m2| kN/m2| kN/m2| kN/m2| kN/m2 kN/mé kN/m2 |m/s m/s als |m/s m/s m/s
—_ 2416 2199 | 2129 2003 | 2003 | 2037 136.1 [ 135.4 | 1837 1896 1858 | 1944 1896 | 418.,1
—_ 2326 2231 2179 2206 | 2037 | 2071 137.8 | 132.1 | 1897 1769 1850 {1936 1887 312.5
—_ 2416 2199 | 2179 2139 | 2020 | 1899 | 137.8 |137.1 }2027 1896 1859 11944 1834 | 437.5
—_ 2404 2188 | 2157 2044 1742 2283 142.0 { 142.4 {2016 2018 1903 1793 1884 415.5
-— 2422 2220 | 2157 2212 2027 2110 140.3 } 140.7 {1875 1761 1789 {1855 1878 | 385.9
—_ 2657 2204 | 2272 2229 | 2128 | 2076 140.3 | 140.7 {1833 1878 1897 11926 1942 375.5

- 2476 2285 1 1830 2190 1 2061 | 2001 1158,1 1159.3 11831 1961 | 1915 11944 1896 | 418.2

. 2458 2172 | 2174 2162 | 1960 | 2007 !177.5 1162.6 |1898 | 1965 1809 11948 1837 1} 390,2
— 2603 2204 | 2305 2196 | 2061 | 1990 ]166.2 |157.6 1901 1841 1865 {1951 1968 | 370.6

e e e o i
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APPSR BT TR B A TR X AAUBEEN R — C e
F12-} F17- | F21- } F23- F71- | F72- F82- F85«| F101-| F104-| F63-
Test F17,| F21, F23, F71, F72, F82, F85, F101) F104,] Fe3, F62, P
No. m/s m/s n/s m/8 m/s m/s m/s m/s nfs | m/s m/s | k
14844 44.3 1 66.9 85.5 492.7 1938 1917 1838 —° —_ " - 1-
B| 44.61 65.9 | 82.3 |477.5 | 2000 | 1847 1899 - — - - 23
C 44,91 66.5 78.9 494.3 1990 1915 1724 - - - '__ 2{
D| 45.9 | 66.9 | 83.1 |491.1 2053 1828 1763 - - - — 2.
14854 | 43.1 66.4 72.9 |463.3 | 1864 1809 1780 - - - - 2.
B| 44.4 | 68.3 | 73.4 }455.8 1862 1807 1898 - - - - 27
c| 45.1 ) 67.8 | 75.1 |}486.6 | 2105 1944 1777 - - - - 2.
D 4.6 | 67.9 | 75.5 [475.6 1976 1944 1895 - - - - 2.
1486A | 46.1 67.9 79.2 490.8 2110 1946 1898 - - - - 27
B| 45.9 | 65.7 79.8 1490.3 1979 1949 1780 - - - - 2.
C 46.1 67.5 82.2 492.7 1852 1946 1673 - - - - 22
D| 46,7 | 67.6 76.9 |]502.1 1976 1944 1895 - - - - 22
14874 | 45.4 | 69.7 {86.5 {498.1 1974 1944 1895 - - - - 20
B | 45.3 | 63.7 |91.7 [478.4 1976 1946 1897 - - - - 22
C | 46.2 | 68.4 79.0 {495.5 1858 1945 1897 - - - - 21.
D | 46.4 { 67.0 |85.0 |494.9 1856 1805 1777 — — — — 22
E | 46.1 66.0 78.7 480.7 1975 1945 1896 | 1711 1777 1840 1895 22
-

®The dach signifies the lack of an event.

bNot available.

“Not installed:

OLDOUT. FRAME

pressure transducer removed.
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Table D-7. Detonation Flame Arrester Continuous Flow Test

P71- |P72- |P82- P101- | P104~
P71, P72, P82, P85, P101, | P104 P63, P62, P72, P82, P85, P04, | P63,
W2 | o/ w2 | eN/m2 | kN/m? | KN/ me | K/ nd | kN/m2| kN/m? ) m/s m/s n/s w/s m/s
]
1916 1902 1939 2123 152,9 ! 146.4 144.2 1 144.2 1975 1808 1899 409.8 1339.4 430.7
2113 2003 | 2039 2037 148,1 | 144.7 141,01 138,41 1978 1947 18499 413.3 1 389.0 1418
2064 1851 2056 2174 151.3 | 166.4 145.8 | 138.4 11859 1945 1897 360,.1 1398
2146 2037 2023 2088 149.7 1 151.3 142,21 136.6 1959 1791 1880 394.5 | 395,8 1416,
2369 2199 2235 2092 150.3 ] 151.4 151.4 | 167.2 | 1864 1809 1780 385.1 1409,.5 1407
2370 n.a. 2235 1644 147.1 1 146.1 148.1 n.a.b n.a, n.a. 1898 190,1 1395.2 1D.&
2304 2267 2201 2161 147.1 [ 149.4 131.9] n.a. 2105 1944 1777 374.2 [ 392.5 |n.a.
2403 2233 2135 2058 147.1 1142.8 {n.a. n.a. 1859 1944 11896 418.2 1n.a. n,a.
2283 2082 2116 2132 354.0 1331.2 222.5 | n.a. 1977 1809 1898 610,0 1523,9 1491,
2217 2049 2184 2098 354.0 (341.2 219,91 n,a. 1862 1948 1900 633.2 |525.7 508,8
2217 2150 2082 2098 360.6 [334.5 225.8 1 n.2a. 1758 1946 1729 646.7 1531.6 1430,
2207 2116 2217 2098 354.0 |331.2 231.6 | 233.7 11859 1944 1895 622.0 [532.6 1508,
_ 2068 2135 1995 2103 350.8 {333.9 247.11248.4 11975 1944 2031 605.1 1526.0 507,23
. 2262 2034 2267 2137 350.8 [339.0 251.7 [ 248.2 11975 1946 2032 618.6 1529.6 1527,
;-W 2133 2101 2199 2033 344.1 1327.3 259.0 | 258.2 1976 1945 1897 661.8 |534.3 1517.1
_ 2262 1967 2233 2103 343.6 1324.0 259.0 1 254,9 11859 1805 1896 632.0 1546,9 4B9.1
EL_ 2262 2000 2232 3137 n.i.% |n.i 585 556 1839 1806 1896 o.i i 1895

Q\JEOLQO,ULE FRAME p-21
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