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I. BACKGROUND AND SUMMARY OF FINDTNGS

A. Background

Tests were undertaken in order to provide the U.S. Coast Guard

with an empirical basis for evaluating gasoline/air flame arrestors.

The need to specify flame arrestors for gasoline vapor/:ic mixtures

stems from recent EPA efforts to control hyarc_ : bon emissions during

loading and unloading of gasoline. The Environmental Protection Agency

(EPA) has issued a regulation requiring the recovery of vapor emitted

during loading and unloading of gasoline from ships and barges in the

Houston-Galveston Interstate Air Quality Control Region. Several U.S.

Vessel loading terminals are scheduled to install Vapor Recovery Systems

(VRS) to reduce the amount of hydrocarbons released to the atmosphere

and to improve the ambient air quality. The U.S. Coast Guard, under

the Ports and Waterways Safety Act (PL 92-340), is responsible for the

safety of the VRS, as part of their responsibility for the safety of

vessels and U.S. ports from the inherent hazard of handling petroleum

products. The Coast Guard must insure that tank vessels are adequately

protected from fires and explosions that may be generated in VRS.

A primary concern in the installation of a VRS for gasoline vapor

is the inclusion of an effective flame control device to prevent the

passage of any flame into the tank. Recent tests by Amoco Oil Company

have demonstrated the inability of specific flame arrestors to quench

a flame which detonates through a 3" pipe filled with butane/air.

The 44 ft flame run-up distance used in these tests corresponded to

a pipe L/d - 176, which is much larger than would be used in a VRS

system and which caused detonation in the Amoco tests. The question

addressed in this report is whether, under less severe conditions

which do not produce detonations (pipe L/d Z .10. 5.5 ft run-up distance),

there are any off-the-shelf devices which will function properly.

Broshchka, G.L., and Will, G.R. A Study of Flame Arrestors in
Piping Systems, Project 3721, Amoco Oil Company, Naperville,
Illinois, December, 1975.
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The test program for VRS flame arrestors was undertaken by Arthur D.

Little, Inc. as part of Contract No. DOT-CG-42357A to the U.S. Coast

Guard. This ongoing study of vent systems has developed design criteria

for flame control devices. The arrestor facility was modified and tests

conducted to answer the question of the adequacy of commercial flame-

control devices in VRS. This study is intended to be used as background

information for design, inspection, and maintenance of cargo tank

venting systems.

B. Summary of Findings

The following USCG-approved, commercially available arrestors were

found effective in quenching butane/air flames up to 200/ft/sec flame

speed and gasoline vapor/air flames up to 125 ft/see flame speed (5.5 ft

run-up length, 16 ft/sec mixture speed, upstream ignition):

a Shand and Jurs Model 94305-16-11

* Varec Model 50SG

In addition, three non-listed arrestors were also found to be effective:

e Amal Model 188/905/75/24/CN (.024" crimp height)

* Amal Model 188/905/15/45/CN (.045" crimp height)

@ Retimet No 30 Metal Foam

Finally, the Protectoseal Model 4956 was founo to work for these gasoline/

air flames but not consistently for butane/air.

These arrestors will be effective when used in gasoline VRS systems,

provided flames are produced with approach speeds less than 125 ft/sec.

For flames exceeding 125 ft/sec approach speed, the performance of these

arrestors is not determined. Such flame speeds are likely if the VRS

design has excessive mixture speed (greater than 20 ft/see), run-up

length greater than 10 diameters from an open exit, or some other

flame-accelerating condition.

For low-speed flames (i.e., below 50 ft/sec) two additional devices

were also effective. The Protectoseal Model 4956 and the Press Vac

Model PL6 were effective for butane/air flames (conducted at 20-50 ft/sec)

and gasoline/air flames (conducted at 3 ft/sec), had not been found to

be effective at flame speeds greater than 50 ft/sec and 3 ft/sec for

butane/air and gasoline/air, respectively. These devices
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would be suitable for installation at pipe exits to protect against

flame entry; in such installations there is no run-up length to

accelerate the flame. All of the devices listed above for high-speed

flames are expected to also be effective for low-speed flames. The

single screen of 30 mesh x .011" diameter wire failed to quench butane/

air or gasoline/air flames at velocities as low as 3 ft/sec.

The "worst case" flame condition which can be produced with the

ADL facility (as currently arranged) was determined to be as follows:

* 16 ft/sec mixture speed;

9 Tgnition upstream of the arrestor;

9 5.5 ft run-up distance; and

e Gas expansion constricted by mixing tee and blow out pipe.

This condition, for both butane and methane, produced rapid flame accel-

eration with flame speeds up to 200 ft/sec approaching the arrestor,

and gave rise to pressures up to 40 psi. For methane/air, the flame

speed is apparently not a strong function of mixture speed, and

achieves a level of 140 + 15 ft/sec for downstream ignition and about

200 ft/sec for upstream ignition. For butane/air, upstream ignition

produces flame speeds from 160 to 280 ft/see (highest for 16 ft/sec

mixture speed), whereas downstream ignition produces flame speeds from
30 + 20 to 125 + 50 ft/sec (highest for 2 ft/sec mixture speed).

In line wiLh the findings of Broshchka anm Will (1975), it was

found that flame propagation from outside a pipe can be prevented, if

vent speeds are maintained in excess of 10 ft/sec, for both butane and

methane. This holds provided the ignition source is no more than 2 ft

inside the end of an open-ended 6" pipe.

Tests on parallel plate and crimped ribbon arrestors, varying both

gap and length, show that the design criteria for flame arrestors are

that (a) effective length L must exceed 1.00" and (b) the hydraulic

diameter of the gap must be less than .016". These criteria are

applicable to hydrocarbons other than acetylene for flames up to

200 ft/sec approach speed.

3



C. YaT!rR. Roery s9p.tems and A.p:j _t'Ity!j. o f Resul ts

Before presenting the experimental methods and test resulto, It

is appropriate to review the conditions for flame propagation in

Vapor Recovery Systems, in order to establish how these conditions

were simulated using the ADL test facility.

A schematic diagram of a vapor recovery system for a loading

terminal is shown in Figure 1. As gasoline is loaded into the cargo

tank, vapor is generated and mixes with air in the ullage space.*

The venting system is designed to discharge the displaced gas mixture

to prevent pressurization of the cargo tank. A flame control device

is normally fitted on the vent system near the outlet in order to

prevent flame propagation from the deck area into the confined tank;

the major focus of the subject contract to date has been the design of

this flame control system.

The installation of a vapor recovery system raises the potential

for two additional flame propagation scenarios:

(a) the deck fire may spread into the coupling of the vent

system to the vapor return line (particularly if a

vacuum-assist design is selected),

(b) any ignition source on shore near the condensing system

may be spread into the vapor return line.

These ignition sites are marked with stars (*) on the figure.

The flame conditions cited in Figure 1 webe simulated in the existing

facility, with three limitations:

On truck loading systems, the mixture is often rendered non-
combustible by propane "spiking". Inerting with combustion products
(C02 , N2 ) is also practiced. These techniques are relatively
expensive options for tankers and barges.

4



d)

0.0

cc

-. U cc.

U,

o cn

00
I uLJ

_j

C'

LLU

0 G
N

.5mWF 0.0

Q2 L CD -)

.6T (5 w
V6 0 00 0 0

L9 (n



(a) Diameter: The present facility at 6" diameter is at

the lower extreme of piping systems used on

terminal VRS.

(b) Mixture : The present facility at 20 ft/sec is comparable
speeds to the normal VS mixture speeds, but may be

below that of some special high-speed designs.

(c) Run-up : The existing facility has a 5.5 ft run-up
length length which produces flame speeds up to 300

ft/sec at the arrestor. The test data reported

herein are applicable only for arrestors

placed within 5.5 ft of an ignition source.

In particular, the findings are not applicable

to VRS designs which could produce detonations.
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II. EXPERIMENTAL METHODS

A. Test Facility Vencription

1. General

The flame arrestor apparatus consists of a 6"-diameter cylindrical

test section, controls and instrumentation. A controlled flow of a speci-

fied flammable gas mixture is allowed to pass through the test section

(containing the flame arrestor) and is ignited at the start of the test

by a spark discharge. The resulting combustion wave accelerates toward

the arrestor. The performance of the arrestor is automatically recorded.

A photograph and schematic of the apparatus are given in Figures 2

and 3, respectively.

2. Test Section

Referring to Figure 3, the test section consist of 6-inch dia-

meter vertical pipe (schedule 40), 17-feet high, with a flame arrestor

housing located midway up the pý:'e. Provisions for both mixture pre-

paration and pressure relief are at the base of the pipe which is

connected to a 6-inch "Tee". A 6-Inch diameter by 6-feet long

pipe extends horizontally from the Tee and is capped with an air-

tight 3-mil polyethylene blow-out membrane. Its purpose is to relieve

the pressure rise during combustion. The remaining leg of the Tee is

connected to an air supply blower (Hauck* Model TBA16-3-O-3, 465 SCFM,

16 oz. capacity) by way of a 4-inch diameter by 4-feet long pipe which

incorporates a Meriam Model 50MY15-4 Laminar Flow Element (LFE)

flowmeter, a Hauck 4"-diameter butterfly throttling valve, and a

thermocouple for sensing air temperature.

Mention of specific manufacturers and models is made solely for
clarification and should not be interpreted as a recommendation
or endorsement by Arthur D. Little, Inc.

7 1-
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The actual flame arrestor device is located midway up the vertical

pipe section, 7.75 feet up from the top of the Tee. Commercially

available arrestor housings were attached to the test pipe using

standard 6-inch flanges. To permit testing of special arrestor

designs fabricated at ADL, a special universal mount was fabricated

using a Varec 50SG arrestor housing. (See Figure 4.)

The flame run-up distance could be controlled by adjusting the

ignitor location using pipe sections of various lengths above the

flame arrestor. In standard configuration, the ignitor was placed

56" above the arrestor housing flange near the top of a 64" section

of pipe. This arrangement put the ignitor 66-68" from the arrestor,

depending on arrestor thickness. An orifice plate was attached 8-

inches above the ignitor in order to control the expansion of burned

gas and thereby control flame acceleration. For example, a 3"-

diameter orifice was used to generate high-speed flames (50-500 ft/sec),

whereas an open pipe was used for low-speed flames (below 50 ft/sec).

An 18" long pipe extension was installed above the orifice plate. An

18-inch diameter exhaust duct (3000-CFM capacity) was located 12-inches

above the end of the pipe extension.

Fuel gas was supplied to the test section through a perforated

one-inch diameter capped tube located in the center of the Tee. The

nozzle shown in Figure 5 was designed to achieve rapid mixing with

the air. Tests of concentration decay showed that complete mixing was

achieved 89" above the nozzle, at the downstream spark location. Radial

concentration variations at the upstream spark location (36" above

the nozzle) were observed to be + 8% or less, depending on mixture

speed. Plumbing from the nozzle extended through the wall of the Tee

and was connected to the fuel supply tank. The one-inch copper line

10
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between the fuel nozzle and fuel supply tank incorporated a Meriam

Model 50W20 1F LFE flowmeter, a Jenkins manual throttling valve,

a manual shut-off cock, an ASCO 8210854 solenoid operated valve,

and an inline heater element.

Butane, methane, and gasoline vapor were used during the program

discussed below. One-inch copper piping was selected to minimize

resistance to butane gas flow. The butane supply tanks were wrapped

with 2 Briskeat heating tapes (Type BIH-61) for controlled heating to

approximately 100*F in order to raise the supply gas pressure to

a level sufficient to ensure the flow rates required for the tests,

i.e., up to 7 CFM. The inline heater was used to further raise

the gas temperature to approximately 120*F to avoid condensation

of the butane gas as it expanded through the throttling valve.

Gasoline vapor was generated in a converter described below.

The gasoline vapor flow rate was controlled through a combination

of N2 carrier gas flow rate, N2 temperature (controlled to 120*F),

liquid gasoline temperature (controlled to 110F), and liquid

gasoline circulation rate (controlled to 275 ml/min). In line heaters,

operating at a total of 1500 watts, were used to maintain the vapor/N2

mixture at approximately 110*F to avoid condensing the vapors before

blending with air.

13
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3. Controls and Instrumentation

A summary of the instrumentation is given in Table 1.

Air flow rate was controlled by way of the Hauck butterfly

throttling valve. An LFE flowmeter served to determine the flow

rate; a Meriam Model A-844 manometer used to measure the pressure

drop. Air temperature was measured using a Grounded sheath type

thermocouple (Omega Type CAIN-116G024) located at the center of the

blower exit. The thermocouple was connected via a selector switch

to a digital voltmeter (DVM, Dana Model 4470). A crushed ice bath

was used to give a reference temperature for all thermocouples.

Fuel flow rate was controlled by way of the throttling valve.

An Ellison Model-IN manometer was used to measure the pressure

drop across the LFE flowmeter from which the flow rate was determined.

Fuel gas temperature was measured using an Omega CAIN-116G-24

thermocouple installed in the fuel line between the LFE meter and

fuel nozzle. The thermocouple was connected to the DVM via the

selector switch.

The butane supply tank heaters and the inline gas heater (595

watt, Briskeat-BIH-61 tapes wrapped over an electrically insulated

layer) were controlled using Variac autotransformers.

Ignition of the flammable gas mixtures was accomplished using

either of two spark ignitor systems, one located 56" above the upper

flange of the arrestor housing (8" down from the orifice plate flange),

the other located in the lower test pipe section (56" down from the

lower arrestor housing flange). Each spark ignitor was an Auburn Model

1-33 with a 23" long center electrode. A side wire was welded to

each ignitor so that the actual spark was located at the center

I1 t1



Table 1

Summary of Instrumentation

Variables Measured Measuring Instrument Accuracy

Air flow rate Meriam 50 MY 15-4 Flowmeter with + 0.5%

Meriam A844 Manometer

Air temperature Omega CAIN-116G-24 Thermocouple + 10F

Gas flow rate Meriam 50W201F flowmcter with + 0.5%

Ellison IN Manometer

Gas tempe--'ure Omega CAIN-116G-24 Thermocouple with + 10 F

Dana 4470 Digital Voltmeter

Flame speed ADL fabricated photodetector + 5% of the
system with EG&G HUV 1000 B value
sensors - 3 units

Flame-through event ADL fabricated photodetector Positive
system with EG&G HUV 1000 B detection
sensor - 1 unit

Test chamber pressure Kulite XTS-190-200 pressure + 0.5 psi.
transducer & ADL fabricated
operational circuitry

Spark ignition event CEC 5-125 Oscillograph Unspecified
Gas Solenoid valve Recorder 8 channel
shut off event

Photodetector event
signals

Pressure transducer
signals

Barometric pressure National weather service - local Unspecified
area

Arrestor Temperatures Chromel/Alumel thermocouples + 10OF

15



line of the test pipe. The spark gap at the center point was

approximately .06". Power to each ignitor was provided by a high-

voltage ignition transformer (Jefferson Electric Model 638-171, 110

vac-250 ma primary, 10,000 V-23 ma secondary). Both transformers

were connected via a selector switch to an ignition switch. Thus,

either ignition system could be readily used.

Four optical detector systems assembled by ADL were used to

detect flame passage through the test pipe. The electronic circuitry

for the detectors was that specified by the manufacture of the

detector (EG&G Model HUV-10O0B with amplifier). The detectors were

housed in a light-tight aluminum box 3" x 4" x 5" with a 7/8" dia x

3-i.nh long extension tube (see Figure 6). The extension tube, whose

purpose io to remove the photo-detector circuit from the heat of the

test pipe, was slip fitted over an Auburn Type P-50 observation window,

machined to accommodate it, that was threaded into the test pipe

(1/2" NPT) in a direction normal to the pipe axis. A horizontal

viewing slit in the window restricted the angle of view of the

detector element in order to achieve more precise measurements of the

passing flame front.

The system was arranged so that the optical detector locations

could be readily interchanged depending on whether ignition took place

in the upper or lower test pipe sections. Figure 3 shows the location

of the various ports for the detectors. When ignition occurred in

the upper test pipe, ports 2, 3, and 4 were used for detecting flame

passage while port 3 was used for detection of flame-through at the

arrestor. The optical detector in port 3'was also connected via a

power amplifier to the fuel solenoid valve. In the event of flame-

through, the fuel solenoid would automatically shut off. For ignition

in the lower pipe section, ports 1: 2, and 3'were used for flame-

passage detection and port 3 was used for flame-through and automatic

shut-off.

16
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The test assembly was also provided with means of measuring the

instantaneous pressure levels generated in the test pipe by the

combustion of the gases. For this, a KuIlte Model XTS-190-200 pressure

transducer and appropriate circuitry (recommended by the manufacturer)

was used. Like the optical detectors, the location of the pressure

transducer could be readily changed accordinq to the test circumstance,

The transducer was mounted in 1/4-inch NPT elbow fitting and the elbow

fitting was threaded into the test pipe (see Figure 7). In this way the

transducer was located out of the path of direct radiation from the

flames. (In early tests direct radiation appeared to have an effect

on the transducer signals.) The transducer was located 44" from the

arrestor, at the same station as optical port No.2. *

An eight channel recorder (CEC Model 5-124) was used to record

signals from the instrumentation. The three optical detectors and

the pressure detectors were connected directly to the recorder. The

signal from the flame-through detector was, as mentioned above,

connected to a power amplifier to shut off the fuel solenoid. This

signal was also connected to the recorder so that the flame-through

event could be recorded. A signal from the ignition switch was also

connected to the recorder to record the existence and duration of the

spark discharge.

4. Gasoline Vapor Converter

A system was set up to produce steady state vaporization of

gasoline liquid for supplying gasoline vapor to the flame arrestor

test apparatus. The system, shown schematically in Figure 8, consisted

of a heated packed column containing approximately 1.6 liters of liquid

gasoline, a 10-gallon reservoir, a circulation system, and a heated

nitrogen gas supply. The system was designed to saturate a 3.5 CFM

flow of nitrogen with gasoline vapor, producing a vapor mole fraction

of about 0.4 depending on nitrogen temperature.

In Figure 3 the pressure transducer is shown opposite optical
port No. 3; this was not the standard position.

18
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The packed column consists of a 3-3/4" I.D. x 30" long closed

stainless steel tube having a 20" long sight tube approximately centered

along side of the tube. The tube is filled to approximately 20" with

glass beads packed on top of a perforated plate that is positioned

1/2" up from the bottom of the tube. A regulated flow of nitrogen

gas (measured using a Fisher Model FS 1/2-27 G-10/80 flowrator) is

passed vertically upward through a heated 1/2" copper tube 28 inches

long. The tube contains an integrally wrapped 500 watt heater that Is

automatically temperature controlled using a solid state temperature

controller (RYL Model 72-115) and a thermistor mounted directly on the

heater. A thermometer located approximately 12 inches downstream

of the heated portion of the tubing is used to monitor N2 gas

temperature. The N2 gas then passes vertically down a 31-inch long

section of 1/2" pipe to a point where it enters the bottom of the

vapor converter. A gasoline drain cock is also located at the bottom

of the converter.

A 10-gallon reservoir is connected to the packed column via a

variable speed pump supply line and an overflow return line. This

arrangement provides for a continuous circulation of heated gasoline

(circulation rate 270 ml/minute). The reservoir is located on a

sensitive scale (precision + 2 gm) to permit a continuous monitor of

the reservoir gasoline weight throughout the testing period.

A 575 watt Briskeat heating tape (Model BlH-16) is also wrapped

around the converter tube body. Its temperature is automatically

controlled using a temperature controller (RFL Model 72-115) and a

thermistor mounted directly on the tube body. The converter body and

all the associated plumbing are insulated with fiberglass insulation

and aluminum foil. The temperature of the converter body and the

interior of the ullage space above the liquid are measured using

thermocouples whose output is read on the Dana DVM. The fuel line

from the converter to the fuel valves is electrically heated using

21
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three (Briskeat) heating tapes to prevent recondenaation of the

gasoline.

Figure 9 illustrates the vaporization characteristics of the

system. After each period of operation, the average vaporization

rate was determined by weighing the system after refilling the column

to a fixed level. In determining vaporization rate, the pump was

allowed to circulate gasoline through the heated packed column for a

period of approximately 30 minutes. During this time no nitrogen gas

was allowed to bubble through the column. When the packed column

temperature had reached steady state (circulation rate was constant),

the reservoir weight was determined with the packed column full. Then

heated nitrogen gas was bubbled through the column at a rate of 3.5 CFM

for a period of one-minute. At the end of one-minute the nitrogen

gas was shut off and the pump allowed to continue circulating the

gasoline for a period of approximately five minutes. The original level

of gasoline in the column was restored to an accuracy of + 10 ml and

the reservoir weight was then measuLed to an accuracy of 2 gin.

The resulting net weight loss of the system was used to determine the

average vaporization rate for the one-minute period of bubbling. The

circulating, weighing, bubbling, and reweghing processes were repeated

to determine subsequent vaporization rates as the supply of gasoline

diminished.

Starting with fresh gasoline, (5-gallon supply) the vaporization

rate dropped from approximately 175 gm/min (1.5 CFM) to approximately

125 gm/mmn (1.1 CFM) in the first five minutes. After five minutes

the decrease in vaporization rate was more gradual, decreasing to

approximately 115 gin/min (1.0 CFM) in the next five minute period.

Based on the vaporization rates shown in Figure 9, and 3% gasoline

vapor in fuel/air mixtures, the test mixture velocities were adjusted

from approximately 4.3 ft/sec to 2.8 ft/sec. Velocities were determined

using the mass conservation equation, as follows:

22
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v - 3.67 x 10- 5  v
p AF

v

where

v - mixture velocity in the test pipe, ft/sec

Im - vaporization rate, gm/min
v

Pv - gasoline vapor density (0.255 lb/ft3 at 70-F)

A - cross-sectional area of test pipe (.196 ft )

F - fuel fraction (.03) at stoichiometric

3.67 x 10-5- constant accounting for weight and time conversions.

24

- A



B. Operating Procedure

In conducting a test, the following sequential procedure was

followed:

(1) The arrestor element was installed in the housing (after

it had previously been prepared for testing) and the

housing cover was secured.

(2) A safety check of the test site was made which included:

* Access to fire extinguishers

* Wearing of hard hats, glasses and ear protection

* Locating danger warnings and restricted area barriers

9 Turning on flashing red lights in critical area of the

test site.

(3) A check of the optical detector and pressure detector

battery condition was made.

(4) The main Power Switch was turned on.

(5) The recorder power and optical, pressure detector power,

switches were turned on ignition power and DVM power.

(6) The selection of upper or lower ignition source was made.

(7) Fuel supply and inline heaters were activated and allowed

to come to equil.ibrium temperature, approximately 100'F

and 120°F, respectively. For tests with gasoline vapor,

the converter was heated to equilibrium temperature without

N flow. Then nitrogen was passed through the generator
2

for one-minute.

(8) The air blower was turned on and adjusted to achieve the

appropriate flow rate--corrections to the flow rate for

barometric pressure and air temperature were made, based

on the manufacturer's operating instructions.
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(9) Fuel tank valve, fuel shut off cock and solenoid valve were

opened. This was followed by an adjustment of the throttling

valve until the appropriate fuel flow rate was achieved.

Corrections for barometric pressure and fuel gas temperature

were also made.

(10) A pneumatic horn signal was given 10 seconds before ignition.

(11) In rapid sequence:

* The recorder chart was turned on (generally to 16-inch/sec

speed for adequate trace resolution).

* The ignitor energized--followed immediately by combustion.

* The recorder was turned off (after approximately 1-second).

(12) The fuel solenoid valve was switched to the closed position

(if it had not been shut by the photodetector automatically),

within one-second on upstream tests and within 5-seconds on

downstream ignition tests. For gasoline vapor tests, the

nitrogen carrier flow was shut off. Otherwise a standing flame

could damage the arrestor or the instrumentation.

(13) The manual fuel flow throttling valve was then shut off

within 5-seconds of spark discharge.

(14) The air blower was shut off.

(15) The recorder trace was examined for evidence of flame through,

flame speed, and combustion pressure (see Section II C below).

C. Data Acquisition

Figure 10 is an illustration of the typical data obtained from the

recorder. The explanation of the trace is as follows:

Trace A: The length of the 60-cycle trace indicated the time

interval that the ignition source was energized.

Trace B: The 60-cycle portion indicates that the fuel solenoid

valve is open, the steady portion of the right of the

60-cycle trace indicates automatic solenoid shut off
or flame-through.
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Igniter on

Fuel Solenoid Open Igniter off
Fuel Solenoid Closed

" (Flame-Through)

Tace Spark Igniter Trace

Fuell SolennoiddFnto Trace
B

Photodetector No. 4 Trace
C__

Photodletector No. 3 Trace

Photodletector No. 2 Trace

Pressure Trace

At2.3 Peak Pressure

At 2.4

~K 10 MSEC (Typical)

FIGURE 10 TYPICAL TEST DATA RECORDING
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Traces C, Flame passage traces from optical detectors 4. 3, and
D and E: 2 respectively (Typical). The distances between

detectors is known and thus flame velocity between

these points are determined (also flame

acceleration).

Traces F: Instantaneous pressure trace - for the subject tests,

the peak value of the trace was converted to peak

pressure by a calibration.

D. Gas Mixtures Tested

Gas mixtures tested during Tasks IA and I were as follows:

9 Methane C.P., 99.0% minimum purity, Matheson size 1A 300 ft 3

3tank, specific volume 23.7 ft /lb, cylinder pressure 2265

psig @ 701F.

* n-Butane, C.P., 99.0% minimum purity, Matheson size lF,

136 lb/tank, specific volume 6.9 ft 3 /lb, cylinder pressure

21.4 psig @ 70*F.

o Gasoline vapor, Exxon and Mobil Regular, evaporated @ 110 F

through 3-3/4 inch dia x 22 inch high packed column using

120 0 F N2 gas as carrier medium. Approximate vaporization
23

rate was 2.8 to 4.3 ft 3/mn.

E. Flame Arrestors Tested

Descriptions of the flame arrestors that were tested during

Tasks IA and I are given in Table 2.

A special fixture was fabricated to enable the parallel plate

and crimped ribbon arrestors to be positioned inside the Varec 5OSG

housing for testing. The fixture consisted of a reinforced base plate

and a hold-down frame. In practice the parallel plate arrestor was

positioned on the base plate and the hold-down frame placed over the

arrestor was bolted to the base plate. All remaining gaps in the

assembly were taped to prevent flame by-pass. An exploded view of the
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fixture is shown arranged to accolmmodate tile Mini tirrtstotor In

I'Lgure 21. llie base plate assehmbly was used to test" the following

arrestors :

a Experimental crimped ribbon

* Experimental parallel plate

e Single screen

* A•al crimped ribbon

* Retimet metal foam

In preparing the 9" diameter crimped ribbon arrestors for tests, a

11-1/2 inch square piece of 6-mesh screen was first placed onto the

base plate. Then the arrestor was placed on top of the hole in its

center (6 lb density loCon insulation) was packed around the arrestor

to fill the open volume between the periphery of the arrestor and the

base plate. An 8-1/2" diameter piece or mesh screen was placed on top

of the arrestor and a sheet metal plate 11-1/2 inch square housing a

8-1/2" diameter hole in its center was placed over the arrestor. The

hold-down frame was then placed on top of the assembly and bolted to

"the base plate. All other openings were sealed to prevent flame

Vi by-pass.

Tests on the single screen and the Aral crimped ribbon arrestors

were performed using the Varec arrestor housing adapted to permit the

Installation of various arrestor elements. During their respective

tests, both screen and Amal were mounted in the universal base-plate

assembly and installed into the Varec housing. Figure 4 illustrates

the arrangement in which the arrestor elements were installed in the

Varec arrestor housing. The figure shows the arrestor arranged for

upstream ignition tests (flame propagating up from below).
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IN. EFFECT OF MIXTURE SPEED AND
IGNITER LOCATION ON ARRESTOR PERFORMANCE

A. Purpose of Tests

The purpose of Task IA was to conduct a systematic investigation

of the effects of gas/air mixture speed and ignition-source location

on the flame speed and arrestor performance. The data was used to

determine a set of worse case conditions for testing commercial arres-

tors in the ADL apparatus.

B. Effect of Mixture Speed (Downstream Ignition)

The effect that mixture velocity has on flame speed was investi-

gated using both butane and methane gas/air mixtures. The investiga-

tion consisted of a series of flashback tests at various mixture

velocities ranging from approximately 2 ft/sec to 16 ft/sec. A 3"

diameter orifice was used behind the ignitor to accelerate the flame

in all tests (see Figure 3). Ignition of the gas mixture took place

67" downstream of the arrestor. The flame propagated upstream. The

flame speed, approaching the arrestor, was determined from the output

signals of three photo-detectors located in the upper test pipe (2",

17" and 41" from the arrestor base-plate). For these tests, a parallel

plate arrestor of dimensions L = 1.0" and DH - .031" (see Figure II) was

used to quench the flames. Fuel/air mixtures were adjusted at each

velocity to an equivalence ratio of 1 - 1.1 which has been shown to

give the maximum flame speed.

For butane/air mixtures, flame velocity relative to the arrestor

decreased from approximately 125 + 75 ft/sec to 30 + 20 ft/sec as mix-

ture velocity increased from 2 ft/sec to 18 ft/sec. Above 18 ft/sec

mixture velocity, flames failed in most cases to propagate upstream.

The effect is shown in Figure 22. Complete test results are tabulated

in Table A-1 of Appendix A.

Tests using methane/air mixtures indicated that the approach flame

speed is constant at 140 + 15 ft/sec regardless of mixture speed over

the range 2 to 19 ft/sec.* The effect is illustrated in Figure 23.

Velocities based on photodetectors 3-4 were consistently higher than

On certain tests (e.g., 012177-8) the photodetector trace was irregular;
however on the majority of runs the flame speed was approximately
140 + 15 ft/sec. 4- 44
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those for detectors 2-3 and therefore indicate a consistent acceleration

of the flames using methane. The acceleration of the butane flames was

not clearly defined because of the wide scattering in the measured

flame speed. The source of this scatter is believed due to the

irreproducible ignition process with butane/air flames; i.e. , each

ignition produces a different flame shape.

In summary, our findings on the effect of mixture speed, for the

conditions of downstream ignition (upstream propagation) and a 3" orifice

in the line, are as follows:

* For butane/air, the highest flame speeds (125 + 75 ft/sec) are

achieved with mixture velocities near 2 ft/sec.

o For wethane/air, approach fla, ne speeds are 140 + 15 ft/sec,

apparently independent of mixture speed.

* For butane, mixture velocities somewhat above 18 ft/sec are

sufficient to prevent upstream propagation of flames (for

this particular Ignition geometry which incorporates a 3"

diameter orifl~e mnd an 18" long extension tube).

C. Critical Mixture Veluoity Which Allows Upstream Flame Propagation

Tests with both methane/air and butane/air mixtures were performed

to determine the highest mixture velocity that will allow upstream flame

propagation. It is recognized that whether a flame can propagate up-

atream depends on the ignition conditions (location of ignitor with res-

pect to pipe exit, constriction at the pipe exit, etc.). In these tests,

the 3" diameter orifice was removed to minimize back pressures. Ig-

nition of the gas mixtures took place 26" from the pipe exit and, in a

second test series, 46" from the pipe exit.

In the tests, failure to propagate upstream was noted by either

(a) a "torch effect" in which flames issued from the top of the pipe in

a steady state fashion rather than propagating down the test pipe, or

(b) a failure to ignite at all.

The results of the tests disclosed that with ignition taking place

26 inches from the exit, the critical mixture velocity to prevent up-

stream propagation of methane/air mixtures is between 7 and 7.5 ft/sec;
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for butene the critical mixture velocity is between 8.2 and 8.6 ft/sec.

With ignition occuring 46 inches from the pipe exit, the critical mix-

ture velocity for methane is beyond 1.9 ft/see. The above results are

Pummarized below in Table 3. Detailed test data are tabulated in

Table A-2 of Appendix A.

D. Effent of Upstream IgaLtion

As a further investigation to dptermine worse case conditions for

testing arrestors, tests were performed in which gas mixtures were

ignited upstream of the arrestor and permitted to propagate downstream.

For these tests, the photodetectors, pressure transducer, and ignitor

were installed in the lower test pipe in positions approximately similar

to their counterpart locations in the upper pipe section. In order to

maintain similarity of the testing geometry, the flame arrestor holder

(which was specifically made to accommodate various experimental arres-

tore inside the Varec Model-50SC arrestor housing), was modified so that

the arrestors could be installed in an inverted position (see Figure 4).

Thus, the geometry of the housing from the test pipe to the arrestor was

the same for upstream ignition as for downstream ignition. The 3"

diameter orifice remained in position for the upstream ignition tests,

64" downstream of the arrestor housing flanges.

The results of the tests indicated that for butane/air mixtures,

flame velocities propagating downstream, taken with respect to the arres-

tor, increased from 140 + 30 ft/sec to 200 + 60 ft/sec as mixture velo-

city increased from 4 ft/sec to 16 ft/sec. The effect is illustrated

in Figure 24. The scatter in those results (+ 60 ft/sec) is attributed

to the mixture inhomogeneities reported above (see page 10). A cross

check using methane indicated that flame speed was not a strong

function of mixture velocity, w1.:h an average flame velocity of

approximately 200 ft/sec over the range 4 ft/sec to 16 ft/sec. Table 4

summarizes the response of flame speed to mixture speed rnd spark

location. Detailed results are tabulated in Table A-3 of Appendix A.

E. Marginal Arrestor Dimensions (Critical L & D•o) r Quenchfno
Butane & Methane Flames

If the worst case flame conditions (ignitor location and mixture

speed) were selected on the basis of highest flame speed, then the
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TABLE 3

Conditions for Upstream Flame Propagation

Critica]. Mixture Velocity

Spark Location Methane/Air Butane/Air

26" inside pipe exit 7 -- 7.5 ft/sec 8.2 - 8.6 ft/sec

46" inside pipe exit > 19 ft/sec --

All tests run at * 1.1, open ended 6" pipe.
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TABLE 4

Effect of Mixture Speed and Spark
Location on Flame Speed

Upstream Ignition Downstream Ignition
(.5.5 ft Run--up; Gas (5.5 ft Run-up; Gas
Expansion Restricted Expansion Restricted
by Mixing Tee and by 3" Orifice and

Mixture Blow-out Pipe) 18" Long Extension)

Methane/Air Flame speed Constant Flame speed constant
- 1.1 at 200 ft/sec for all at 140 + 15 ft/sec

mixture speeds from 4 for all mixture speeds
to 16 ft/sec, from 2 to 19 ft/sec.

Butane/Air Flame speed increases Flame speed decreases
1.1 from 140 + 30 to 220 + from 125 + 75 to 30 +

60 ft/vec as mixture 20 ft/sec as mixture
speed increases from 4 speed increases from 2
to 16 ft/sec. to 18 ft/sec.
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results reported above in Section B and D would be sufficient. The

highest flame speed for both methane and butane is about 200 ft/sec and

occurs with upstream ignition and 16 ft/sec mixture speed.

In order to check that this was indeed the worst case, we tested

a "marginal" arrestor under various conditions and observed which

conditions would most readily make it fail.

First, we attempted to identify "marginal" arrestor dimensions.

A series of tests were performed in which selected arrestorni, parallel

plate and crimped ribbon types, were tested to determine the combination

of hydraulic diameter, DHO and arrestor length, L, that would success-

fully quench low speed flames but will fail to quench high speed flames.

Methane and butane were used as fuels.

After installing the arrestors, the tests were performed by

iteration of the mixture speed: First tests were run at low mixture

speed, e.g., 2-4 ft/sec, and it was observed whether quenching took

place. If quenching occurred, high-speed mixtures (e.g., 16-15

ft/sec) were ignited and observed for quenching. If quenching occurred

at the high mixture velocity, the arrestor was replaced by another

whose dimensions were expected to be more marginal, and the above

tests repeated. If (with the initial arrestor) quenching did not occur

for high-speed mixtures, tests were performed at lower mixture speeds

(e.g., 8-10 ft/sec) and the process of testing alternatively at higher

and lower mixture speeds was repeated until a mixture speed was

arrived at where the arrestor performance was marginal.

Two experimental parallel-plate arrestors, fabricated by ADL from

.048" thick steel plates, 11-1/2 inches square were used: One having

dimensions L - 1.0" and D - .031" (Figure lla), the other having

L - 0.5" and D = .045" (Figure llb). In addition, two crimped ribbon
H

arrestors fabricated from materials supplied by Ferrotherm Corporation

were used, one having L - 0.5" and D n .035"; the other having L - 0.375"

and D - .035" (Figure 12).K H
The critical dimensions just sufficient to quench flames of moder-

ate speed propagating in methane/air and butane/air mixtures were found
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to be L - 0.5" and DH - .045" for parallel plates and L, 0.375" and

DH - .035" for crimped ribbon.

F. Compatibility of the Test Apparatus with Pressures Generated

During Tests

During most of the flame arrestor tests, pressure excursions in

the pipe interior were recorded. The peak pressures, often an isolated

spike, varied from approximately a minimum of 5 psig to near 50 psi

maximum as test conditions varied. An average of peak pressures was

noted to increase approximately as flame speed increased, e.g., 20 psig

@ 25 ft/sec to 40 psig @ 350 ft/sec. Since no damaging effects have

been observed as a result of pressure rises, the system is considered

to be safe.

G. Selection of "Worst Case" Condition

On the basis of flame speed alone (See Table 4), the "worst case"

set of test conditions is upstream ignition at a mixture velocity of

16 ft/sec for both butane and methane gas/air mixtures, adjusted to an

equivalence ratio • 1.1.

This choice was validated by tests on the "marginal" arrestors

identified in Section E. As shown in Table 5, using both parallel

plate and crimped ribbon arrestors ( L = 0.375", D = .035"), quenching

occurs over a wider range of conditions for downstream ignition.

Therefore, the upstream ignition Is more severe.

k
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Table 5

Marginal Arrestor Dimensions -- Criti.cal 1. & D)

Approximate threshold
mixture velocity (ft/sec)

L DH Downstream Upstream

Mixture Arrestor Type oin) (in) I in ition In-ition

Methane/air Parallel plate 0.5 .045 Does not quench Does not reliably
S- 1.1 below 4 ft/sec quench at any

speed

Butane/air Parallel plate 0.5 .045 Does not quench Does not quench
1.1 below 8 ft/sec at any speed

(2-i6 ft/sec)

Butane/air Crimped Ribbon 0.375 .035 Does not quench Not reproducible;
* 1.1 below 11 ft/sec does not re-

liably quench
at any speed

(2-16 ft/sec).
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IV. PERFORMANCE OF OFF-TIIE-SHELIF ARRESTORS

A. Purpose of the Tests

The purpose of Task I was to determine the effectiveness of off-

the-shelf arrestors in controlling flames for butane/air and gasoline!

air mixtures.

B. Approach

The butane/air tests of commercial arrestors were conducted under

the most demanding conditions which could be produced using the ADL

apparatus (upstream ignition, 5.5 ft run-up distance, constricted pipe

exit, and # - 1.1). This configuration produced flame speeds of

110-125 ft/sec and 150-250 ft/sec for gasoline/air and butane/air,

respectively. In addition, single screen and double-screen arrestors

were tested under low flame-speed conditions (20-50 ft/sec for butane

and 3 ft/sec for gasoline), since the application of these devices is
for preventing an exterior flame (presumably traveling at low-speed)
from entering the vent system. Their usual location is at the exit end

of vent pipes where there is presumably no rin-up length sufficient to

develop high flame speeds.

The arrestors that were tested are listed in Table 2 (see

Chapter IT, page 28), and are summarized below in Table 6.

The single layer screen arrestor was prepared for testing by

mounting it on the special fixture (see Figure 21.) and positioning it

in the Varec arrestor housing. The mounting shown in Figure 21 was also

used for the Amal and Retimet arrestor elements, and also for the

single screen (using a special fixture). An axial housing was fabri-

cated for the Protectoseal arrestor. Standard commercial housings

were used for all other arrestors.
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Table 6

Off-the-Shelf Arrestors Tested

Type Source L D L/D
(in) (in)

Single screen Tyler - .022 -

Double screen Preas Vac - .040 -

Crimped ribbon Amal (.024" crimp 0.75 .021 35.7
height)

Crimped ribbon Amal (.045" crimp 1.50 .038 39.5
RW height)

Crimped ribbon Shand and Jurs 6.00 .045 133,3

Corrugated crimped ribbon Varec 5.75 .066 87.0

Parallel plate Protectoseal 1.38 .043 32.0

Metal foam Retiniet No. 30 0.28 .030 9.3

Iv
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C. Results

Test results are given in Tables 7 and 8 for bhutane/air and in

Tables 9 and 10 for gasoline/air flames, respectively.

Data from the individual tests on off-the-shelf arrestors are

listed in Table B-I of Appendix B.

D. Discussions and Conclusions

1. High-Speed Flames

The Varec Model 50SG, the Shand and Jurs Model 94305-16-11, both

the Amal arrestor, and the Retimet foam arrestor successfully con-

trolled high-speed butane/air and gasoline/air flames. The Protectoseal

4956 did not consistently control high-speed butane/air flames, but

did control high-speed gasoline/air flames. The marginal performance

of the Protectoseal arrestor may be attributed to the .031" gap between

plates. Tests reported in Section III.E indicated that above .032"

gap, a parallel plate arrestor would allow flame passage,

2. Low-Speed Flames

The results indicate that the single screen of 30 mesh x .011"

wire (DI U .022") can control neither butane/air flames having

approach velocities in the 20-50 ft/sec range, nor low speed gasoline/

air flames. The Press Vac double screen (20 mesh) arrestor successfully

controlled gasoline vapor flames having approach speeds of approximately

3 ft/sec, but exhibited one failure in three runs with the 20-50 ft/sec

butane/air flames.
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Table 7

Summary of Off-the-Shelf Arrestor Performance

(High speed flames, Butane/air)* :

Number of Tests

Arrestor Type Source Model Quench No quench

Crimped ribbon Amal, Ltd. 188/905/75/24/CN 8 0
(.024" crimp 1
height)

Crimped ribbon Amal, Ltd. 188/905/15/45/CN 5 0

(.045" crimp
height)

Crimped ribbon Shand and Jurs 94305-16-11 5 0

Corrugated channel Varec, Inc. 50SG 5 0

Parallel plate Protectoseal Co. 4956 7 9

Metal foam Retimet No. 30 5 0

Flame conditions for all tests: ; = 1.1, 16 ft/sec mixture, upstream
ignition, 5.5 ft run-up distance, approach speed of flame 3.50-250
ft/sec.
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Table 8

Summary of Off-the-Shelf Arrestor Performance
(Low speed flames, Butane/elf)*

Number of Tests

Arrestor Type Source Model Quenchi No Quench

Single screen M.S. Tyler 30 meshi4
x .011" wire

Double screen Press-Vat PL6 2i

Crimped ribbon Amal Ltd. 188/905/1.5/45/Cn 5 0

(.045" crimp
height)

Par allel plate Protect oseal 4956 50

Conditions for all tests: 1 - 1., 4 ft/sec mixtuze, downstream
ignition, 5.5 ft run-up distance, open pipe, approach speed of flame
20-50 ft/sec.

59I.;
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Table 9

Summary of Off-the *Shelf Arrestor Performance

(Hfigh Speed Flames, Gasoline Vspor/Air)*

Number of Teats

Arrestor Type Source Model Quench No Quench

Double Screen Press-Vac PL6 1 2

Crimped Ribbon Amal 188/905/75/24/CM 3 0

Crimped Ribbon Amal 188/905/15/45/CM 4

Crimped Ribbon Shand and Jurs 94305-6-11 3 0

Corrugated Parallel Varec 50SG 5 0
Plate

Parallel Plate Protectoseal 4956 3 0

Metal Foam Retimet No. 30 3 0

Flame conditions for all tests: 3 ft/sec mixture speed, upstream
ignition, 5.5 ft run-up distance, approach speed of flame approximately
110-125 ft/se*.

Abnolmally low flaine speed (50 ft/sec).

Abnormally high flame speed (z 150 ft/sec).
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Table 10

Sun•nary of Off-the-Shelf Arrestor Performance

(Low-Speed Flames, Gasoline Vapor/Air),

Number of Tests

Arrestor Type Source Model Quench No quench

Single Screen M.S. Tyler 30 mesh x .011" 0 3

Double Screen Press-Vac PL6 3 0

Flame conditions: 3 ft/sec mixture speed, downstream Ignition,
open pipe, 5.5 ft run-up istance, approach speed of flames
3 ft/sec.

II
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APPENDIX A

TABULATION OF TEST DATA ON TilE 'FF/'EC'T OF MIXTURE

SPEED AND IGNITOR LOCATTON

Data obtained from individual tests performed during the program

are listed in Tables A-1 through 4 according to the following key:

Effect of mixture speed on A-1
flame velocity

Critical mixture velocity for A-2
upstream flame propagation

Effect of upstream ignition A-3

Critical L & D for quenching butane/ A-4
air and methine/air flames

62
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APPENDIX B

TABULATION OF TEST DATA ON OFF-THE-SHELF ARRESTORS

Data obtained from individual tests of off-the-shelf arrestors

are listed in Table B-i.
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