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We will present
experimental study of
ulated explosion. The

ABSTRACT

the results of a numerical and an
a flow network subjected to a sim-
numerical simulation uses a commlter

code called EVENT that predicts the response of a system
under gas-dynamic stress conditions. l-he experiment uses a
real flow system that is injected with a high-pressure
gas. The results from these two are compared using a flow
parameter such as pressure. We conclude that the numerical
calculation matches the resultsof the experiment quite well.

I. INTRODUCTION

An analytical tool that can predict the gas dynamics within a flow network

that is subjected to

usefulness of such a

in the gas dynamics,

simplify it so that

an internal explosion needs to be developed. However, the

tool depends on how much we understand the physics involved

how we formulate it into mathematical expressions, how we

the problem becomes manageable, and finally, how we obtain

the solution numerically. The tool’s usefulness should be checked independently

by actual experimentation. A carefully conceived experimental program should

be constructed within the realm of the analytical limitation but should not

exceed it.
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We have conducted a series of experiments simulating an explosion in a

simple flow network. The network consists of two vessels with a long con-

necting pipe. One of the vessels is vented to the atmosphere through an ori-

fice of a known size. The same vessel is connected to a high-pressure air sup-

ply system, and the rate of air injection is regulated by an orifice flow-

meter. The duration of the venting is controlled by rapidly opening and clos-

ing two valves in series. The air injection rate is calculated using an empir-

ical flowmeter relation with measured pressure information. A computer code

uses the calculated flow rate as the simulated explosion in the system, and the

output of the computer code includes pressures, temperatures, and flow rates at

different locations. We measured pressure transients in the two vessels and

compared them with the numerical values predicted by the code.

We will describe the analytical aspect of the program only briefly and

then discuss the experiment in detail. The objectives of this report are (1) to

compare the numerical simulation with the experiment based on direct measurement

and (2) to prove the adequacy of the analytical approach.

II. THEORETICAL BASIS

A computer code called EVENT has been developed at the Los Alamos National

Laboratory that is capable of handling severe gas-dynamic transients inside a

flow network. The description of the code and its development is detailed

elsewhere,
1

and the use of the code is documented separately.2 We will

surmnarize only the important features of the code here.

A flow network is assumed to consist of two major components, nodes and

branches. A node can be either a boundary where the atmospheric condition is

usually assumed or a room (volume) where the laws of conservation of mass and

energy are applied. Branches make the connection between any two nodes, and

they can be ducts, filters, or blowers. A duct momentum equation that includes

the effects of wall friction and inertia is used to relate the flow rate and

the pressure drop; choking is imposed on the duct flow

rants it. A filter is a resistance element, and both

relations of pressure to the flow rate are included. F

relation is imposed on the pressure head and the flow

if the condition war-

linear and quadratic

nally, a quasi-steady

rate for the blower.

f’

r
L
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This lumped-parameter approach to describe the network system ignores the de-

tailed spatial variation of the flow properties.
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We have discussed already how the gas-dynamic and thermodynamic conser-

vation laws are applied to the network system. We assume further that only air

is present, and it follows ideal gas laws. Finally, an explosion is simulated

by injecting high-pressure air into the system. The justification for this.
approach has been presented elsewhere, L and it forms the

ysis. The solution is carried out numerically by using the

Because this is the first in a series of efforts to

code, we will begin with a relatively simple flow system

basis of the anal-

EVENT computer code.

verify the computer

consisting of rooms

and connecting flow paths without the complication of filters and blowers.

III. EXPERIMENTAL FACILITY

The experimental apparatus is located at the Los Alamos test facility on

the campus of New Mexico State University. The test section includes two steel

vessels,
‘1 and ‘2’ connected by a long steel pipe, L (Fig. 1). Vessel Tl

is vented to the atmosphere through a square-eclged discharge orifice, O. The

volume of each vessel is 9.8 ft3 (0.277 m3), the diameter of the connecting

pipe is 2 in. nominal with a 2.067-in. (8.14-mm) inside diameter, and the length

of the pipe is 16.17 ft (4.93 m) or 31.25 ft (9.52 m). The discharge ori-

fice is made of 3/16-in. (4.76-mm)-thick aluminum plate. We used diameter sizes

of 1/2 in. (12.7 mm) and 1 in. (25.4 mm). This orifice is flange-mounted for

to

w’% -w P“
to

Atmosphere from

Air SupFly

R:
T,, T2:

P,, P~, Pu!pd:
V2 :

$; ‘J3:

o.

L:

Storoge Tonk
Test Vessels
Pressure Transducers

Monual Shut-Off Valve

Fast Open and Close Valves

Flowmeter (Orifice TYPO)
Discharge Office
Connecting Pipe

Fig. 1.
Test facility schematic.
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easy removal, and the connecting pipe is attached to the test vessels with

flange couplings as well. The longer one has two 90° elbows.

A high-pressure air supply system is used to inject air into vessel TI

to provide the explosion simulation. A large air storage tank, R, is pressur-

ized to 300 psig (2068 kPa gauge) and is connected to vessel TI through a

series of valves and a square-edged orifice flovwneter, F. This orifice is

similar to the discharge orifice, but the flange mounting has pressure taps

following the American Society of Mechanical Engineers standard,3 and the

pipe is 3 in. (76.2 mm) in diameter. Two fast-acting solenoid control plug

valves (Magnatrol), V2 and V3, are installed upstream of this orifice to

control the duration of air injection. One is normally closed, and the other

is normally open. A manual shut-off valve is used further upstream to com-

pletely isolate the air injection system. The complete system is designed to

withstand a pressure of 300 psig (2068 kPa gauge), but the actual maximum

pressure in the test section is limited to 100

safety reasons, we installed pressure-relief valves

set point of 125--140 psig (862--965 kPa gauge). We

tation and control in greater detail in Sec. IV.

psig (689 kPa gauge). For

on each test vessel with a

will discuss the instrumen-

IV. INSTRUMENTATION

Four pressure

ANDDATAACQUISITION

transducers are used in the experiment. Pu and Pd are

used to measure the pressure upstream of the flovmeter and the pressure differ-

ential across the orifice plate (Fig. 1). The information obtained from these

pressure measurements will be used to calculate the rate of air injection into

the test section.
‘1

and P2 record the pressure transients in the test

vessels. The analytical calculation also will yield similar information under

the effect of the simulated explosion. The soundness of the analytical result

is judged by how well the numerical simulation predicts the measured transient

pressures in the two test vessels. All four pressure transducers are the

variable-reluctance type made by Validyne. They have excellent linearity with

Pu and Pd calibrated at 330 psi (2275 kPa). However, the calibration range

for PI and P2 is 20--70 psi (138--483 kPa) to maximize the sensitivity for

different runs.

Two methods are used to record the pressure transient data. The principal

one is a PDP-11 computer that samples the data channels in sequence every 3 ms.

An oscillograph chart recorder is used as a separate means of checking. The

4



digitized data from the computer are compared with the analog data registered

on the oscillograph to ensure consistency. Once the data are verified, the

digitized result is transferred from a magnetic disk to tape for storage and

shipping to Los Alamos. The data are fed into the Los Alamos computers for

final processing.

v. EXPERIMENTAL PROCEDURES

We used various

charge orifice size,

geometries and pulse

ambient air condition

combinations of pipe length, flowmeter orifice size, dis-

and air injection duration to achieve different system

intensities and durations. The system geometry and the

were recorded for each experiment.

With the shut-off valve closed, the air storage tank is pressurized to ap-

proximately 300 psig (2068 kPa gauge), and the air temperature is measured. In

the meantime, the pressure recording device is m?lde ready, and the sequencer is

set to the desired pulse duration (approximately ‘1.0,1.5, or 2.0 s.) The fast-

acting valves are set to their normal positions (one open and one closed). The

manual shut-off valve is opened just before the run. We then start the record-

ing device and the sequencer. They will open the closed fast-acting valve to a

fully open position in approximately 100 ms, which starts air injection. When

the desired pulse duration has elapsed, the sequencer will close the open fast-

acting valve completely in roughly 100 ms and terminate air injection into the

test section. The pressure recording device is allowed to continue up to 10 s

and then stop. The experiment is completed at this point, and the manual shut-

off valve should be back in the closed position for safety. Another experimen-

tal cycle can be started soon after the fast-acting valves return to their orig-

inal positions and the sequencer and the pressure recording device are reset.

During the test, all four pressure readings (PI, p2, ‘d, and pu)

can be monitored by a strip-chart recorder. The success or failure of each run

can be judged from the strip-chart traces as soon as the run is completed. In

the meantime, a magnetic recording device is used to register the same informa-

tion for later use. The final digitized result is fed into the Central

Computing Facility at Los Alamos.

As we pointed out earlier, the simulated explosion is generated by an

injection of air into the test portion of the apparatus. Therefore, an accurate

calculation of the mass injection rate and the associated energy rate is impor-

tant for input to the EVENT code. For this reason, we employ a semi-empirical
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formulation for a square-edged thin-plate orifices and extend it into the

choking region. Because the formula requires the pressure differential informa-

tion, the downstream pressure should be replaced under the choking condition by

the orifice throat pressure, which is calculated with the adiabatic expansion

to sonic condition. Therefore, we have developed a separate code to calculate

the flow rate for a given pipe, flowneter orifice size, storage tank tempera-

ture, upstream pressure, and differential pressure across the orifice plate.

The last two are functions of time during the air-injection phase.

So far, we have presented only the experimental aspect of the program; the

numerical simulation requires modeling the physical system for the computer

code properly, and this model is shown in Fig. 2. Nodes 1 and 2 represent the

two test vessels; node 3 represents the boundary. The long pipe is designated

branch 1, and the discharge orifice is designated branch 2. The geometric

description of the system includes volume, pipe length, flow area, and the

resistance calculated for the given arrangement with any standard fluid flow

handbook.4 With the initial condition given, we can combine the geometric

data and the air injection rate calculated separately to form an input file.

Running the EVENT code with the given input is a numerical simulation of the

experiment. We are interested

pressure transients, ‘1 and

ments. Examples are presented

VI. RESULTS AND DISCUSSION

in the result of this prediction for the vessel

‘2’ and

below.

Figures 3--9 present results of

both experiments and numerical simula-

tions. For each run, the same condi-

tion and compatible air injection

rate are imposed. The markers are

from the experimental measurement,

and the continuous curves represent

the numerical (EVENT) calculation.

The geometry for the first three

cases (Figs. 3 to 5) is identical to

both flovmeter orifice and discharge

orifice ata l/2-in. (l2.7-mn) diameter

and a 16.17-ft (4.93-m) pipe length.

6

in comparison to the actual measure-

T2

@

Node : 0
Branch: ( )

Fig. 2.
tVENT model.
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The initial condition is similar, but the major difference is the air injection

duration, which is approximately 1.0 s in Fig. 3, 1.5 s in Fig. 4, and 2.0 s in

Fig. 5. We can see the peak pressures are higher and occur later for a longer

pulse. The numerical prediction corresponds to the experimental measurement

quite well. Figures 6 and 7 show the results of larger flovmeter and discharge

orifice size, bothat a l-in. (25.4-rTTn)diameter. The pipe length remains the

same as in the previous three cases. The air injection duration is roughly

1.0 s (Fig. 6) and 1.5 s (Fig. 7). The larger flowmeter gives a faster pres-

sure rise rate and a higher peak value, but the larger discharge orifice

provides a more rapid pressure relief. These trends are evident when Figs. 6

and 7 are compared with the previous three figures. Also notice how accurately

the numerical result simulates the behavior of the experiment near the peak

region.

Finally, we increased the pipe length to 31.25 ft (9.52 m) to enhance the

effects of inertia and resistance for that branch. Figures 8 and 9 show the

results of simulations using air injection durations of approximately 1 s and

1.5 s. Comparing these results with Figs. 6 and 7, we see that the pressure

difference between nodes 1 and 2 is larger in the earlier phase of the tran-

sient. Because the pipe has more resistance, the additional inertia will also

contribute to the increase. The best indication of larger inertia for a longer

pipe is the longer time lag between the two pressure peaks. Again, there is

good agreement between the numerical simulation and experiments.

Fig. 9.
Experimental and numerical (EVENT)
results for tests using a 31.25-ft
(9.52-m) pipe length, a l.O-in.
(25.4-rITn) orifice diameter, and a
1.5-s pulse duration.
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VII. CONCLUSION

We have attempted to demonstrate the capability and validity of the com-

puter code EVENT. With some variation in flowmeter size, discharge orifice

size, pipe length, and air injection duration, the computed result simulates

the physical measurement accurately. We conclude that we have achieved the

goal of constructing a computer code that contains the proper physics and

mathematical manipulation and can handle severe ~as-dynamic transients inside a

flow network that contains the elements presented in this report.
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