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COMPUTER CODE SIMULATIONS OF EXPLOSIONS IN

FLOW NETWORKS AND COMPARISON WITH EXPERIMENTS

by

W. S. Gregory, B. D. Nichols, J. A. Moore, P. R. Smith,
R. G. Steinke, and R. D. Idzorek

ABSTRACT

A program of experimental testing and computer code development
for predicting the effects of explosions in air-cleaning systems is
being carried out for the Department of Energy. This work is a com-
bined effort by the Los Alamos National Laboratory and New Mexico
State University (NMSU) . Los Alamos has the lead responsibility in
the project and develops the computer codes; NMSU performs the exper-
imental testing. The emphasis in the program is on obtaining experi-
mental data to verify the analytical work. The primary benefit of
this work will be the development of a verified computer code that
safety analysts can use to analyze the effects of hypothetical explo–
sions in nuclear plant air cleaning systems. The experimental data
show the combined effects of explosions in air-cleaning systems that
contain al I of the important air–cleaning elements (blowers, dampers,
filters, ductwork, and cells).

A small experimental set-up consisting of multiple rooms, duct-
work, a damper, a fi Iter, and a blower was constructed. Explosions
were simulated with a shock tube, hydrogen/air–fi I led gas bal loons,
and blasting caps.

Analytical predictions were made using the EVENT84 and NF85 com-
puter codes. The EVENT84 code predictions were in good agreement
with the effects of the hydrogen/air explosions, but they did not
model the blasting cap explosions adequately. NF8.5 predicted shock
entrance to and within the experimental set-up very well. The NF85
code was not used to model the hydrogen/air or blasting cap explo-
sions.



1. INTRODUCTION

Accidental explosions can occur within nuc

ty analysts are required to evaluate their poss

ear plants, and therefore, safe-

bility and effects thoroughly.

For this reason, we want to (1) develop computer codes to evaluate the effect of

possible explosion-induced releases from a facility, (2) perform scoping studies

involving a multitude of explosion scenarios, and (3) evaluate the effectiveness

of different protective designs. To simulate these explosive effects accurate-

ly, we must be sure that the computer codes we use will perform as expected.

This can be done by comparing the calculated simulations with SITk311-SCale exper-

iments.

This report describes (1) two computer codes (EVENT84 and NF85) that have

been developed by the Los Alamos National Laboratory for the Department of

Energy, Office of Nuclear Safety, to simulate explosive effects within nuclear

plants and (2) an experimental apparatus consisting of multiple rooms, ductwork,

a damper, a fi Iter, and a blower. Explosions were simulated

tube, and hydrogen/air-filled gas balloons and blasting caps

actual explosions. The data obtained from these experiments

son with the computer codes are described below.

Il. TEST EQUIPMENT

A. Two-Dimensional Shock Transmission Set-Up

using a large shock

were used to create

and their compari–

Figure 1 is a plan view of the experimental apparatus, which is located on

the campus of New Mexico State University (NMSU) in Las Cruces, New Mexico, and

is operated under contract with Los Alamos. The shock tube is connected to the

exper

long.

trans

Ier O

mental apparatus with a 0.305-m (1-ft)-i.d. pipe that is 2.72 m (8.92 ft)

These experiments were designed to obtain two-dimensional data in the

tion region where the 0.91-m (3-ft)-i.d. shock tube connects to the smal-

305-m (1-ft)-i.d. pipe.

The shock tube is a 48-m (160-ft)-long, 0.91-m (3-ft)-diam tube. The driv-

en (low-pressure) section of the shock tube is 36 m (118 ft) long. The driver

(high-pressure) sect ion has a Variable length, but i t was fixed at 3.0 m (10 ft)

for this study. (A complete descr ipt ion of the shock tube is given by Smith and

2
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Gregory.l) At the end of the driven section of the shock tube, there is an

abrupt contraction to a 0.305-m (1-ft)-diam, 2.72-m (8.92–ft)–long pipe that

leads to the small ventilation system..

Iabe

0.91

dead-

dial

Pressure measurements were taken at the eight locations shown in Fig. 2 and

ed 1 through 8. Channel 1 is located on the side wall of the shock tube

m (3 ft) ahead of the abrupt contraction. Channels 2--4 are located on the

end portion of the abrupt contraction (an area-reducing plate) at the ra–

positions of 0.35 m (1.16 ft), 0.28 m (0.92 ft), and 0.20 m (0.67 ft), re-

spectively. These three measurements are referred to as “head-on pressure meas-

urements.” Channels 5--8 were located at positions on the 0.305-m (1-ft)-diam

pipe as shown in Fig. 2. These four measurements were “side-on pressure meas-

urements.” All eight channels used Kulite model XT-190 miniature pressure

transducers with a range of O to 689 kPa (O to 100 psi). The experimental data

were digitized and recorded by a CAMAC data acquisition system using a digital

computer (a Digital Equipment Corporation PDP 11/10).

The operat

eight pressure

each experiment

sure, and the d

on of the shock tube is explained in

ransducers were cal ibrated against a

The driver then was pressurized to

aphragm was ruptured. The resulting

detail in Ref. 2. All

pressure standard before

the desired driven pres-

shock wave traveled down

the shock tube and, upon passing a triggering pressure transducer, automatically

started the data acquisition system.

B. Shock-Tube Ventilation System Test Set-Up

The experimental set-up for this series of tests was the same as described

in Sec. 11.A. However, the experiments focused on obtaining data throughout the

venti Iation system and then comparing them with an NF85 model of the system.

The shock tube again was used to simulate the explosive transient. Figure 3

shows the system set-up and the location of the pressure transducers (marked as

“PT-X”). All pressure measurements except those in the tanks were side-on meas=

urements. The rest of the instrumentation and data acquisition system were the

same as described in Sec. 11.A.

C. Hydrogen/Air and Blasting-Cap Ventilation System Test Set-Up

The experimental arrangement is the same as outlined above except for dis-

connecting the shock tube.

4
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The gaseous explosions were created by exploding hydrogen/air-filled latex

rubber balloons nominally 50.8 cm (20 in.) in diameter. The balloons were

filled using a Matheson model 7372T gas proportional flornneter through which the

hydrogen and air flow simultaneously (Fig. 4). This system is shown in Fig. 5;

Fig. 6 is a photograph of the spark generator used to initiate the explosion.

Figure 7 shows a filled balloon just before detonation. All seven pressure

transducers were calibrated against a pressure standard before each experiment,

and the bal loons were fi I led at a known flow rate for each gaseous component for

a measured length of time. A small electrical impulse then caused the hydrogen/

air mixture to explode, and the resulting shock wave automatically started the

data acquisition system when it encountered a nearby trigger transducer.

The same tanks and ductwork system were used in the solid explosive tests.

The blasting caps were arranged so that they would be

trical impulse.

111.

A-

vent

detonated by a small elec-

COMPUTER CODE DESCRIPTIONS

The EVENT84 Computer Code

The EVENT84 computer code uses a Iumped-paramete formulation to model a

Iation system or any other air pathway. No spat al distribution of param-

eters is considered in this approach, but the effect of spatial distribution” can

be approximated by noding. Network theory (using lumped-parameter methods) in-

cludes a number of system elements cal led branches joined at certain points

called nodes. Ventilation system components that exhibit flow resistance (such

as dampers, ducts, and filters) and flow potential (such as blowers) are located

within the branches of the system. The connecting points of branches are nodes

for components that have finite volumes (such as rooms, gloveboxes, plenums, and

ducts) and for boundaries where the volume is practically infinite. Therefore,

all internal nodes should possess some finite volume where flu

storage can be taken into account.

The explosion source terms used in EVENT84 are simulated

● Mass and energy prescription

c Mass and pressure prescription

● Mass and temperature prescription

● Pressure and temperature prescription

o Chamber model

d mass and energy

n several ways.

7



Fig. 4.
Hydrogen and air flowmeters.



Fig.5.
Hydrogen and air cylinders.
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Fig.6.
Spark generator for explosion initiation.
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Fig. 7.
Hydrogen/air filled balloon before detonation.



The last option

oxygen, red oil

culated automat

The follow

ing air.

(the chamber model ) al lows specialty quantities of

or acetylene to be used, and the explosion source

cal Iy.

ng equations are used in the EVENT84 computer code

TNT, hydrogen

term is cal-

for conserv-

Mass: V$=xqkfik+ms ,
k

fQ 1 filrmL , andMotion: :* = -(P2 - PI) -~— ~2 2p

g $
Energy: = ~ [~ qk l’tlk(CpTk + # + ~sCpTs + es] ,

v

where

V is the volume of the node,

qk iS equal to +1 for downstream node and -1 for the upstream node,
rnk is the mass flow in branch k,

rns is the specified mass source per unit time,

t is the time,

p is the air density,

Q is the duct length,

A is the cross-sectional area,

f is the Moody friction factor,

D is the hydraulic diameter,

P2 and PI are the pressures at the upstream and downstream nodes,

Cv and Cp are the specific heats at constant volume and constant pressure,

Tk is the branch air temperature,

Vk is the branch air velocity,

Ts is the mass source temperature, and

es is the energy source per unit time.

12



B. The NF85 Computer Code

The NF85 computer code is a multidimensional , gas-dynamics code designed to

predict the effects of an explosion within a room. The NF85 code provides de-

tailed modeling near the location of the explosion. This near-field modeling

can provide a more accurate driving force than the chamber model used in EVENT84,

NF85 is designed to operate alone or to be coupled to EVENT84.

The gas-dynamic equations solved in the NF85 computer code are the follow-

ing partial–different ial equations conserving air.

*+vopy=ms‘Mass: at –

Motion: ~+yovv=-b#P -K l~[~+g—— , and

Energy: ~+v. ~ey=–pv-.y+m~es ?
—

where

t is time,

p is air density,

~ is air velocity (a vector),

ms is the equivalent air mass per unit time per unit volume source from an

explosion,

P is air pressure,

K is the friction-factor coefficient for air drag on structure surface,

g is the acceleration of gravity (a vector),

e is air internal energy per unit mass, and

es is the internal energy plus combustion energy per unit mass from an ex-

plosion.

These equations are solved by finite-difference methods. Time and space are

broken down into time steps and mesh-cell volumes over which the above conserva-

tion equations are applied. The semi-implicit, time-differencing technique with

a first-order, donor–cell convection model is applied to these equations to give



a system procedure. This provides a numerically stable solution algorithm for

time steps that exceed the sonic Courant limit (the time interval needed for a

pressure wave to move across a mesh cell). To allow time steps to increase be-

yond the material Courant limit (the time interval needed for air mass to move

across a mesh cell), NF85 appl ies the stability-enhancing two-step method to the

semi-impl icit equations. With this solution procedure, the time-step size is

limited only by the rate of the transient being analyzed, not by the Courant

limits for numerical stability. An appropriate time-step size for the rate of

the transient is evaluated internally by NF85 based on five time-step criteria.

To provide an accurate time-differencing approximation for a parameter of

transient solution, each cr

criterion after each time s

ate the next time step’s so

The NF85 computer code

terion limits the time-step size. The most I

ep defines the t

ution.

was developed to

on the air dynamics in an enclosed region.

me–step size that is used to

analyze the effect of an exp

the

miting

evalu-

osion

m explosion (modeled as a mass and

energy source) generates a shock wave. The reflection of the shock wave from

interior and exterior surfaces.and the interaction of reflected shock waves re-

quires the multidimensional analysis capability of NF85 for accurate modeling.

NF85 models the momentum drag on air flowing over a structure surface by a Fan-

ning friction factor definition for K in the air motion equation with different

forms for laminar- and turbulent-flow conditions. Air is defined to behave as

an ideal gas defined by the equation of state:

P = (y-1) pe ,

where y is the ratio of specific heats at constant pressure and constant volume

(y = C~Cv = 1.4 for ai r). In general, the enclosed region containing the ex-

plosion has a portion of its external boundary open to airflow through vents,

ducts, open doorways, penetration holes, and so on that significantly affect the

air–dynamics solution in the multidimensional region. This allows the feedback

effect of air behavior in these passageways on the air-dynamics solution in the

multidimensional region to be modeled explicitly and taken into account.

14



Iv. COMPUTER CODE MODELING

A. NF85 Shock Transmission Model

The shock-transmission tests have been analyzed by the NF85 computer pro-

gram to provide a benchmark for determining NF85’s ability to evaluate shock-

wave transmission, reflection, and interaction. A multidimensional region in

(r,z) cylindrical geometry with a (9,24) spatial mesh was used to model the vi-

cinity of the cross-sect ion-area-reduc ing plate at the open end of the shock

tube. By neglecting the small effect on the solution of gravitational accelera-

tion normal to the axial (z) direction, azmuthal (0) dependence was eliminated

to reduce calculative effort. Radial (r) dependence was evaluated to model its

effect at the area–reducing plate, where the shock wave pulse is partial Iy re–

fleeted and transmitted. Almost all of the 0.91-m (3-ft)-diam shock tube was

modeled by a one-dimensional region with 750 mesh cells attached at the z = O

boundary face of the (r,z) region. At the z = 24 boundary face of the (r,z) re-

gion, another one-dimensional region with 179 mesh cells was attached to model a

0.305-m (1-ft)-diam pipe, a 24.3-m (859-ft3) tank, and another 0.305-m (1-ft)-diam

pipe, all of which are downstream of the area-reduction plate. Figure 8 is a di-

agram of the mesh-eel I spatial model of the shock-transmission experiment. The

darkened mesh cells indicate the locations of the eight pressure transducers in

the experiment.

B. NF85 Shock-Tube Ventilation System Model

Figure 3 is a coarse [30-cm (12-in. )]-mesh spatial mode

venti Iation system set–up. The model consists of a

resenting the cylindrical tank and three one-dimens

the boundary-condition regions. The boundary condi

pipes containing the damper, the high-efficiency pal

and the blower; the rectangular tank; and the shock

of the shock tube/

three-dimensional region rep-

onai regions representing

ion regicns consisted of the

ticulate air (HEPA) filter,

tube. Initially, the blower

is operated at steady–state conditions with airflow into the open end of the

boundary condition region 1 pipe and out the open end of the boundary-condit ion

region 2 pipe.

Several changes had to be made to NF85 to perform calculations that model

the entire ventilation system. A one-dimensional boundary condition region had

to be coupled to a three-dimensional external boundary area having more than one

75
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mesh cell in the theta direction. In the initial calculations, a numerical in–

stabi I ity with error growth was observed at this junction location. Reprogram-

ming the implicit coupling to connect all junction mesh cells directly rather

than couple them to the three-dimensional regions’ average condition at the

junction eliminated this instability.

C. EVENT84 Hydrogen/Air and Blasting Cap Explosion System Models

Certain assumpt ions are made to model a system using EVENT84: perfect gas

(air), compressible flow, momentum balance with friction and inertia, choking,

linear and nonlinear filters, certain blower characteristics, and mass and en-

ergy addition to the gas phase. As stated earlier, the model uses a lumped-

parameter formulation; that is, no spatial distribution of parameters within

network components

the same arrangement

lengths, cross-sect

experimental model.

s included. In addition, the analytical model must have

of components, friction characteristics, capacitance, duct

onal areas, boundary pressures, and driving forces as the

The energy conservation equations are applied to internal (capacitance)

nodes using a lumped–parameter formulation assuming a homogeneous mixture and

thermodynamic equilibrium. A momentum equation that includes the effect of wall

friction and inertia is used to relate the flow rate to the pressure drop across

a duct; choking is imposed on the duct flow if the condit

ter provides only resistance to the flow. A quasi-steady

between the pressure head and the flow rate for a blower.

The network system models for EVENT84 are shown in F

ons warrant it. Afil-

relation is imposed

gs. 9 and 10. The

inlets on the rectangular and cylindrical tanks can be open or closed. Two ar-

rangements were used for model ing the experiments. In Model 1, the rectangular

tank inlet is open, and in Model 2, the cylindrical tank inlet is open.

Models 1 and 2 consist of 11 nodes (including 2 boundary nodes and 9 inter-

nal nodes) and 10 branches. The symbols used on the schematic represent dampers,

blowers, duct resistance, filters, volumes of the ductwork, and cylindrical and

rectangular tanks. For example, in Model 1, the numbers enclosed in parentheses

represent branches, and numbers without parentheses represent nodes. Branches

contain blowers, dampers, duct resistance, and filters. The nodes represent

points such as the explosion chamber and the cylindrical tank. Pressures and

temperatures are calculated at the nodes, whereas flows are calculated for the

branches.
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To accurately determine the resistance coefficient for each branch, each

component (the 90-degree bend, the damper, the filter, and the blower) is mod-

eled as a separate branch. In addition, the entrance and exit for the system

are modeled as dampers (branches) to account for the entrance or exit losses.

The duct between the two tanks is divided into two branches. The explosions

take place within a balloon in the rectangular tank. The balloon is modeled as

a separate node, with a flow area into the tank equal to the surface

balloon. The explosion is simulated as a mass and energy input into

node, either as user-calculated time functions or through the explos

subroutine.

The models described above were essentially the same for the so

sive experiments. The only

loon was not included. The

into node

ing caps)

v. EXPER

A. Shock

id explo-

difference was that the node representing the bal-

explosive energy and mass were injected directly

2 on both models. Two explosive levels were used, 1.2 g (two blast-

asting caps) of “black powder.”and 3.I g (five b

area of the

the balloon

on chamber

AND CODE MODELING RESULTS

ssion Tests (NF85)

MENTAL

Transm

The shock-transmission tests involved measuring air pressure at eight loca-

tions in the vicinity of the area-reduction pIate as a shock-wave pulse passes

through the region. The shock-wave pulse is generated by breaking two diaphragms

between the high- and low (atmospher ic)-pressure ends of the shock tube. The

shock-wave front tr’avels down the low-pressure length of the shock tube at es–

sentially the sonic velocity of the air medium ahead of it. It is followed by

an air-mass front moving at the much lower air velocity. In the opposite di-

rection, a rarefact ion (expansion)-wave front travels up the high–pressure

length of the shock tube until it reaches the closed end, where it is reflected.

It then travels down the high-pressure and low-pressure lengths of the shock

tube at the sonic velocity plus air-mass velocity. The expansion wave has both

a front and a tai 1; the tail travels at a slightly slower velocity. The expan-

sion wave catches up to the air-mass front very quickly and passes through it.

The expansion wave eventually catches up to the shock wave, but this does not

happen in the experiment until after both waves have passed the pressure trans–

ducer locations. The pressure transducers measure a shock-wave pulse where the

20



air pressure rises initial Iy when the shock–wave front crosses the transducer

location. The expansion wave front crosses the transducer location a short time

later, causing the air pressure to fall until the expansion-wave tail crosses

the transducer location.

This shock-transmission test provides a very sensitive benchmark for calcu-

lating shock- and expansion-wave transmission, reflection, and interaction. The

channel 1 pressure transducer first encounters the shock-wave front and then en–

counters its front partial Iy reflected from the area–reduction plate. Soon

thereafter it encounters the expansion wave that was reflected from the shock

tube’s high-pressure end and that interacted with the air-mass front and the

partially reflected shock front. The pressure transducers for channels 2--4

measure the air pressure at the area-reduction reflecting surface. The pressure

transducers of channels 5--8 encounter the shock and expansion waves that have

been transmitted partially through the abrupt area-reduction-plate opening.

NF85 was used to evaluate the shock-transmission tests in three different

ways.

1. The ca

merica

36.1 m

2. The ca

after

(0.43

Fig. 8.

culat ion starts at the breaking of the diaphragms using the

model in Fig. 8 with the shock and air-mass fronts initial

(118 ft) from the channel 1 location.

culat ion starts from an analytic solution for the shock pu

t has traveled down the shock tube and is approximately 0.”

t) from the channel 1 location and uses the numerical mode

nu–

Y

se

3m

in

3. The calculation is done in two stages. First, only the shock tube is

modeled with the 750-mesh–cell region 1 attached to a one-cell multi-

dimensional region, and the test is analyzed from the breaking of the

diaphragms until the shock front is approximately 0.13 m (0.43 ft) from

the channel 1 location. The second stage uses the restart data dump

from region 1 instead of the analytic solution as

for a calculation similar to that in item 2.

Calculative statistics from the nine analyzed shock-transm

in Table 1. The second procedure described above was used

tests from initiation until 0.065 s; the total number of t

the initial condition

ssion tests are shown

to analyze all the

me steps and Cray–1

computer time required by NF85 for each test are reported in the left half of

21



NF85 CALCULATION STATISTICS

Pressure Calculated from
O\fferrnce Analytic Solut!on
Across Shock-Front Problem CRAY
Olaohra.ams Overprrssure Tfme lima lime

TABLF. 1

FRO# ANALYZING THE NMSU SHOCK-TRANSM1SS1ON TESTS

Calculated From Transm!sslon Time to
Oiaphragm Break the Area-Reduction

Problem Cray M of the Shock Tube
Time TIM Time Analytic Calc. frror.-

(II s{) (D St) (s) steDs (s) (s) Steps (s) 1s) (s) f%)

6.830 3.000 OtoO.065186* 69.48 0 to 0.160 199 81.9 0.09642 0.09530 -1.12
7.250 3.163 0 to 0.065 105 42.4 0 to 0.160 199 80.0 0.09700 0.09583 -1.13
7.500 3.257 0 to 0.065 105 42.8 0 to 0.160 199 89.2 0.09639
5B.000

0.09531 -1.11
15.646 0 to 0.065 688 307.9 0 to 0.074 0 tO 1665 127.6

to 0.140 to 2301 ~
433.0 0.07418 0.07894 +6.40

50.000 15.653 0 to 0.065 685 306.4 0 to 0.076 0 to 1697 129,.6
to 0.140 to 2294 w

442.8 0.07445 0.07926 +6.46

59.905 16.000 0 to 0.065 690 314.7 0 to 0.140 0 to 2403 917.0 0.07423 0.07899 +b.42
60.000 16.012 0 to 0.065 706 316.0 0 to 0.076 0 to 1775 135.1

to 0.140 to 2396 ~
436.5 0.07444 0.07935 +6.60

90.000 20.547 0 to 0.065 124B 553.2 0 to 0.072 0 to 2759 208.8
to 0.140 to 3622 ~

610.3 0.06954 0.07575 +B.92

98.000 21.603 0 toO.065 1395 620.0 0 to 0.070 0 to 2933 223.3
to 0.135 to 3BB1 qOJ

653.4 0.06808 0.07436 +9.21

hThls (alculatlon’s time-step size was constrained for most of the analysis by a maximum time-steP size of 0.0005 s; the
other calculat~ons used a maximum t!me-step s~ze of 0.0001 s.

the table. The right half of the table reports the same statistics when using

the first procedure for tests with shock-front overpressures of 20.7, 21.8,

22.4. and 110.2 kPa (3.000. 3.163, 3.257, and 16.000 psi) and the third proce-

dure for the other tests. The first and third procedures give the same solu-

tion. but

and 110.3

evaluated

110.2-kPa

Table I shows that the Cray-1 computer times for the 107.8, 107.85.

kPa (15.646, 15.653, and 16.012 psi) shock-front overpressure tests

with the third procedure required half the calculative effort of the

(16.O-psi) test evaluated with the first procedure. The second pro-

cedure required a half to a third the calculative effort of the first procedure.

At the far right of Table I is a comparison of the analytic and calculated

transmission times for the shock-wave front to reach the area-reduction plate.

The transmission times for smal I shock-front overpressures are calculated accu-

rately but tend to overestimate the times as the shock-front overpressures in-

crease. The time at which the shock front reaches the area-reduction plate was

determined based on calculating half the shock-front overpressure rise at the

plate.
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Time plots of calculated air pressure and pressure transducer measurements

are shown in Figs. 11--13 for the 21.8-, 110.3-, and 141.5-kPa (3.163-, 16.012-,

and 20.547–psi) shock–front overpressure tests, respectively. The results from

seven of the eight pressure-transducer locations are shown; the results from

channel 3 are omitted because of their simi Iarity to the results from channels 2

and 4. Overall, the results from all the tests are of two different forms: the

20.7-, 21 .8-, and 22.4-kPa (3.000-, 3.163-, and 3.257-psi) shock–front overpres–

sure tests have similar results, and the other tests with shock–front overpres-

sures greater than 103.35 kPa (15 psi) have similar results. This similarity

can be seen by comparing Figs. 12 and 13.

The pressure transducer measurements are plotted along with NF85 calcula-

tive results using the first or third procedure shown by the dotted curve [la-

beled 36.1 m (119.1 ft), the initial distance of the shock-wave front from chan-

nel 1] and using the second procedure shown by the solid curve [labeled 0.13 m

(0.43 ft)l . The first or third procedure is more convenient for the NF85 user

because the entire solution, starting with breaking the diaphragms, is evaluated

by NF85. However, having NF85 evaluate the shock-wave pulse transmission down

the 36-m (118.8-ft) length of the shock tube low-pressure section introduces

spatial smearing to the solution. The second procedure avoids this numerical-

solution error by starting with the analytic solution for the shock-front pu

just before it reaches channel 1.

In Fig. 13, we can see that the spatial smearing error is excessive for

20.7-kPa (3-psi) shock-front overpressure test calculations. Backward smear

se

the

ng

of the shock-wave front and forward smearing of the expansion–wave front result

in their overlapping and diminishing the ampl itude of the pulse. Starting from

the shock-front pulse analytic solution 0.13 m (0.43 ft) before channel 1, the

sol id–curve solution initially has very little spatial smearing and is in rea-

sonable agreement with the measurements. However, after 0.020 s, spatial Iy de–

pendent effects also begin to be smeared out in space and in time at a fixed

location because of convection. Note the reduction in ampl itude of the pres-

sure pulse at the channel 7 location in even the sol id curve because of the

shock and expansion wave overlapping-effect error.

The calculative results in Figs. 12 and 13 show almost no spatial-smearing

error in the shock-wave front. Forward spatial smearing of the expansion-wave

front diminishes the amplitude of the shock pulse (as shown by the dotted curve

23 I
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lying below the solid curve), but the error is small. We see the calculated

pressures decreasing faster in time than the measured pressures as a result of

spatial smearing of the expansion wave. All in all, the calculated pressures

are in reasonable agreement with their experimental measurements.

The lack of numerical spatial smearing of the shock-wave front for over-

pressures greater than 1--3.35 kPa (0.15--0.49 psi) is important to note. A

first-order donor-cell convection technique as used by NF85 can calculate spa-

tially sharp shock fronts even after long transmission distances and multiple

reflections. We feel this is because of the physical phenomena of sonic waves

piling up behind a shock-wave front acting in an opposite way to numerical dif-

fusion to eliminate spatial smearing of the shock front. Larger shock-front

overpressures appear to have enough of this effect to override numerical–

diffusion error.

B. Shock-Tube Vent i I at ion System Tests (NF85)

In the shock-tube ventilation system tests, a shock pulse (a shock front

followed by an expansion wave) is generated, travels down the shock tube, and

interacts with a flow–area reduction at the end of the shock tube. From this

area reduction, the shock pulse encounters the cylindrical tank, then the other

two pipes connected to the rectangular tank, and then the rest of the venti la-

tion system.

Two tests were run to ensure repeatability and to capture pressure measure-

ments in al I parts of the system. These tests are referred to as TMET17 and

TMET19. The experimental results are compared with NF85 predictions in Fig. 14

and Fig. 15. Figures 14--21 show the NF85 predictions compared with experimen-

tal data for both TMET17 and TMET19 for channels 1--4. Figures 22--25 show NF85

comparisons with experimental data for channels 5--8 for test TMET17. The re-

peatability of the two tests is quite good, particularly at Channel 1 with peak

pressures of approximately 41.4 kPa (6 psi) in both cases. The experimental

pressure drops off more quickly in TMET17 than in TMET19.

Channel 1 comparisons between experimental and analytical predictions are

shown in Figs. 14 and 15 for both tests. This measuring point is at the end of

the shock tube before the area reduction and the entrance to the cylindrical

tank. In this case, the comparisons are quite close. The analytical peak

pressure is 48.3 kPa (7 psi), and the experimental value is 41.4 kPa (6 psi).
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