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I iJ
. INTRODUCTION

Ahe Ballistic Research Laboratory (BRL) of the U.S. Army Is designing

a Large Blast/Thermal Simulator (LB/TS), which is a proposed facility for

creating pressure and thermal transients like those that occur near

nuclear explosions Y I The LB/TS is basically a large shock tube with

area changes along its length. Unlike a conventional shock tube, which

uses rupture diaphragms to separate the high pressure driver region from

the low pressure driven region, it is desirable to utilize fast-opening

valves in the LB/TS for wave shaping purposes as well as operational

efficiency. However, with real valves, a finite opening time results in a

compression wave with a finite rise time. The question then arises as to

whether the compression wave will steepen to an adequate shock profile

within the specified wave propagation distance, to simulate the desired

blast wave. In support of this design effort, the Mathematical Analysis

Unit at the Idaho National Engineering Laboratory (INEL) has done

calculations to determine the maximum throat valve opening times allowable

for the creation of certain shock waves in the LB/TS test section.
S

Calculations were done for 9 specific cases specified by the BRL,

representing 9 different initial conditions in the shock tube driver. All

the calculations were done with the BRL-QID computer code(2). This

report summarizes the results of the valve opening calculations.

I S
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2. CALCULATIONS

For the present studies, the LB/TS was reprs.. -

showr in Figure 1 and described in Table 1. We are i}itirsted in tne

initial magnitude and rise time (not the later decay) of the shock aL. t -

test section 103.5 meters from the valve. The objpctive of thp present

study is to determine how fast the valve must open iv A o!w the

overpressure to rise from 5% to 95% of the plateau value In 0.5

milliseconds or less. We are not concerned with ref!ections from iPe c'-d

of the shock tube, which arrive too late to affect the shork fru-t of

interest. This allows us to rjdel a shock tube s.bftantially shortei ,

the real LB/TS, thereby saving some computer costs.

Calculations were done for the 9 cases listed in lable 2, representable

different initial temperature and pressure conditions in the driver. Lv:c

9 was different from the other 8 in that the shock tube geome.ry was a

little different (see Table 1) and the valve was ope ed to a .:GJmum ol

43.75% instead of 100%.

The valve was represented as a parabolic constriction with a totl

length of 2 meters, located in the middle of the throat The val'v

opening was represented as a linear function of tire, from 0.1% open at

time zero to 100% open (43.75% open for case 9) at t 'P speci-1hcd valve

opening time. In addition to these calculations w-th; c;,!: va!, ;: r

qradually, a reference calculation was done with the valve oper-d

instantaneously for each case, to insure adequate rEsclP.1on of th, J-j,

wave structure with the mesh used and, in some instar:ce to compa,-e

certain features of the wave structures.
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Table 1: Shock Tube Geometry

cases 1-6 cases Y-8 case 9

driver length 80. 20. 20.

driver diameter 5.490 5.490 5.440

converging nozzle length 2. 2. 2.

throat length 4. 4. 4.

throat diameter 2.743 2.743 1.8*

diverging nozzle length 4. 4. 4.

expansion tube length 110. 110. 110.

expansion tube diameter 14.494 14.494 14.494

(all dimensions arp- in meters)

3



TABLE 2: Calculation Results

case pressure temperature nominal reference maximum
ratio ratio over- over- valve

pressure pressure opening
time

[kPa] WkaJ [second)

1 118.0 2.235 241.3 247.0 0.063

2 102.5 2.009 206.8 213.6 0.062

3 83.5 1.825 172.4 174.5 0.061

4 69.2 1.652 137.9 142.1 0.055

5 54.0 1.471 103.4 107.2 0.044

6 39.5 1.228 68.9 74.0 0.050

7 19.5 1.094 34.5 39.6 0.035

8 7.0 1.040 13.8 15.57 0.021

9 8.9 1.040 13.8 4.634 0.026
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The calculations were done on INEL's CRAY X/4P-24 computer. Two minor

modifications were made to the BRL-QO code: the sizes of the

grid-dependent arrays were increased, and the plot and print output of

time-dependent arrays was not started until the shock reached the first

measurement station. For cases 8 and 9, the code was further modified by

overlaying some large arrays, to decrease computer memory requirements and

thereby improve computer access and turn-around time.

The BRL-QID code includes two options for the nupw'rical method: the

Beam-Warming and the MacCormack methods. For these calculations, the

Beam-Warming method was used, with the BRL-recommended values of 1.0 for

the Courant number and 0.04 for the smoothing coefficient. Preliminary

estimates suggested that 10000 grid points would be adequate for these

calculations, and this number was used successfully for cases 1-6. More

grid points were required for cases 7-9.

5



3. RESULTS

The results for case I are given here in some detail; results for the

other cases are given in much less detail, only as is necessary to

describe significant differences from the results for case 1.

Figures 2-15 indicate the temporal and spatial dependence of some

important variables calculated by the BRL-QID code for case I with the

valve instantaneously opened 100%. In Figures 2-13, the horizontal axis

's the normalized distance along the length of the shock tube. The actual

tota! length corresponding to the normalized length of 1 is indicated by

the value of Lref (200 meters for case 1) printed at the top left corner

of the page. The profile of the shock tube is indicated above the data

cot, on the same horizontal scale as the data plot. The dependent

variables plotted on the vertical scale in Figures 2-13 are also

normalized to reference values as described in the BRL-QID code

documentation, (2) The number printed just above the right end of each

curve in Figures 2-13 is the time corresponding to that curve, in

seconds. In Figures 10-13, the horizontal scale is expanded enough so

that the individual points of the spatial grid are discernible, indicated

by the vertical lines in the shock tube profile drawn above the graph

v:roper. These graphs with high spatial resolution clearly indicate the

-patial spread of the computed shock front, which is useful in evaluating

the adequacy of the numerical method.

6



Figures 14 and 15 are graphs of overpressure (solid line) and dynamic

pressure (dashed line) versus time, at the test location specified by the

value listed for X-sta at the top of the page. The indicated distance of

97.5 meters from the beginning of the expansion t;be corresponds to the

required 103.5 meters from the center of the valve.

The data of most immediate interest is the overpressure versus time

data indicated by the solid curves in Figures 14 and 15. This

overpressure rises abruptly -- in a fraction of a millisecond -- when the

shock arrives at the test location. At the top of this step is a small

overshoot that is an artifact of the numerical procedures and is not

indicative of a real phenomenon; the actual overpressure step is better

indicated by extrapolating the almost-horizontal curve from the right of

the step into the region of the step itself. This extrapolation procedure

was used to estimate the overpressure step in all the studies reported

here.

After the initial shock transient, the overpressure approaches a

constant value, a plateau value, which is different for each of the 9

cases. This plateau value is used as the reference overpressure for each

case.

7



Figures 16-29 illustrate the effect of the valve opening gradually

instead of instantaneously. These figures represent a valve opening time

of 65 milliseconds, which is close to the maximum allowable valve opening

time for case 1. The major effect is to decrease the magnitude of the

overpressure step and to increase the slope of the overpressure versus

time curve after the initial shock. The rise time for the initial step is

not noticeably changed by the gradual opening of the valve. Since the

slope of the overpressure versus time curve after the initial shock is

practically zero on a millisecond time scale, the acceptance criterion is

essentially equivalent to the requirement that the magnitude of the

overpressure step with the valve opened gradually be at least 95% of the

reference overpressure. Thus, the procedure for estimating the maximum

allowable valve opening time was to try different opening times and check

whether the shock overpressure step was at least 95% of the reference

value. (Of course the shock rise time was also checked for each run, to

be sure that it was less than 0.5 ms.)

This case I description is representative of the results for cases

1-5. Case 6 and 7 gave results similar to those described for case 1,

except that the overpressure decreased slightly instead of increasing

after the initial shock for the calculations in which the valve was opened

instantaneously. This difference was not important in estimating the

maximum acceptable valve opening time.

8



Cases 8 and 9 gave qualitatively different results, as indicated in

Figures 30-39 for case 8 with the valve instantaneously opened. In these

cases, the initial shock was followed after a few milliseconds by a second

shock that raised the overpressure to a value substantially higher than

that of the first shock. The timing and magnitude of the second shock

depend on the details of the geometry in the throat region of the shock

tube. Figures 40-93 show some detailed plots for case 8 with the valve

instantaneously opened, and Figure 94 shows an x-t plot for this case.

The second shock moves a little faster that the first shock, but does not

quite overtake the first shock in the 103.5 meter travel distance to the

test station. It appeared that moving the valve closer to the end of the

throat would decrease the initial delay between the first and second

shocks and perhaps allow the second shock to overtake and merge with the

first shock before they reached the test location. This change in the

valve location was tried and found effective for this particular problem;

unfortunately, this created another shock even later, so that the overall

effect was not significantly changed.

The general conclusion drawn from this examination of case 8 is that

the details of the shock tube geometry near the valve can cause irregular

behavior of the overpressure versus time plot for the shock front, more

complicated than the simple step followed by an almost flat region. In

fact, this same irregular behavior occurs in all cases (note Figure 3),

but in the higher pressure cases the irregular structure is merged Into

one simple shock before the shock reaches the measurement station.

9



Of course the simple shock tube geometry assumed here and the

one-dimensional fluid flow calculation used here may not accurately

represent the actual shock tube valve, throat, and nozzle behavior;

nevertheless, it would not be surprising if phenomena qualitatively

similar to the double shock behavior calculated for case 8 actually

occurred in the real LB/TS. The question of immediate importance here is

whether the model is realistic or informative enough to be useful, and

whether (and how) to proceed with the studies of acceptable valve opening

times for cases 8 and 9. The BRL personnel consulted(3) on this matter

suggested prodeeding with the calculations, with the understanding that

the results might not be taken at face value. Thus, the results presented

here for cases 8 and 9 should be regarded as plausible but perhaps not

very accurate estimates of the actual shock tube behavior. These results

are a little sketchy, but more detailed studies did not seem warranted in

view of the high cost and limited validity of computer calculations for

the low-pressure cases like cases 8 and 9.

Overpressure versus time plots for cases 8 and 9 are shown in Figure

38 and Figures 95-100. The overpressure step associated with the first

shock front appears to vary in a consistent manner with valve opening

time, if the valve is opened gradually instead of Instantaneously, and the

results obtained from considering only this first shock front fit

reasonably well with the results from cases 1-7. Therefore, despite the

irregular nature of the overpressure versus time curve near the shock

front, cases 8 and 9 were finally treated in the same manner as the other

cases,with the overpressure step at the first shock front being

considered the critical factor.

10



For the case 9 calculations with valve opening times of 20 and 30

milliseconds, the shock front rise time was a little greater than the

required 0.5 milliseconds. However, previous experience indicates that

the parameters of interest are not very sensitive to this factor, and the

high calculation cost prohibited repeating these calculations with smaller

step sizes to obtain the required rise time.

The results of these valve opening time studies are summarized in

Figures 101-103, which indicate the magnitude of the shock cverpressure

step versus valve opening time for each of the 9 cases studied.

Interpolation of these curves gives the maximum allowable valve opening

time for each case, listed in Table 2 and graphed versus driver pressure

to ambient pressure ratio in Figure 104. This curve does show a general

trend, but it is not smooth. This lack of smoothness is at least partly

attributed to the fact that the maximum allowable valve opening time is

not a function of pressure ratio alone; it also depends on the temperature

ratio, which is not a perfectly smooth function of the pressure ratio (see

Figure 105) for the cases considered here.

11



4. CONCLUSIONS

The calculations done here indicate that the maximum allowable valve

opening time Is about 63 milliseconds for case 1, and somewhat less for

the other, lower-pressure cases, as indicated in Table 2. The results for

cases 1-7 are believed to be realistic; the results for cases 8 and 9 must

be regarded with some skepticism. More reliable results would require a

multidimensional computer model that is somewhat more complicated and

substantially more expensive to run than the model used in this work.

12
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- Figure 7. Magnified velocity versus distance, case 1,
zero opening time
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sound speed
CASE- ln: BRL1 PLOT I

Lr.,f = 200. 0 rn3Offset, Ay = 1.-500
V drv 1933. M7
P41 =118.0; T4 1 = 2.235
XSTA, 0.935, 0.938, 0.940

SOUND VELOCITY 'vs. DISTANCE

A~t (laps)

0.L4

0.r~

Q017

-0.00

Ci) _ _ _ _ _ _0.0__M

0.1

7C~ '-4

2107



sound speed
CASE'- ir: redo In, check q01 - PLOTI

Lrgt = 200. 0 M3 Offset, ay = 0.030
Vdrv = 1933. m 3

P4 1 = 118.0; T 4 1 = 2. 235
1~A, C.&3, .V5 , 0.!->O

SOUND VELOCITY s.DISTANCE
11t (laps)=

C3

0. 1

0.11

0 0.1

M 0.03

ko~ 071e

0.0 0.1 0.2 0.3 0.4 0. . . . .

Figure q. Magnified sound speed versus distance, case 1,
zero opening time
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pressure
CASE- In: BRL1 - PLOT 3

Lret = 200.0 m Offset, Ay 0.000
Vdrv 193. m
P4 1 = 118.0; T4 2.235
XSTAI = 0.935, 0.938, 0.940

PRESSURE vs. DISTANCE

At (lp) =

o

C2*

0

0v

-. J)

CD
L)
,

CD

22

.'a

0.1 .1 ,062 .2 .2

-~ N

tnFgue1. hc fotdealpesuevrssdstne
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density
CASE- In: BRLI - PLOT3

Lref = 200.0 rn Offset, Ay 0.000
Vdrv = 1933. r 3

P4 1 = 118.0; T4 1 
= 2.2

XSTAi 0.935, 0.938, 0.940

DENSITY vs. DISTANCE

At (laps) =

Loo

00

0
40

-- 4

00

-6 0.921 0.422

C6,

0x

SFigure 11. Shock front detail, density versus distance,
~case 1, zero opening time
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velocity
CASE "- In. BRLI -PLOT 3

Lrr = 200.0 m 3 Offset, ay =
Vdrv = 1903. m 3

P 4 1 = 118.0; T4 1 = 2.Z35
XSTA, - 0.935, 0.938, 0.940

VELOCITY vs. DISTANCE

20.

Ln

-

C°
0

(L

C:)

C:)

CD

0.9L80.9100.920,"0.2 0.922
x

Figure 12. Shock front detail, velocity versus distance,
= case 1, zero opening time
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sound speed
CASE- In: BRL1 - PLOT 3

Lrot = 200.0 m Offset, Ay = 0.000
Vdrv = 1933.m
P4 1 

= 118.0; T4 1 =2.35
XSTAI = 0.935, 0.93, 0,W0

SOUND VELOCITY vs. DISTANCE
At (laps) = I

5i

0

0

0.1

co

= .98 . o .92o, 0.621 0.922x

Figure 13. Shock front detail, sound speed versus distance,
-case 1, zero opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: In: BRLI P-so = 254.6 kPa ( 36. 9 psi)
L-ref 00. 0 m X-sta = 97.50 m t-a = 175.5 ms
L-drv = 80.00 m P-dry = U8.0 atm PPD = 0.0E3 s (0.013 s)
V-dry 1933. m P-amb = 101.3 kPa I-so = .586 kPa-s ( 0.171 kT)
L-dvn = 110.0 m T-amb = 2B8.2 K Q-s = 168.1 kPa
L-rwe = 0.000 m T4,/TI = 2.2M l-dyn = 3.600 kPa-s (0.2W7 kT)

PRESSURE-TIME HISTORY

:D

0.m

2l
n

C 0. 701 .902

Fiur 14.7 Pressur vesu tie ae1 eo. op.ingtim
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = In: BRLI P-so = 24.6 kPa ( 38.9 psi)
L-ref = 200.0 m X-sta = 97.0 m t-a = 175.5 ms
L-drv = 80.00 m P-dry = 118.0 atm PPD = 0.0 s ( 0.083 s)
V-dry = 193. m 3  P-amb = 101.3 kPa I-so = 5.5 kPa-s ( 0.171 kT)
L-dvn = 110.0 m T-amb = 288.2 K Q-s = 168.1 kPa
L-rwe = 0. 000 m T4/TI = 2.2W I-dyn = 3,600 kPa-s (0.7 kT)

PRESSURE- TIME HISTORY

mE

o

Cz
-J

,,

0.I o17 . 7

TIME, 9

~Figure 15. Detail, pressure versus time, case 1, zero opening time
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pryes~sure
CASE~- lu: BRL1 PLOT 1

Lror 200.0 mOffset, Ay 1.000
Vdrv = 1929. m3

P4 1 = 118.0; T 4 1 =2.235

XSTA, 0.9M8

PRESSURE vs. DISTANCE

6t (tps

C

0.2

0.191

0.177
Ur)

Ii) 0. IM~

0. L35

C-

0.09

C-CCM

00.c

C-'-)8

('C- 0.013

rV

1~ 0.0 0. t 0.2 . . . . . . . 1.0x

Figure 16. Pressure versus distance, case 1, 65ms opening time
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pressure
CASE- lu: BRLI - PLOT I

Lrer 200. 0 M3 Offset, Ay = 0.0W0
V dr, 199 -m
P41 = 118. 0; T4 1 = 2.235
XSTA1 0.9W8

PRESSURE vs. DISTANCE

ki at (laps)-

0-

0.7

(n0 0.135

0.12

oL 0-w

0.00

0.01

U.,a

001

01oL

65m opnngtm
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density
CASE- Iu: BRLI PLOT I

Lr.t = 200.0 m3 Offset, Ay = 0. 100
Vdrv = 1929. m 3

P4 1 = 118.0; T4 1 =2.235

XSTAI 0.938

DENSITY vs. DISTANCE

At p)

0 9

0.17

0.12

0.00

00M

00

00.

031



density
CASE- lu: BRLI -PLOT I

Lrer = a)0-0 m3 Offset, ly = 0.010
V dr, = 1920. m 3

P41 = 118. 0; T 4 1 = 2 3
XSTAI 0.938

DENSITY vs. DISTANC'E

At (laps)

006

on 0.3

2 U)L2

0.9

005

0.0

0 .0 1 0 . . . . . .

6x
Fiue1 . Mgiiddniyvru itne ae1

65. opnngtm
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velocity
CASE~- lu: BRLI - PLOT 1

Lref = 200. 0 m 3Offset, Ay 3.000
Vdrv = 192. m3

P41 = 118.0; T4 1 =,3

XSTAI 0.9M8

VELOCITY vs. DISTANCE

6t (laps)

0.0

0.7

0.W

a)

0.01

0 . . . . . .5 0 6 0 . . .

L)x

Fiue2. Vlct essdsane ae1 5:oeigtm

a)
a33



velocity
CASE~- 1u: BRL1 PLOTI

Lrer =200. 0 m 3 Offzet, Ay 0.200
"Vdrv 19e9. M3
P4 1 =118.0; T41  223
XSTA1 = 0.9W8

VELOCITY v.DISTANCE

0.197

0.0

00

0.149
C, 0

0.135
U
N, 

0.121

a-

UU1

0.01

6m opening 0t.me

__ _ _ _ __ _ _ _ _ __ _ _0.

L 3.04



sound speed
CASE'- lu: BRL1 - PLOT 1

Lrerf 2M0.0 m 3Offset, Ay =1.5w0
Vdrv = 1929. mn
P4 1 = 118.0; T4 1 = 2.235
XSTA1 = 0.938

SOUND VELOCITY us. DISTANCE

C)

0.7

C) ~

0.00

I-.o

0.0 .1 .2 03 04 0. 0. 0.7 0.8 0 .0

0.1

0-00

a- 35



sound speed
CASE'- 1u: BRL1 PLOT

200. 0 r)O. m Offset, Ay 0.030
Vdrv = 1929. mn
P4 1 = 118. 0; T4 1 ~ 2 -2,35
XSTAI 0.938

SOUND VELOCITY vs. DISTANCE

3 I, 0.177

0.149
co.

Ln 0.121

C; 0. W7
00
Cn ~0 ag

C Ln . -0 _

0.0

(n____ 0 .038
I-.C

0.01

65ms opening time
C-
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pressure
CASE- lu' BRL1 - PLOT I

Lrr = 200.0 m3 Offset, Ay = 0.000
Vdrv = 1929. m 3

P 41 
= 118.0; T41 

= 2.235
XSTAI = 0.938

PRESSURE vs. DISTANCE

_At (laps) =
0

D6

C!

co

U)

C3

C L
0

a)

0. .036 0.937 0.i38. 0.039 0.)40

0x

SFigure 24. Shock front detail, pressure versus distance,
~case 1, 65ms opening time
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density
CASE- lu: BRL1 - PLJT I

Lref = 2f00.0 m Offset, Ay = 0.000
Vdrv = 1929. m 3

P 4 1 = 118.0; T4L 2.235
XSTAI 0.938

DENSITY vs. DISTANCE

At (laps)

5o CL

0

o0

coo

az

Z6

0

Ln 
x

Figure 25. Shock front detail, density versus distance,
. case 1, 65ms opening time
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velocity
CASE- lu: BRL1 - PLOT 1

Lrer = 2MO.0 m Offset, Ay = 0.000
Vdrv = IM. m 3

P4 1 = 118.0; T4 1 = 2235
XSTA1 = 0.938

VELOCITY vs. DISTANCE
N A~6t (tape)-'

CID

-6J

C _

C-,

(L

C-,

C

I-b

0300.937 0.09 0.039 0.940
5, x

Figure 26. Shock front detail, velocity versus distance,
case 1, 65ms opening time
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sound speed
CASE-- 1u: BRL1 - PLY' t

Lrt 200.0 'M Offset, Lv W0.00
V d r v  19, m 3

P 4 1 = 118.0; T 4 1 = 2.235
XSTAI 0.938

SOUND VELOCITY vs. DISTANCE

At (ap.p)
,,4

o - l

0; .93e 0. 3'7 0.:3'8 0.939 0.940

ox

-Figure 27. Shock front detail, sound speed versus distance,
r . case 1, 65ms opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = lu: BRL1 P-so 20,1.2 kPa ( 3 p #psi"

L-ref = 200.0 m X-sta = 97.50 m t-a = 2D4-.8 ms
L-drv = 80.00 m P -drv = 118.0 atm PPD 0.015 s ( 0. ( -,)

V-drv = 129. m P -arnb = 101.3 kPa I-so 3.502 kPa- s ( 0 k )
L-dvn = 110.0 ni T-arnb = 288.2 K Q-s 153.2 kPa
L-rwc 00.00 m "r4r/TI = 2.235 I-dyn = 2.224 kPa- - 0 (r k I",

PRESSURE- TIME HISTORK

C3-

Cn"

,0

I A 

- -

00 .21

0TIME, s

Figure 28. Pressure versus time, case 1, 65ms opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = Iu: BRLI P-so = 241.2 kPa ( 34.98 psi)
L-ref - 200.0 m X-sta = 97.50 m t-a = 204.8 ma
L-drv = 80.00 m P-dry = 118.0 atm PPD = 0.015 s ( 0.054 s)
V-dry = 1929. m 3  P-amb = 101.3 kPa I-so = 3.5M kPa-s ( 0.045 kT)
L-dvn = 110.0 m T-amb = 288.2 K Q-s = 153.2 kPa
L-rwe = 0.000 m T4/TI = 2.2M 1-dyn = 2.224 kPa-s (0.OR kT)

PRESSURE- TIME HISTORY

CDC

00

U,,

U,

V/2

Ui

0.204 3 O.io53
_ -TIME, s

Figure 29. Detail, pressure versus time, case 1, 65ms opening time
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pressure
CASE- 8q: BRL8 -- PLOT 1

Lr~f 140. 0 m 3  Offset, Ay 1.000
Vdr, 512.9 rn
P4 1 = 7.000; T4 1 = 1.040
XSTAI 0.911

PRESSURE vs. DISTANCE

o A t (lapse)

00

oA 0.0

00

0.210
0.8

0.4

0.0

Z0 0.w

0.3

1 0-a

0.'0 0.1 0. 2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0
C) x

Figure 30. Pressure versus distance, case 8, zero opening time
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pressure
CASE'- 8q: BRL8 - PLOT 1

Lrer = 140.( rn 3Offset, Ay = 0.020
V d,,v 512.L rn

P 1= 7. 000; T 4 1 =1. 040
XSTAI 0.911

PRESSURE vs. DISTANCE

kit (laps)

0.37

0.3

0~0

U,

0_Z

co 0.0

0.0 0.t02 3 0

c' x
Figare 31. Magnified pressure versus distance, case 8,

I-. zero opening time
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density
CASE- 8q: BRLB 1-1- rf

Lref 140. 0 rn3 Offset, AY -T. 1W
V,,, = 512. 9 mn
P 4 1 =: 7 000; T 4 1 ~ 1.04-0

XSTA1 j 0.911

DENSITY us. DISTANCE

0 T

-___ -_ __ o 51

0~_ _ -2 3 0'4 1.) 0'.6 .7 0.

Figure_ 32 eniyvess itnccae8 zr oe ig i
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density
CASE- Rf-qBRLB &

L,, r = 140. 0 mr 3Cffset,--v ;)

Vdrv = 12.9 i-n
P 4 1 =7. 000; T4 1~ = I40
XSTAI 0.91l

DENSITY vs. DISTA4NCE

00

U0 Z

ILm

0,4

00 __

r)l -V2

z

Ln .O 0 1 02 0.-3 0.4 0.5 6~ 07 0 8 0 1

en Figure 33. Magnified density versus distance, case 8,
zero opening time
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velocity
CASE- 8q: B1RL8 -PLOT 1

Lrer 140. 0 mn Offset, Ay =3.000

V d, = 512. 9 m3

P4 1  7.000; T4 1 =1.040
XSTA1  0.911

VELOCITY s.DISTANCE

At (laps)

0034

0013

C)M)

'01+

0 -3

0,

0:0 1______________________ 4.2 0-3 _____7__8_1.

-fl

Figur 34._ 0eoiyvessdsane44e ,zr peigtm
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velocity
CASE~- 8q: I3RLB PLG i

Lrt = 140.-0 rn f A'i e)t

Vdrv 512. 9 m 3

P4 7. 000; T 4 1 ~ 1.040
* XSTAI 0.911

VELOCITY vs. DISTANCE

004

0.1

0 00

______________0 WED

f - zeoopnngtm

ID ~- ___0 48



sound speed
CASE- 8q: BPL8 -- PLOT I

Lrt 140. 0 m Offset, Ay- 1.500
Vdrv 512.9 mn
P41 = 7. 000; T 4 1  1 .040
XSTAL 0.911

SOUND VELOCITY vs. DISTANCE'

£t(Iapa)

0

0.0ac

_____ ____ _____ ____ ___b

0a 11

r 1 ~ _________________0. i1l4

J-e

0. 01 .2 0.3 0.4 0.5 0. .7 .

Figure 36. Sound speed versus distance, case 8, zero opening time
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sound speed
CASE- 8q: BRLB - PLOT

Lrer 140. 0 mn Offs e t, A 7- 0. 0
Vdrv 512. 9 'M
P41 = 7.000; T4 1 = 1.040
XSTA1  0.911

SOUND VELOCITY vs. DISTANCE

tit (lops)

Its 0 277~

0 
01

______PAW

0
co

0,0

C o.

co 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 .8 0 .9 0

Figure 37. Magnified sound speed versus distance, case 8,
zero opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8q: BRL8 P-so 11.96 kPa ( 1.735 psi
L-ref = 140.0 m X--sta = 97.50 m t-a = 282.1 ms
L-drv = 20. 0 m P-dry = 7 .I00 atm PPD 0.03 s ( 0.5 s)
V-dry = 512.9 m 3  P-arb - 101.3 kPa I-so 1.209 kPa-s ( .9( ki1
L--dvn = 110.0 m T--ainb = 288.2 K Q-s = 0.406 kPa
L-rwe = 0.000 m T4,/Tl 1. 040 1-dyn = 0. 078 kPa-s 1.,778 k-I')

PRESSURE- TJME HISTORY

in
z

------------------------------

t--

0.27 0.28 0.29 0.30 0.31 0.32 0 33 0.34 0.35 0.36 0.37 0.38

TIME, s

Figure 38. Pressure versus time, case 8, zero opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8q: BRL8 P-so = 11.90 kPa ( 1.735 psi)
L-ref = 140.0 m X-sta = 97. M m t-a = 28.1 ms
L-drv = 20.00 m P-dry = 7.000 atm PPD = 0.0B3 s ( 0.3245 s)
V-dry = 512.9 m 3  P-amb = 101.3 kPa I-so = 1.209 kPa-s ( 0.169 kT)
L-dvn = 110.0 m T-amb = 288.2 K Q-s = 0.496 kPa
L-rwe = 0.000 m T4/TI = 1.040 I-dyn = 0.078 kPa-s ( 1.7"?S kT)

PRESSURE-TIME HISTORY

0

(n-
o
CM

LO

S a

Z

4d
z

----------------------------------------------------------------------------------------------
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press ur~e
(CtASE- 8h: BRL8 -- PLOT I

Lret 40. 00 mOffset, Lly 1.000
Vd r, - 276. 1 m3

P 4 1 =7000; T4 1  1 -000J
XSTA1 0.400, 0.450, 0.C{5M, 0.C0, 0.600, 0.7o0

PRESSURE vs. 13ST4NCLE

o at (laps)

0011

0

\-A 0 .0

'IIs

0. ) 013 07 689 1.

~------ _ __ ~ - - - 0.1

Figur 40 Deai studyprssure-verus -distane,-pa0t1

C.-3

w0cm



pressure
CASE'- 8h: BRL8 - PLOT 2

Lror = 40. 00 m Offset, Ay 1 .000
Vdrv 2 76.1 m~
P41 =7.000; T, 1 = 1.000
XSTA, 0.400, 0.460, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

o tit (laps)

Co

Lo

C;,

o

0 ~ 0.019

0.01

0.018

0.016

~~0 041

0.018
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pressure
CASE- 8h: B3RL8 - PLOT 3

Lref = 40.00 m Offset, Ay 1.0(r)
Vdry = 276.1 m 3

P 4 1 
= 7.000; T 4 1 = 1.000

XSTAj 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

oAt (laps)

in

0 M27

Cli

02

_ __-_ 0 (124. ... ______0 031

----.... ..- - -- --

:. 0, 0 2 0.3 0.4 0.5 O. 0.7 O.B 0, ..9

Figure 42. Detail study, pressure versus distance, part 3
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pressure
CASE-. 8h: BRL8 - PLOT

Lrr = 40.-00 'n 3 Offset, Ay = .020
Vdrv = 76.1 m3

P 41 =7.000; T4 1 = 1.000
XSTAI 0.400, 0.460, 0-5W0, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

At(laps)

001

In 0.0

o~ 0.0
C;

0,00

0.0

1:0.0 0.1 0.2 . 063 0.4 0.5 0.6 07 0 09 1.0
Lo x

Figure 43. Detail study, magnified pressure versus distance, part I
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pressure
CASE- 8h: BRLf - PLOT 2

Lrf = 40.00 rm Offset, Ay = 0.020
Vdrv = 276.1 T 3

P 4 1 
= 7.000; T 4 1 = 1.000

XSTA= 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

At (laps)

7 - 0.0M8

.0 Q2 0. C

'

0.1

.. . i i l l. .0.017

0 M6

0 M

0.0o o.t 0' 2 0.3 0.4 6.5 6.8 0.7 6,18 09 1.0

x
Figure 44. Detail study, magnified pressure versus distance, part 2
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pressure
CASE'- 8h: BRLB - PLOT 3

Lret = 40. 00 m 3Offset, ay 0.020
Vdrv = 276.1 m
P41 = 7.000; T41 = 1.000
XSTA, 0.400, 0.450, 0.5W0, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

I~l At (tape)

0.0

0.

o) 0.3

0.0e

LC,)

0 00
0.CP

cfl

CD,

05



densit~y
CASE- 8h: BRL8 PLOT 1

Lref 40. 00 rn 3 Offset, Ay 0. 100
V d, I = 76.I m

P4 1 = 7.000D; T4 1 =1.000O

XSTA1  0.400, 0.450, 0.500, 0.550, 0.500, 0.700

DEN'SITY u.DISTANCE

Lt(tapa)

-- T __ f
0 CAL'

-\ t.~.0 )13

-~ ___ -- 0 =13

0.0 0.1 0 0.3 0.4 6. .6 0 7 08.0

x

Figure 46. Detail study, density versus distance, part 1
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density
CASE- 8h: BRL8 - PLOT 2

40. 400 m 3 Offset, ly =0. 100
Vdrv 276-1 m
P4 1 = 7. 000; T 4 1 = 1.000
XSTA1  0.400, 0.450, 0.500, 0.550, 0.600, 0.700

DENSITY 'o.DIST4NCE

0.023p*
L00

0.0k

0001

0.1

0 .c13

_ _ _ _ _ _ 0 .1 4

N0 0!3~

0.0 -2_ 0. 0019907

6001



density
CASE- 8h: BRLB -- PLOT 3

Lrf =40. 00 m 3Offset, A1y - 0.100
V dv r,=76. I rnv
P4 1 =7. 000; T4 1 =1.000
XSTAi 9.400, 0.150, 0.500, 0.550, 0.600, 0.700

DJ1VSJ'I'Y s.DISTANVCE

Atp~

0Q3

_03

Fiue4 . Deai std ,dnst esu itncpr

611



denityCASE~- 8h: BflL8 - PLOT I
Lrof = 40. 00 mn3  Offset, ay =0.010

Vdrv = 276,1 mf
P4 1 = 7. 000; T4 1 = 1.000
XSTAI 0.400, 0.46a 50, 0.50, 0.600, 0.700

DENSITY vs. DISTANCE

(tape)

0.1

0.011

R ~ "0.010

0.00

0

-000

0~~ .0-o 3

0.00

____0.0_0_____2___3_______R_0.7 0 8 9 1.

N I _ _ _ _ _ _ _ _ 0

Fiur 49 Deai study, maniid esiyvesu isace ar
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density
CASE-' 8h: BRL8 PLOT 2

L,tf 40. 00 rn 3Offset, Ay =0.OIC
Vdrv 2 76.1 m3

P4 1 =7. 000; T 4 1 = 1.000
XSTA1  0.400, 0.450, 0.500, 0.550, 0.600, 0.700

DENSITY 'vs. DISTANCE

At (ae

0

0 W

CAM

001

0,1

1201

001

0(0121

0.0 0.1 6-2 00 0. ~ .0 . 8 0 9 1.0

x
Figure 50. Detail study, magnified density versus distance, part 2
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density
CASE- 8h: BRL8 PLOT 3

Lrof = 40.0 mO7 Offset, Ay =0.010

Vdrv = 76.1 rL3

P41 = 7.000; T41z 1000
XSTA, 0.400, 0.460, 0.500, 0.550. 0.600, 0.700

DENSITY vs. DISTANCE

At (lops)

0.0

0.0

0.0c

UO-U

0.0X

0.0

C3

NUN



velocity
CASE- 8h: B1RL8 - PLOT I

Lref 40. 00 mn Offset, Ay =3.000

V dI = 276. 1 m 3

P4 7.000; T4 1 =1.000
XSTA1  0.4,00, 0.450, 0.500, 0.550, 0.600, 0.700

VELO CITY us. DISTANCE

At (laps)

001
0.0

001

00)

0 X3

0. . . . . . . . 0 .0
C)x

Figure~~~~~~~~~~~ 52.ealstdvlctyvru itacpr
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velocity
CASE- 8h: BRLB - PLOT 2

Lrf =40. 00 m 3Offset, Ay =3.0W0
Vdrv = 76.1 7n

P41 = 7.000; T,., 1. 000
XSTA1  0.400, 0.460, 0.5W0, 0.550, 0.600, .700

VELOCITY s.DISTANCE

At (lps

0 02
0

oTwo

0.00

-- - -- - -. 0 .16

0 014

____ ____0.019

CD,

0.0 0.1 0.2 0.3 0 .4 0.5 0 0.6 0.7 0.8 0 9 1.0
x

Figure 53. Detail study, velocity versus distance, part 2
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velocity
CASE'- 8h: BRL8 PLOT :3

Lrer 40. 00 rn Offset, A~y -3.000

2 76.1 m3

P 4 1 = 7. 000; T 4 1 ~ 1.000
XSTAj 0.400, 0.+-)0, 0.500, 0.550, 0.600, 0.700

VELOCITY vs. DISTANCE

At(taps)

0 -a

r 0 I(131

0 W7fl

-~~~ ___ __ 0(X

0. 0_ L_0.2 0____4______8,7 ___ 0 7

x

Figure 54. Detail study, velocity versus distance, part 3
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velocity
CASE- 8h: BRL8 - PLOTI

Lir = 40.00 m 3Offset, Ay 0.200
Vdrv, = Z78.1 m 3

P41 =7.000; T4 L= 1.000
XSTA, = 0.400, 0.450, 0.5,00. 0.550, 0.600, 0.700

VELOCITY vs. DISTANCE

At (laps)

001

00

0.0O

0

0,01

0.0

0~ 001_

0.0 0.1 0.2 0.3 0.4 0.5. 068 0.7 0.8 0 9 1.0

x

Figure 55. Detail study, magnified velocity versus distance, part I
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vel oc ity
CASE-. 8h: BRL8 -. PLoT2

Lref = 40. 00 m Offset, Ay 0.200
Vdrv, = 276. 1 mn
P 4 1 =:7. 000; T 4 1  I1.000

XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

VELOCITY v.DISTANCE

1 (taps)

C)

0. W

____31_____

0o Uaa

oQ 017

9 0 o-

0.0 0.1 0 2 0 3 0.4 0.5 0.6 0.7 08 09

x
Figure 56. Detail study, magnified velocity versus distance, part 2
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velocity
CASE- 8h: BRLB3 - PLOTI 3

Lr~f 40. 00 mn Offset, ay 0.200
Vdrv = 76. 1 m
P41 = 7. 000; T4 1 = 1.000
XSTAI =0.400, 0.450, 0.5W.0 0,550. 0.600, 0.700

VELOCITY vs. DISTANCE

At (laps)

5 0,034

'p ~ .,0. C13
U

000

070~



goundspeedCASE~- 8h: BRL8 PLOT I
40. 00 m 3Offset, Ay -LO

Vdrv 276. 1 mr
P4 1 = 7.000; T4 1 = 1.'000
XSTAj 0.400, 0.,400, 0.500), 0.5560, 0.600, 0.700

S5OUND VELOCITY vs. DISTANiCE

At (top.)

___ ____0011

__ _ ____ ___ ____ ____ ___0 TT3

_____________________ a co

D' 0A 0____01__0A__01______0.7__0.8 0 _ 

xq

Figur 58. Dealsuy on-pe essdsacpr
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sound speed
CASE- 8h: BRLB - PLOT2

Lrot = 40. 00 mn Offs e t, 46Y 1 "0
Vdrl. = 76.1 m3

P4 1 = 7.000; T4 1 = 1.000
XSTA1  0.400, 0.460, 0.5)0, 0.5W, 0.600, 0.700

SOUND VELOCITY vs. DISTANCE

At(laps)

N

00CZ

0 1

'CD

0 1

7:~~ 0 _ 016

0.015

S-0 016

SO0.015

0.0 0.1 0.2 0.3 0.4 0.5 0 6 0 7 0.8 0 9 1.0

x0

Figure 59. Detail study, sound speed versus distance, part 2
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sound speed
CASE~- 8h: BFRL8 -PLOT :3

Lref = 40. 00 Mn Offset, y -~1.5w0

V d,, = 276. 1 mn
P 4 1  7. 000; T4 1  1.000
XSTA1  0.400, 0.450, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY vs. DIST4ANCL

0
In -

00T

0.0 0.1_ __ _ 0 3 Q . 08 07t, .

So 
'xx

Figure 60. Detail study, sound speed versus distance, part 3
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sound speed
CASE- 8h: BRL8 - PLOI

Lier = 40. 00 mn Offset, Ay 0.0,
Vdr,, = 76.1 rn
P 4 1 =7. 000, 'f4 1 = 1.000
XSTA, 0.400, 0.450, 0.500. 0.550, 0.600, 0.700

SOUND VELOCITY vs. DIST4ACE

At(lops)

-- - - _ _ _ _ _0 01

_____________________0 11

\\ f

o r)1 0 i 0 7 1 3 C
9~~~~~~~~ Fi ur 611iI s u y a n f e s u d s e d v r u i t n e

- ~ ~ ~ ~ p r I__-~~ ___-____ 1

- - \\\74



~"udspeed
CASE~- 8h: BRI.8 PIJoT 2

re 40. 00 mn Offset, 'Iv - :4 30

~drv 276.1 77t

P4 1  .000; T 4 1  1.000
X STA, 0400 0. V5X), 0. 500, 0. 7fY5, 0.60, 0.700

NN

par 2

"~ \ ~-75



sound speed
CASE- 8h: BRL8 - PLOi 13

Lreg = 40. 00 mn Offset, Ay 0.030
Vdrv = 76.1 m 3

P 4 1= 7.000; T 41 = 1.000
XSTA1 0.400, 0.4650, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY s.DISTANCE

6t(lops)

ItM

003

Ao 
.

0 ~ 0 Mr.

0.0 0.1 0.2 0.31 0 4 0.5 0 6 0 7 0 8 )

x
Figure 63. Detail study, magnified sound speed versus distance,

part 3
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pressure
CASE- 8h: BF1A~ PLOT

Lrer -~ 40.00 mn Offse(' ;y 1.000,
V,,,, =276.1 I rn
P 4 1 =7.000; T41 z 1.000
XSTA, 0.400, 0.4,50, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. D[STANCE

0-M-

0 1)0'

-- 0 )vLI
-~~~~~~~~~~~~~~ -- ~ -- -_______ _ _ _ _ _ _ _ _ _ _ _ _ _0I),

o- 1-~ 0, 6_________0

Fiur 64 Dtilstd , rssrevrss itac

0. o07,pr

__ _ __ _ __ _ __ _ __ _ __ __77_ .1



pressure
CASE'- 8h: BRLB -PLu'l

Lrer 40,.00 m 3Offset, Ay IO{X)
Vd = Z76-1 m

Rt I= 7. 000; T41 = 1.000
XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

Nd 

Atpe

0.02

o0. to_0.7,_part_2

an ----------. - ---- -- 78

Now___________________ 0NNW



pressure
CASE- 8h: BRL8 PLOT I

Lr = 40. 00 mn Offset, Ay s0,0WI

Vdrv = 76.I M3

P4 1 =7.000; T4 1 =1.000
XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

A~t (laps)

001

0.01

0 1

o9012_

0.01o
-r4

0 012

~~J) 0011

'1

_____0.4__0.5__ ___ 001

0.3____ to 0.7, p0_t I

79_______________ l



pressure
CASE- 8h: BRL8 - PL01 2

Lrer = 40.-00 mn Offset, Ay = D-020
Vgarv = 76-1 m3

P4 1.I 7.O0000; T= 1.0WO
XSTA, 0.400, 0.450, 0.500, 0.550, 0-6M0, 0.700

PRESSURE vs. DISTANCE

4t (tape)'

0'0

-0M

00

030.4 0.5 0 6 0. 7
A'

Figure 67. Detail study, magnified pressure versus distance
0.3 to 0.7, part 2
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density
CASE~- 8h: BRL8 - PLOT~ i

Lref = 40. 00 m 3Offset, ay O. 'uU
V d, = 76. 1 m 3

P4 1 = 7. 000; T 4 1 = 1.000
XSTA1 - 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

DENSITY 'v.DISTANCE

x F

811



density

Lrot = 40. 00 mn
Vdrv = 276.1 m 3

P4 1 = 7.000; T 4 1 = 1.000
XSTAI 0.400, 0.450, 0.500, 0,550, 0.600, 0.790

DENSITY vs.DIT V7,

C-)

V)C~

0

CL

030.4 0.5J

a) Figure 69. Detail study, density versus dis'
0.3 to 0.7, part 2

-
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densityCASE~- 8h: BRL8 - PLOT 1
Lr = 40.-00 mn offset, AY 0.010
Vdrv1 =276.-1 m3

P 4 1 = 7.000; T 4 1 - .0
XSTA, 0.400, 0.450, 0,500, 0.550, 0.600, 0.700

DENSITY vs. DISTANCE

.0 k 0.016

00

00O
Q0

00

OA~~ 0170.

0801



density
CASE- 8h: BRLB III,

Lrer 40. 00 m 3O0f fs et, Ay 0 mr.W
Vdrv 276.L 1m 3

P41 =7.000; T41 = 1.000
XSTA1  0.400, CAW.O 0.5W0, 0,550, 0.600, 0.700

DENSITY vs. DISTANCE

Itlaps)

03

6 M

0 00M

-) 0 025
-O

00

0r ______ M_

0 1

C)

0. 0.0.5 . .

a'x

Fiur 710ealsuy anfe est essdsac

0. t .7 ar
--3

08



v'elocity
CASE-8h: BRL8 - PLOT t

Lr = 40.00 m Offset, Ay - 3.0(XX)
Vdrv, = Z76.1 Im 3

P4 1 = 7.000; T4 1 ~ 1.000
XSTAi 0.400, 0.4,50, 0-5W0, 0.550, 0.600, 0.700

VELOCITY vs. DISTANCE

At(Ip

0 O

___________________0.010

-AA

00

0_____0.4___.____ 001
~1*

Figure 72. Detail stud elocity versus distanc

0.3__________________________ 0o.010pa t
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velocity
CASE- 8h: BRLS - PLOT 2

Lref = 40. 00 m 3Offset, ily = 3.000

Vdrv = 76.1 m3  0
P 1 7. 000; T4 1 = 1.000
XSTA, 0.400, 0.4,50, 0.5W., 0.5560, 0.600, 0.700

VELOCITY vs. DISTANCE

At (lops)

00

0.031

0,0

0. 007

"4 _______

~'*0 0. -

0.3 .4 05 060.7

0.3~~0 to0.,oaro
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v ;locity
CASE- 8h: BRL8 !'I OT I

Lraf = 40.00 Mrr Offset, '% y .-
Vdrv ;76.1 m
P 4 1 

= 7.000; T4 1 0- 000
XSTA =0.400, 0.450, 0.Ck)0, O.fV)O, 0.600, 0.700

VELOCITY vs. DIJIT4NUE

r). st ,0o t

/,87

Cfl 1,
"IC

// /-hI

(C/
I ' N

/ .. ..... C C
J 

\ . . . . . o +

S/ ;uxizz

o "/ / . . .

. .. . . ... . . . . . . . . . . r - 'a

_, . 04i 0.. 06<

. : Figure 74. Detail study, magnified velocity versus distance
, 0.3 to 0.7, part 1
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CASE- Sh: BRLB -PLOT

velocitY O~eA .0

Lref 40. 00 rn 
Qfst A .0

Vdrv Z76-I M ,0
P = 7.000; T 41 n- .000(360,0.0

XSTAL 0.400, 0.0,.60 .6,.60070

VELOCITY s.DISTANCE

00

00

0 CO

o02

0.3. 0.5 0.

0.3 to 0.7. part 2
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sound speed
CASE- 8h: BRL8 - PLOT I

Lret = 40. 00 m 3Offset, Ay = 1.5W0
Vdrv = Z76.1 mn
P4 1 =7. 000; T41 :- 1.000
XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY vs. DISTANCE

6 (laps)

00

A0 __ 0.010

0.0

_______0.00PIL

_ _0 M_ _

0.3 0.4 0.13 0. . 7

___ __ _______ _____ ___0

o~. to-. 0.7,_ 0ar I

J _____________________________

L______ __________________ om
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sound speed
CASE- 8h: BRL8 - PLOT'-

Lrer 40,.00 rn 3Offset, Ay= 1.500
Villv =276.1 mn
P4 1 = 7.000; T4 1 = 1.000
XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY vs. DISTANCE

At (la el

00

0.0

00

002

0.JZ

0
10 __ _ _ _ _

0.0

0.(.405 . 0. 7

0.3 to 01,.part2
-J0

001



sound speed
CASE'- 8h: BRLB - PLOT I

Lret. 40.00 m Offset, Ay 0.030
VdrV = Z76.1 m 3

P 4 1 = 7.000; T 4 1 = 1.'000
XSTA1  0.400, 0.450, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY vs. DISTANCE

At (taps)

0.00

0.1

G.1

00

z 0.

0.3 0.4 0 .5 0_.6(7

x
Figure 78. Detail study, magnified sound speed versus distance

0.3 to 0.7, part I
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sound speed
CASE- 8h: BRLB - PLOT."

Lret = 40. 00 m 30f fs et, Ay =0.r
Vdrv = 276.1 m
P ~ 7. 000; T 4 1 = 1.000
XSTAj 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

SOUND VELOCITY vts. DISTANCE

cl 6t (laps)

00

0.C2

0.02

0 0..a

022

C-'0

x
Figure 79. Detail study, magnified sound speed versus distance

0.3 to 0.1, part 2
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pi-essure
CASE- 8h: BRLH -PLOT' I

Lref = 40. 00 m Offs e t, Ay -0. 020
Vdrv 276.1 a
P4 1 = 7. 000; T 4 1 = 1.000
XSTAI 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

"It (laps)=

001

001

0 ~ ~ UTI

2.O

0 4 .4 .4) 6:,

2x

Fiue8.Dti tdpesrevru itne03 o04
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density
CASE-~ 8h: BRL8 - PLOT

Lrer. = 40.00 mn Offset, Ay =0.010

Vdr, = 276.1 rn
P 4 1 =7. 000; T4 1 = 1.000
XSTA, = 0.400, 0.460, 0.500, 0.550O, 0.600, 0.700

DENSITY vs. DISTANCE

o At (las)

C1

0 1

0.0

0.3

0.0

0.0

0.0
Q .0

0.80.00.42 0.44 0 .46 0 48
X

Figure 81. Detail study, density versus distance 0.38 to 0.48
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velocity
CASE-8h: BRL8 PLOT I

Lrer 40.-00 mn Offset, Ay 1_0(1
Vdr'r = 76. I 3

P.,j 7.000; T,,, 1.000
XSTAj = 0.400, 0.450J, 0.5W0, 0.-W5, C) 60, 0.700

VELOCITY vs. DISTANCE

0 0-

00 (M

0 O(315

'0.38~~_ 0o 0 4 .4 60
a;

C0014

Fiur 82 Dealsudvlctyvru dsaci.3 o04
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sound speed
CASE'- 81-v BRLB - PLCU F

Lrf 40.00 mT 0Offs et, Ay 0, n,
Vdirv w- 6. 1 m 3

P41 =7.000; T4 1= 1.000
XSTA, 0.400, 0.450, 0.5115W 0.550, 0.600. 0.700

SOUND VELOCITY vs. DISTANCE

66 (lope)

0.co

0.0

0

In0

0.38 0.40 0.42 0 .44 0 46 0.42

Figure 83. Detail study, sound speed versus distance 0.38 to 0.48
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pressure
CASE- 8h: BRLB PLOT I

Lret 40. 00 m 3Offset, Ay 0,020
Vdrv = 276.1 m 3

P 41 =7. 000; T4 1 = 1.000
XSTA, 0.400, 0.450, 0.500, 0.550, 0.600, 0.700

PRESSURE vs. DISTANCE

0 At (I ap)ofrj

0.12

00O

00(

0.I

0.39 ~ ~~~ 0.00.10.24

x 0 OD

Fiue8. Dtilsuy rsur essdsane03,o04

-97



density
CASE'- 8h: BRLB - PLUl'

Lef = 40.-00 mn Offset, AN', 0.01f"
Vdrv = 1-76.1 m3

P41 =7. 000; T 4 1 = 1.'000
XSTAI = 0.400, 0.450, 0.500, 0.-W, 0.600. 0.700

DENSITY vs. DISTANCE

0

0.1

0 
0a

0 M

0-0

oo

0fJ 0 .3 .004 3.204
0

U, Figure 85. Detail study, density versus distance 0.39 to 0.43
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velocity

V drIv = 276.I m r
P4 1 = 7. 000; T 4 1 = 1 .000
XSTA1 0.400, 0.450), 0.500, 0.550, 0.600, 0.700

VELOCITY vs. DISTANCE

0-4

0'w

'2____LU

0*

a .w

3-,0;40 0.41 0.42 0.41
x

Figure 86. Detail study, velocity versus distance 0.39 to 0.43
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sound speed
CASE- 8h: BRLB -P3

Lrer = 40. 00 mn O0f fs et. 1,v ' 0
Vdr, = 76. i 7
P4 1 = 7. 000; T4 1 =1.000
XSTA1  0.400, 0.450, 0.500, 0.550. 0.600, 0.700

SOUND VELOCITY s.DISTANCE
0.016

0CM

000

jf h Y' 3l

d I I

0.39 0.40 0.41 0.42 I

x
Figure 87. Detail study, sound speed versus distance 0.39 to 0.43
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: =8h: BRL8 P-so = 142.1 kPa ( 20.U )
L-ref = 40.00 m X-sta -4.000 m t-a = 3.906 ms
L-drv 1 10.00 m P-drv = 7.000 atm PPD = 0.030 s ( 0. L26 i

V-dry = Z76.1 m P-amb = 101.3 kPa I-so = 3,174 kPa-s ( Of? i.
L-dvn = 20.00 m T-amb = 2.2 K Q-s = 114.0 lcPa
L-rwe 0.000 m T4/TI = 1.000 I-dyn = 5.457 kPa-s ( 8.i 7 "

PRESSURE-TIME HISTORY

0

-- - - -- - -

U) - - -

L)2

TM'2E, s

£i

10

0.0 00.0.2 .0

it 0

' TIME, s

:i Figure 88. etatl study, pressure versus tme at -4 meters
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8h: BRL8 P-9.
L-ref = 40.00 m X-sta =-2.000 m t-a 3 .-
L-drv = 10.00 m P-dry = 7.000 atm PPD
V-dry = Z76.1 m 3  P-amb = 101.3 kPa I o
L-dvn = 20.00 m T-amb = 288.2 K Q-s 8. .Si .1
L-rwe = 0.000 m T4/TI = 1.000 1-dyn 0 1Ii,

PRESSURE-TIME HIST&O]Y

-

cc

o (12

0

TIME, s

cmFigure 89. Detail study, pressure versus time at -2
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: =8h: BRL8 P-so = 28.39 kPa ( 4.117 psi)
L-ref = 40.00 m X-sta = 0.000 m t-a = 13.58 ms
L-drv = 10.00 m P-dry = 7.000 atm PPD = 0.020 s ( 0.029 s)
V-dry = 276.1 m3  P-arb = 101.3 kPa I-so = 0.302 kPa-s ( 0.00 k'",
L-dvn = 2).00 m T-amb = 288.2 K Q-s = 2.733 kPa
L-rwe = 0.000 m T4/TI " = 1.O [-dyn = 0.017 kPa-s ( 0.000 k'11

PRESSURE-TIME HISTORY

(j-

Cn•

r12 .

E -

110

-

o.no 0.01 o'.o o. o
- TIME, s

HFigure 90. Detail study, pressure versus time at 0 meters
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8h: BRL8 P-so . i>
L-ref = 40.00 m X-sta = 2.000 m t-a I1 : ,
L-drv = 10.00 m P-drv = 7.000 atm PPD = 0J -
V-dry = Z76. I n3  P-amb = 101.3 kPa 1-o 0 -21'1 i, - ,
L-dvn = 20.00 m T-amb = 288.2 K Q-s . .;
L-rwe = 0.000 mn T4/TI = 1.000 1-dyr r 0 . I>'

PRESSURE-TIME HISTORY

0i

C.)

z
ODL)

E_

I - - - - - -I

0 w

TIME, s

3Figure 91. Detail study, pressure versus time at '2 rt-ers
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8h: BRL8 P-so = 25.56 kPa ( 3.706 psil
L-ref = 40.00 m X-sta = 4.00 m t-a = 24.17 ms
L-drv = 10.)00 m P-dry = 7.000 atm PPD = 0.009 s ( 0.015 s)
V-drv = Z76.1 m' P-amb = 101.3 kPa I-so = 0.150 kPa-s (0.000 k1)
L-dvn = 20.00 m T-amb = 298.2 K Q-s = 2.23 kPa
L-rwe = 0. 000 m T4/TI = 1.000 1-dyn = 0,009 kPa-s ( 0.00 kT)

PRESSURE-TIME HISTORY

(5o

rz

010

-rjr

(/2 I - - . . . .

T[ME, s

~Figure 92. Detall study, pressure versus time at 4 meters
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: =8h: BRL8 P-so -f . -.
L-ref = 40.00 m X-sta = 4.000 m t-a , ! i:

L-drv = 10.00 m P-dry = 7.000 atm PPD UAlW 7
V-drv = Z76.1 m 3  P-arab = 101.3 kPa I--in - " -
L-dvn = 20,00 in T-ainb = 288.2 K Q-s ,
L-rwe = 0.000 m T4/TI- = 1.(0 1-dyn -- tUt ."

PRESSURE- TIME HIS TO/.10

8-

12

cc-

c C

C

0.7 b.M OE 0Tom 0(241 0(24 0)O( Q IA

TIME, s

Figure 93. Detail study, pressure versus magnlfied ti
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04 0J U -UU

-,' A W 0

o -' U - &

U -
CU .- Q- 0 4-1
S-Q C U CL )

(0 = (V 0U t L

S. (A1 LA S-U CL

20

15 \

10 ,

~5
E

0//

4-48

POSITION [meters]

Figure 94. Detail study, characteristics plot
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SHOCK TUBE WITH CONICAL DRIVER AM) 'O2 IU
CASE: = 8s: BRL8 P-s,
L-ref = 140.0 m X-sta = 97.50 m t b
L-drv = 20.00 m P-dry = 7. 000 atrm p 0 -
V-drv = 58.2 m P-arb 101.13 kPa i,
I -,'. - 110.0 rr. T-arnb 288.2 K Q ,
L-rwe = 0.000 m T4/TI 1.040 I -dy'ri (I flit;

PRESSURE-TIME IV!STWOI

0m

r

C)
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Figure 95. Pressure versus time, case 8, 2Oms oTri o
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8t: BRL8 P-so = 12.98 kPa ( 1.882 p i
L-ref = 140.0 m X-sta 97.50 m t-a = 290.6 ms
L-drv = 3000 m P---dry = 7.000 atm PPD = 0.G36 s ( ).Xii' l )
V-dry = 508.2 m 3  P-armb = 101.3 kPa I-so = 0.362 kPa s ( 0.()4 kT)
L-dvn = 110.0 m T-arb = 288.2 K Q-s = 0.53 kPa
L-rwe = 0.00 m T4/TI = 1.040 1-dyn = 0.018 kPa--s (0 .014 kT)

PRESSURE-TIME HISTORY

0.2 0 -.29 .. 3.0.1..

10

c2 r

,, N

J)

n. . . . . . . . . - - . .

'-.
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 8r: BRL8 P-so = 10.31 kPa ( i.45 sp,

L-ref n 140.0 m X-sta - 7.T m t-a 24 6 ms
L-drv 2 0.00 m P-dry = 7.000 atm PPD = 0,07 s ( 0.212
V-dry = 58.2 m 3  P-arab = 101.3 kPa I-so = 0.915 kPa-s ( 0.(W k 
L-dvn = 110.0 rn T-ainb - 288.2 K Q-s = 0.3B9 kPa
L-rwe = 0.000 m T4/TI = 1.040 I-dyn = 0.045 kPa-s ( 0.725 k,-I)

PRESSURE- TIME HISTORY

-.J-

CD

C3)
cc.,

-n

z

0.29 0.30 0.31 0.32 0.33 0.34 0 35 0.36 0

TIME, s

Figure 97. Pressure versus time, case 8, 50ms opening time
3
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: =91: BRL9 P-so = 6.508 kPa 0.%lI p i,
L-ref = 140.0 m X-sta = 7.50 m t-a = 291.0 ms
L-drv 20.00 m P-dry = 8.90 atm PPD = 0.036 s ( 0.061
V-dry = 491.4 m P-amb = 101.3 kPa I-so = 0.175 kPa -s ( 0.(1L
L-dvn = 110.0 m T-amb = 2B.2 K Q-s = 0.300 kPa
L-rwe = 0.00 m T4/TI = 1.040 I-dyn = 0.(W kPa--s ( 0LI, kT)

PRESSURE-TIME HISTORY

0

a,

U,,

a,

-" - -. . ..- -. . ..- -. ..-- - - - - - - -- -.. . . . . . - - . . . . . . . . . . . . . . . ..- - - - - -

oU0.8 0.2 o.3o 0o.31 0.32 0 33
TIME, s

Figure 98. Pressure versus time, case 9, zero opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 9s: BRL9 P-so = 4.(3a4 k Pa
L-ref - 140.0 M X-sta = 97.0 M t-a = 9 3 ri

L-drv = 20O00 M P-dry = 8.9W0 atm PPD = 00 -oc
V-dry = 4GO.4 m 3  P-arnb = 101.3 kPa I-so =0 .0k ,P -,

L-dvn = 110.0 rn T-arb = 2.2 K Q-s = 0.() LPa

L-rwe = 0.000 m T4/TI = 1.040 I-dyn =0tXI;I' () 0 0.

PRESSURE- TIME HIS TO R Y

---

z

0.25 0.30 0 .35

TIME, a

Figure 99. Pressure versus time, case 9, 20ms opening time
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SHOCK TUBE WITH CONICAL DRIVER AND NOZZLE
CASE: = 9r: BRL9 P-so = 5.02 kPa -.'8 p1i)
L -ref = 140.0 rn X -sta = W.-50 in t-a = 297.6 ms
l,-drv - .00 rn P -dry = 8.900 atm PPD = 0.029 s (.0,X2
V--dry 490.4 n 3  P-armb = 101.3 kPa [-so = 0.140 kPa -s (.M ! (T
L-dvn 110.0 m T-amb = 288.2 K Q-s = 0.300 kPa
L-rwe =0.(Mi m T4/TI = 1.040 1-dyn = 0 002 kPa-s 0 W(X3 k'!

PRLESASURE-TIME HISTORY

0

7)
11

2

- 0- - - - - - - - - - - - - - - - - - -

<f

TIME, s

2 Figure 100. Pressure versus time, case 9, 30ms opening time
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Figure 101. Pressure step versus valve opening time,

cases 1, 2, and 3
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Figure 102. Pressure step versus valve opening time,

cases 4, 5, and 6
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Figure 103. Pressure step versus valve opening time,

cases 7, 8, and 9
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Figure 104. Maximum allowable valve opening time versus
driver pressure ratio
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Figure 105. Driver temperature ratio versus driver pressure ratio
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