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1., INTRODUOTION

Technology advances in nuclear-hardened military
systems have introduced requirements for airblast testing of
components and systems to very high overpressure levels,
Measurement and interpretation of high overpresssure data
gathered on large high explosive tests conducted by DNA con-
tinues to pose technical probdlems; particularly troudlesoume
1s the fact that individual blast overpressure measurements
have varied by as much as a factor of two when different
gages and recording systems are used., As the cost per data
channel continues to inocrease, 1t has decome highly desire-
able to provide a unifora standard of field calidration at
high overpressure levels to assure proper functionriag of
gages and recording systems immediately prior toc a test,

No field portabdle calibration system now exists capabdle
of testing fast-response bdlast gages in the 1000 to 10,000
psi overpressure range. Quasi-static (rise time of several
milliscconds ) calibration techniques are in coxmon use at
lower overpressures (Reference 1), and in some cases these
techniques could be extended to hizh overpregssures, However,
since the risetime tc peak pressure in actual measuresents
is on tas order of microseconds, there is serious doudt ag
to the sdequacy of quasi-static techniques for field call-
bration purposes.

The purpose of the present program was to reviev the




entire smotrus of pressure gagze calidration system concepts,
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and to reocommend a calibration systes for DNA field use at
blast overpressures from 100 to 10,000 psi. The first part

of the study involved the determination of reasonadle perfor-

mance specifications and operational requirements acceptadle
to the user community; the resainder of the program concen-
trated on technical innovations and engineering design to

. meet these specifications,
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2. DESIGN CRITERIA

Design criteria for the high pressure field calibdbrator
systen were developed only after considerable debate with i

DNA and the user community. It was at first envisioned that ]

the calibdrator would directly simulate aspects of the

environment Xnown to affect gages at high overpressures,
namely high temperatures and high dynamic pressures, Although
it 1s possible to generate the desired environments with a

number of high energy simulation concepts, their complexity, !
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size, and cost are entirely unsuited for field calidration

PR

purposes. Conflict between an ideal laboratory environment

simulator and a practical cost-effective dynamic calibrator
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‘ for fleld use was decided by DNA in favor of the latter for
% the present design study.
3' Performance and operational system desipgn criteria were
established Jolintly with DNA, The performance criteria are:
E‘ 1. Overpressure range 100 - 10,000 psi. :
2. Rereatable within 3¢, %
3. Pressure pulse of sufficient duration %o allow %
for gage equilibdration. %
4, Pulse will have a fast-rising leadinz edge, :
% The fourth requirement is tentative, depending on systes
frequency response and shether peak overpressurc .r ispulse
. is %O bde detersined.
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Operational systeam criteria are as follows:
1, Safe for neardy personnel and equipment, with no
personnel evacuaticn during a test,
2. Truck portadle.
| 3. Inexpensive to operate,
1 | 4, Rapid turnaround capadility.
5. No possibility of damaging gage dufing test,
6. Prefersdle to avoid explosives, propellant, or
combustidble gases.
Prequency response of the neasurement system affects to
some extent calidbrator design. To analyze these effects the

measuregent system was modeled by a low-pass RC filter, and

A g B ot o
S e

response to a Brode pressure profile (Reference 2) was

g AP I

directly computed. Details of these calculations will bde
found in Appendix A.

(T,

Alr blast data on field teste are usually recorded on
oscllloscopes or tape decks. With modern widebdand oscillo-
scopes there ie negligibdle error in recording peak pressure
' or impulse provided the gage, transsission line, and scope
é have & bdandwidth of 300 kiiz or more. This dandwidth s
easily surpassed by most oscilloscopes, and approximately

equaled by typical high pressure quartz plezoelectric gases.

The transmission line is assumed to aave aegligidle attenu-
ation at this frequency. Ry direct caloulation (Appendix A)
a systew bandwidth of 300 kE:s (<3 dB point) results in s

peak overpressuve seasuresent error of 1.2€ with a 10,000 psi
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shock at 1 kiloton yield. This error is less than the
standard 3% error for oscilloscopes, The error is « ven less
at longer pulse durations associated with lower overpressures
or larger yields.

The situation with a tape deck is quite different,
Typical deck bandwidths are 20 kHz, and are the limits .
factor in system responce when quartz gages are use’.
Assuming a -3 dB point of 20 kHz, the same 10,0C* psi shock
from & 1 kT source will have a measured peak ov:rpressure of
9016 psi, or a 9.8% error. However, as is noted in Appendix
A, lmpulse measurements are unaffected by the frequency roll-
oft of a low-pass filter, and accurate impulse data may bdbe
obtained sven when peaks are severely degraded. The actual
frequency response characteristics of gage plus recording
system may be more complex than an RC low-pass filter, bdut
it is probadle that impulse measurements wiil be insensitive
to bandwidth,

If peak overpressure and edrly pressure-time history
are to he measursd sccurately, 1t is lmportant to majintain
& sharp leading edge on the caiibration pulss to simulate
more closely conditions in a fileld test. 1If only lmpuls?
measurcments are to be recorded, the acceptadle recording
bapdwidth is much lower, and the corresponding pulse rise-
tize may be such slower., Yor a general purpose calldrator,
the more conservative approach ig o re uire a sharp leading

edge in the calibrator pressurs pulse.

9
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Required risetime of the calibrator pulse may be esti-
mated from the response of a low-pass filter to a step
function (Appendix A), With & -3 4B frequency of 20 kHg,
the 10 - 90% risetime at the output is 247u sec; 1f the
system bandwidth is 30C kHz, the risetime drops to 1.?/1 sec.
To be useful, therefore, the calibrator risetime must be on
the crder of l/u sec or less, which lmplies a shock wave
pressure pulse in the calibdbrator.

Pulse duration is an important design consideration,
rarticularly when a shock wave 1s used to generate the
pressure pulse, as 1t directly affects the size of the cali-
brator. The critical element is the settling time of the
gage being measured, Acoustic or mechanical oscillations in
a gage cause ringing, and most experimenters have had the
unfortunate experience of seeing blast wave records partially
or completely obscured by ringing. Typical time scales to
damp out ringing can be as short as a few microseconds for
well-designed quartz plezoelectric gages, or as long as 2
milliseconds for low pressure gages, The important point
with ringing is that high pressure blast wave measurements
should use gages which settle reasonadbly quickly, or a sig-
nificant fraction of the profile will be lost.

The allowable time scale for settling can be derived
from Mgure 1, which shows 1,000 and 10,000 psi blast waves
from 20 ton and 1 kiloton charges. It 1s reasonable to

10
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demand that a gage should settle within the time the pressure
pulse drops to 90% of the incident shock overpressure, At
D 10,000 psi the times are 10 sec and 30 sec for the 20 ton
and 1 kiloton blasts; at 1000 psil the times increase to 50
M sec and 199;( sec. Gages whlch settle within these times
can use & fairly brief callbration pulse, perh.ps 509/(880
duration. A calibrator designed for a sogu gec pulse obvi-
ously will be useless with a gage having a 2 millisecond
settling time. Deslign modifications to convert a short
duration high-pressure calibrator into a2 long duration low-

pressure calibrator will be discussed later.
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3. DESIGN STUDY PFOR :IIGH PRESSURE (ALIBRATOR

6 T AT A AL RTINS

A wide range of techniques for pressure testing an air
blast gage were considered during this program. Performance
data on all system concepts are presented, even though some

methods do not meet the criteria for a field portable system,

In this way the data is available for reevaluation when the

need arises for different performance or systam requirements. %

The pressurization techniques have been split into three

general classes: standard shock tubes, inverted shock tubes,

g e e ! RER e o K .
. " ; " S T b T T iy, Az il .
[ . 40 i O TO o AR s it gl N T P S
O e kI o ks ol TN L ik R S Sl e
5 A T T T TR M % T B

and <hockless systems. The standard shoock tube, consisting

cf a high pressure driver and a low pressure driven section,

TEG AT
%

§ i8 wull known and needs no further intreduction, The

g

inverted shock tuhe 1s a novel configuration which was
developed for this application; the high pressure shock tubde

driver 1: erpanded and shortened to form a ressrvolr, and the

at

driven tube 1s folded dbagk into the high pressure section.

o

L S A
?

The inverted shock tube is sors compact than the usual shock
% tabe, although tne principles of operation remain the same,
t 4 dctailed discussion of the inverted desigp, with figures,
18 giver iater,
The finel category of syctews are called shook free
because they do not have a well-formed, planar shock wave
at the gige face. A typlcal systea would be a large reservolir

separated by a diaphrags frow & gaga housed in a small recess.

13
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The diaphragm ruptures to pressurize the gage, but the run-
ir to the face is too short for a strong shock to form. The
pressurization is best desorided as an acoustic mass flow
into the recess. Note that weak, nonplanar shocks may be
present here, so the term shock free is only relatively
gsorrect,

Performance data on each class of systems are presented
in the following subsections. It is not possidble to include
81l details of the performance calculations, so the emphasis
hare is on the assumptions for the calculations, the limita-

tiocns on performance, and sope representative test times.

3.1 Standard Shock Tubde Systems

The design and operation of conventional shoock tube
systens is a well-developed field, so a detalled description
of shock tube principles will not be given here., The gas-~
dynamic wave system in a constant area shock tube is
described in Reference 3. Reference 4 is a general reference
vork on shook tudes. It contains dasic theory plus design
charts for a wide variety of shock tude systems.

Tadle 1 presents perforsance data for the shock tubde
systems apalyzed during this study. The first four colusns
shov the driver and driven tude condition, area ratio detween
driver and driven tube, and the maxisum reflected pressure
with a 10,000 psi limitation in the driver and a 150 pel
1isit in the driven tude. Thise upper limits vere chosen

14
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to keep the system weight down for portability.

The remainder of the table shows performance at a
speciflic design polnt. Shock pressure and temperature
behind the incident and reflected waves are indicated, along
with test times, The test times were calculated for a 100
cm long driver and a 300 cm loag driven tube. The test
station for the incident wave is 200 ¢m downstream from the
diaphragm., The test times in the table are uncorrected for
non-ideal effects,

The performance of the constant area, compressed gas
tubes is described in detail in Reference 4, Design charts
from Reference 4 give P4y vs. Py, or the ratio of reservoir
to ambient driven pressure versus the pressure ratio aoross
the incldent shock. Real alr tables (Reference 5) or
reflected shock tables from Reference 4 were used to compute
reflected shock pressure.

The performance of compressed gas tubes with an area
oontraction was calculated from first principles. The wave
system in the tube has an unsteady expansion propagating
back into the driver followed by a steady expansion to a
Mach puaber of 1 at the throat, the entrance to the driven
tudbe. In the driven section there 1s a further unsteady
wave system to equilidrate to a point on & shock Hugoniot.
Calculations assused a gas with constant iseatropie exponent,

The area contraction of 4 was chosen because the

relative sizes of driver and driven sections are still

16
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reascnable, and beocsuse a much larger area contraction does

not significantly improve performance., Additional caloula-
tions with an area contraction of 20 inoreased the maximus

reflected pressures by at most 20%.

Design of a combustion driven shock tube used the design

charts in Reference 4, fThe driver mixture was an oxygen-

5 2
S

hydrogen-helium combinatior with 79% helium. This particular

Yy
b

mixture vas chosen for intermediate performance among all the

o T Garont L Fe WP el v ]I A g L Aoy T s B Rzt
st bl QR | SRR PR R R kS

R o e g B R N R AV

&
g comdbustible gas combinitions 1isted. %

g The 10,000 psl reflected pressure point in Tadble 1 can %

v be designed directly from charts for combustion drivers in %

: o Reference 4, The low pressure, 1000 psi point cannot be %

; designed from the charts and has been caloculated from the %

g ideal shock tube equation relating P,y and P derived in %

; Reference 3. The value of 7 was 1.4, %

; The performance of a propellant driven shock tubde was E

| g also cslculated with the 1deal shock tube equation. The f
-§ % propellant energy was 2 Megajoules per pound, which is a %
i i typical value for most propellants or explosives, The isen- é
% tropic exponent of the combusted and expanded gaseous %

é products was taken as 1.4, Any errors resulting froe vari- :
ations in the exponent should de small. The amount of pro- §

pellant required for the high perforsance state is small --

less than 1 pound for & 10 cm inner diameter by 100 cm long

driver.

17
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The final system considered was an electric arc dis-
charge shock tube. No performance data is given for this
driver in Table 1 because the capscitor bank required to
achieve even a 1000 psl reflected shock 1s quite large and
unportable, For example, with 20 atmospheres of hellum =
the driver, as is suggested in Reference 6, and assuming the
energy transfer is 20% efficient (Reference &), a 120 kilo-
joule capacitor bank 1s required for a 1000 psi reflected
shock. This power supply requirement is probably optomistic
because it is difficult to achleve a 20% efficiency in the
arc discharge. The large size of the power supply combdined
with the existance of alternate methods to achlieve the same
performance made this approach impractical and further per-
formance calculations were nnt performed.

Table 1 shows that none of the air/air systems can
achieva &8 10,000 psi reflected state with the constraints
of less than 10,000 psi in the reservoir and 10 atmospheres

in the driven tube. A helium/alr system can achieve the
required performsance, with 10 atmospheres in the driven
section. The tradeoff dutween helium versus air in the

driver is that test times are sharply reduced along with

increased performsance and ccaplexity for a helium system.
1¢ the performance criteris were reduced tc a peak reflested
pressure of 3000 psi, then au air/air systes vould bde

gttractive,
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The combustion and propellant driven tubes can easily
achieve the high pressure states, but test times are extremely
short. In addition, the detonadble gases or propellant are
undesirable in the field from a safety viewpoint,

Pinally, the shook tube systems are rather long -~ 12
feet -- to achieve the test times in Tadble 1. Although the
tube can be scaled up or down, with corresponding changes in
test times, the general configuration of a conventional shock
tube is not optimal for a portadle system. An alternate
shock tube configuration, more appropriate for a field port-

able system, is discussed bdelow,

5.2 Inverted Shock Tubes

The inverted shock tudbe consists of a lerge, high
pressure reservoir and a small dlameter, low pressure driven
tube, separated by a diaphragm, Plgure 2 ghows this design,
vhich operates as a shock tube with a large area contraction
batween the driver and driven section. The driven tubdbe has
been folded bdback into the reservoir for compactness, hence
the tern inverted shock tudbe, The presecure gage is placed
at the end of the driven tube, where it responds to a normally
reflected shock wave.

Design calculations for the inverted tube must de per-
forsed from first principles. The wave system is sisilar
to the gesdynamsics of s standard shock tude with an area
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Figure 2. Conventional and inverted shock tubes.
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contraction. Jor simplicity, the ares ratio bvetween reser-
voir and driven tude is assumed infinite, so the unsteady

expansion propagating back into the reservoir has zero

strength and is ignored. The gasdynamic process then decomes

& steady expansion to Mach number 1 at the driven tubde
entrance followed by an unsteady expansion to equilibdrate :

O T

to a point on the shook Hugoniot., Mgure 3a shows this wave

systen,
The gasdynamic process can be modified by adjusting one,
or possidly two free parameters in the inverted system. The

first parameter is the ratio of reservolr to driven pressure,

% which is always awiiladble., A second parameter can be created v

§ by placing a throat in the driven tube, so the area ratio of

A O R

the throat to driven tubde is variadle, If the throat is
included the steady wave system expands the gas to a Mach

sl

number grester than 1 before the unsteady expansion degins,
Ad justing the gasdynamic process with these twe para-
meters can produce a system with longer test tipes or a more
convenient mode of operation. Typical conditions which can ;
be satisfied are:

1. Xliminate the unsteady rerefaction at the
entrancs to the driven tude;

P T T

2. Matoh states at the contact suvface so ths

CH R LG,

refieoted shook does not 1h€nrnet with the

SRlar g,

. interface; and 1
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3. Specify that the initial reflected pressurs

equals the reservoir pressure,
The first two conditions will tend to increass tesv time
while the last condition will simplify operation of the
inverted shock tube, Pigures 3b and 3c show the effect on
the vave system of condition 1 and conditions 1 and 2
together,

If the second condition is not satisfied, the wave
systen raflected from the contact surface will arrive bdback
at the gage face aad significantly alter the magnitude of the
reflected pressure from the incident shock. Murther reflec-
tions will occur as the wave g) sten travels between the con-
tact surface and gage face, giving the leading edge of the
pressure pulse a stair-step structure,

Many design options were investigated for the inverted
tuke. These are listed in Tadle 2, including the reservoir
acd driven tudbe gas and the spsclial conditions imposed on
the opereational wmode. Note that it 1s impossidle to design
4  alr/air systes which is matched at the contact surface,
if both reservolir and driven tube gages are at the same
tesperature.

Pive inverted systens vere sclected for sore detalled
design calculations. The results of these caloculations are
found iz Tabdle 3. The eztries in *khis tadle include the

reservolir and driven tude gases, the operating mode, the

23

B G e e e s a a h  E U R

/Y

B B T e

v S AR MR S ss

.
1




TRy N RS A A St A0 A i, e AL RS R 4 T ameT AR AR e T

vt IR, v ey an T e Y s e

Table 2. Design options investigated with the inverted
shock tube.

Resgerveir/Driven Gas Operating Mode
Alr/Air ' Unsteady wave system eliminated
Helium/Air Unsteady wave system eliminated
. Helium/Helium Unsteady wave system eliminated
'ﬁ? Alr/Air Reservoir pressure = reflected pressure
; Helium/Air Reservolr pressure = reflected pressure
% Alr/Adr Reservolr pressure = reflected pressure

and unsteady wave system eliminated

"

ey

by,

0 T e
e R R L e

{1

Helium/Air Matohed at contact surface

S

7

Helium/Alr Matched at contact surface and
unsteady wave system eliminated

£
Gglang

ey

{374, Deste

Alr/Alr Matched at contact surface - IMPOSSIBLE

a

S 43 oo Lozt
LTI,

y

g h)
A<
I




F et

IS LIRS, R W

RS

*Teapl samiy 1897 :

*aqN) UIALID PUB IT0AI38RX
TIIMI Y OIIWL mAZW 9ITUTFUT 4

*BuoeY 42 Ny wIAIIL T SIION

Joejing
I9BIWOEO 38 pIydlew
] - .-- oov*1l 000 8571 9°65 W't ‘easa Apvaysun of I1Y/INTT9H s
14 wy
w « . mh = Qm o~
E - 062 0151 005% 0001 1 AL ¢ el 't ‘sama Lpeajsun og E31 FES4 L
E 008°1 092 e85t 09y 000° 1 1 9 51 1 S = ¥ ITv/3TY <
WA : ovl ceL csl coo’l g§y°2 9°92 1 saen Afpewaisun oy 23V /aMI IR 2
m ooL*T 00s 0521 ot 0001 152 2 ¢ §6°S 1 saen LprI3sSuUn of 217/33Y 1
A ﬂunmu Nu.u uvu (ted]} (o387 {18d) saInssaig L£7 udm 3 /%4 LS FAS 7 JPOR s%5 UIATI] “oX
2 RS 3 ] X X¢ gotavsry TOTIJNTINE wotreany P10 9¥ FugazIado /310A2989Y IsED
2 Teutd Puodeg 1813191

*sapoul 3urjzeaado aqni }HO0YS PIlIdSAUT SATJ uo eiEp udISIp poIIeI’xd "€ °219eL

€ v - -

8 ot A R A BN

N w ler, Sl T, fendara R

SN A S N CIE NG I 2 5 B




S R LT e PR T T o ST I BN AT T Mty

.

AR o s ahinZatillt WrE e

iR o Do,
z G,

‘
aEspan s

area ratio of driven tude to throat, and the ratio of ressr- .

voir pressure (P@) to driven tudbe pressure (Pl). These two

ratios remain constant to maintain the desired operating
mode, independent of the magnitude of the reflected pressure.
The pressure ratio of the initial reflected pressure (Ps) to
the reservolr pressure is also given.

The remainder of the table shows initiel pulse durations
for a driven tube 24-inches long with an initial reflected
pressure of 1000 psi. The second pressure step generated by
reflection off the contact surface and its duration are also
listed in Tabdble 3. The test times in tha table are ideal, so
contact surface spreading and other non-ideal effects may
reduce the times by as much as S0%.

Por the air/air systems, the second pressure jump can
increasse the initial gage pressure by more than 50%4. With
the helium/air system which is wismatched at the contact
surface, the gage pressure decreases because a rarefaction,

rather than a shock, reviects off the contact surface,

If e system is unmatched at the contact surface, the
sequence of pressure Jjumps decreases in amplitude to form a
broad, approximately constant pressure pulse at the gage

face. The dagnitude of the constant pulse, which will not

equal the initial reflected pressure,is shown in the last
colunn of Table 3 for two ocases. The value for system #3

comes from hydrodynamic code caloulations, while the final
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pressure for system #1 was caloulated by hand. A pressure-
time history and wave dliagram for the first system are pre-
sented in PMgures 4 and 5. The dashed line in Mgure &
represents ideal behavior, and the pressure plateau will not
be absolutely constant., Pollowing the constant pul,e, the
pressure at the end wall oscillates or rings in a manner
sipilar to an organ pipe, Viscous effects will eventually
damp out the ringing.

The form of the pressure pulse creates two options for
calibdbrating pressure gages. Systems with a frequency
response high enough to follow the individual stair-steps
can use the steps as multiple calibration points., Low
frequency response systems will smooth out the atructure of
the pulse's leading edge so the bdbroad, constart pressure
portion of the pulse can be used to calidrate a gage. Which
mode of calibration will de most effective will depend on
the chosen gage and recording system and is difficult to
specify in advance.

System #5, which is matched with no unsteady wave system
or raeflections off the contact surface, produces a very long
test time (1.4 milliseconds) at 1000 psi. This is almost a
factor of two greater than the best, unmatched system.
Unfortunately this matching cannot be ashieved without the
additional ocomplexity of a dual gas system, or heating the

reservoir gas.

27

o il o STy el

b
3
5
25‘

A F e e Tl TR o 212 s PO

JE—Y



.ovoﬁ vmuummmu& m:uaﬂmnﬁumuumouﬁ_uxuoaa
P@113Auy ¢ 103 9oey aded 9yl 3w A1038FY IWII-d2angsaxg ‘- Iandiy

($SONOCOFSINIMN ) F041L

; VA 95 5 2 £ é ]
' R T T ' 8 Y T -
!
o _ 4 co
]
. A
“ -4 oot
: N ]
4 Vd N
E ’ N 13
i ! ! N\ 2 757 ™ o
: m 7 \ Nw o~
{ ’ \ ) M
| \ ~
m \ 4 oo« ~
5.
2 { \ W
i \ | >
: 3
-4 \ R
4 \ 1998
W \
- \ ]
7 \
.. \ {00
\
\ 4
G i [}
i . e - Ho0is




o T s e e s

FEm At

T T Ty

felor i o A R e o il e e S g

Ll do ot £ 82 04 £ 4.2 84880 £ 4 2414 d A L gL Ll 4o s it d L L2242 212221

\

COMNTRCT SURF.
RAREFACTION

— - ——

5.0}
40} 7
30}
2.0

.o

(SON0IIS 1T ) F4vis

v +

et 2 cn TSl M AT ety Sovnedigi 50 LSBT e e Ko o 0 BN AP Ry Bnias tpirt ¢ Pl e S

PR

60

50

OISTANCE (cM)

Wave diagram for an inverted shock tube -perating

in the preferred mode.

Figure §S.

29

» -




Among the five systems listed in Tudle 3, the first
air/air configuration seems most appropriate for field use.
Designs with & helium filled reservolr require carrying
additional gas bottles at inorease: cost, The two air/air
designs which matoh refl«oted and reservoir pressure will de
heavier than the first system, bdecause the chamber must be
designed for the full reflected pressure, With syster #1,
the chamber can bde designed to 70% of the reflected pressure.
Further design details will bdbe given for the first system in

a later seoction,

3.3 Shockless Systems

The final category of calidhration systems do not have -
a well-formed, planar shoock wave incident upon the face of
a pressure gage, Two typical designs which fall within this
classification will be discussed here. Both designs are
distinguished by the difficulty of calculating the exact
shape of the pressure pulse at the gage face cnd only rise-
time estimates will be made in this section.

The first shockless system is a reservoir with a small
recess. A diaphrags separates the recess froam the main
chamnder apd a pressure gage is located at the bottom of the
recess, The calibdration pulse s produced vhen the diaphragn
breaks and gas flows into the recess. The depth of the
recess is groat enough for the diaphragas to petal open
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smoothly without striking the gage, dbut too short for a

strong shock to coslesce, A typical depth is two to four

recess diameters.
The risetime of the pressure pulse at the gage depends
on the opening of the dlaphragm and on the subsequent flow

of gas into the recess., The opening time can be estimated

from a atrengthless analysis, caloculating the time required
for the diaphragm material to move a specified distance with

a given pressure differential, PFor example, a 1 ocm diameter

recess with a 1000 psi differential needs an aluminum disa-
phragm ,022-0n thick or a steel diaphragm .004-cm thick

(Reference 4), If the diaphragm moves 1 cm to open, then

the opening times are AQ/4sec with aluminum and 39/1 sec with
steel.

The flow of gas into the recess can be estimated from
a steady state analysis, Assuming sonlc velocity at the

entrance to the recess, the time to fill the recess to the

same density as the reservoir gas is given by:

re
_srer NEED 2
8¢ = ( 2 ) q,

The quantity / 18 the isentropic exponent, /¢ the depth of

the reservoir sound speed, If the

the recess, apnd a,
recess is 2 cm deep, an air or heliurm filled reservoir takes
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100 « sec or 35u sec, respectively, to fill the recess,

Combining both estimates, the probadle pulse risetime
is on the order of 100 - 200 « sec for a l-cm diameter by 2-
cm deep recess, PFollowing the initial rise and peak there
will be ringing as the recess equilibdbrates to the reservoir
pressure, If several acoustic transits are required for the
equilibration, a total of several hundred microseconds will
elapse tefore the recess pressure equals the reservolr
pressure, Although the equillibration time 1s rather long,
this calibration system might be adequate for gages measuring
impulse, where risetime requirements are not especially
important,

The second technique for pressure testing a gage is
based an a fast acting piston. Again there is a high pres-
sure reservolir with a gage flush mounted on the inside wall.
A smpall, fast acting piston seals the gage at ambient pres-
sure. The pressure forces on the piston are balanced such
that a slight break in the gas seal will shoot the piston
backwards, avay from the wall,and allow the high pressure
gas to load the gage. This type of piston can de duilt and
has been successfully used in ligh‘ gas zuns to rapidly
pressurize a projectile for launch,

Calculation of the pressure pulse at the gage s
extremely diffiocult. The time scale can be estimated from
the motion of the viston, 4 light, 8 oz piston with 1000
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pounds of force requires 1.5 milliseconds to move 1 4inch.

This time soale is much longer than the equilibration time
for the reccssed gage with a diaphragm, and almost comparable

to the BRL low pressure calibrator. Both these facts make
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the fast acting piston unattractive for pressure gage cali-
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4, PRELIMINARY ENGINBERING DESIGR OF INVERTED SHOOK TUBE .

4,1 Selection Rationale '
Many of the techniques presented above provide credibdle
and effective means for calibrating pressure gages with high
overpressure pulses, but the specified design criteria
strongly favor the inverted shock tube concept.
The standard shock tube 1s a long, slender cylinder far
less portable than the short, compact, inverted shock tube,
Another drawback to the standard shock tubde is the difficulty
of achieving the required performance within a reasonabdle
driven tube pressure limitation (10 atm); the inverted shock
tube has a driven tube within the high pressure driver chamber, -
80 it can operave at much higher initial pressures without a
welght penalty.
The shockless system conelsting of a reservolr with a

recessed gage, activated by a diaphragm, is unsuitadle for

high pressure calibrations because it produces a slowly
rising (100/4 sec) pregsure pulse which rings for several
hundred microseconds, It is desireatle to have a sharp
leading eodge on the pressure pulse to simulate nore closely
actual blast wave loading, On the other hand the shockless
system may de 1deal for lovw frequency, lov pressure gages,
vhich in some cases take nearly 2 silliseconds to settle.
The inverted shock tude combdines the advantages of

coppactness and ressonable welght with a sharp leadiag edge
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on the pressure pulse, and closely satisfies the design
oriteria for & field portable calibrator. Among “he five
operating modes of the inverted shock tube listed in Table *
the first (#1) is the recommended system for portable appli-
cations., The two modes requiring a helium-filled reservoir
are lesys practical for field applications than an air-filled
reservoir. Of the air/air concepts the first is more prac-
tical because a 10,000 psi pressure pulse is achieved with
only 7,000 psi in the reservoir. The other two air/air
concepts (3 and 4) require 10,000 psi in the reservsir for
a 10,000 psi reflected pressure pulse in the driven tube,
laplying a neavier and more costly structure.

The pulse shape of the preferred inverted shock tubde
roncept consists of a sharp-rising initial pulse followed
by stair-stap increases to a broad, approximately constant
pressure plateau (Plgure 4). The stalr steps result frow
reflectious detween the end wall and the contact surface.
Ideal durations of the first two steps are 710 « sec and
500‘;; sec, assuming & 24-inch lonz driven tube. Duration
of the bdroad pressure plateau is estimated to de 2 milll-
seconds from a calculation of the idea)l wave system (Pigure
5). Non-ideal effects, such 8s contact surface sixing and
doundary layers, say rcduce thase ideal times dy as much as
50%, and will ssear out the stair step pulses corresponding
to reflections from the contact surface,

High-pressure, fast-response gages 3ay dbe calidrated
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by using the sharp-rising initial pulse; sudsequent levels
in the stair-step pulse may serve as additional calidration
points in the same test. Lower frequency gages unable to
follow the individual steps in the pressure pulse may de
cilibrated at the drosd pressure platesu,

An added advantage of the inverted shock tube concept is
that it is readily converted toc a shockless system ideal for
calibrating low-press:ire, low-frequency gazes. The conversion
is accomplished by having a driven tude which can be shortened
and capped with & diaphragm to create & recess.

The inverted shock tube concept, frcm several points of
view, is clearly superior to altarnate calidbration systems,
and is the recoumenied system for further design and develop-
ment, It is compact, portable, and safe to operate; it is
based on classic shock-tube design with clearly understood,
predictabdle, and reproducidle principles of operation; and
1t generates a pressure pulse capadle of calidrating a bHraead
sprectrum of pressure gages, fros high-pressure, high-

frequency gages to lowve=pressure, low-frequency gages.

4,2 DEngineering Desizn and Cost Anslysis

A prelisinary engineering design study and component
cost analysis for the recoamended calibdretor concept vas
carried out jointly with Beam Engineering, Inc. The design

satisfies all perforasance and operstional criteris of
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Ssction 2, and is capable of generating a sharp-rising
pressure puise up to 10,000 psi (with peak pressure, after
s stalr-step rise, to 13,000 psi),

Calibrator system layout is shown in Pigure 6, It
consists of a calibrator, air bottles, battery powered

. o T
oy L by d "
KL ‘,_‘yf- EASCEL R A

3 pressure intensifier, cable hoist, and control unit, all

4 § mounted on & pallet to fit into a piokup truck.

é % In field use the calibrator may be used in the truck

g %' for gages with sufficlient cable slack, or it may be 1ifted :
E g from the truck and attached to an in situ gage. The inten- ]
% § sifier equipment vas sized to pressurize the chambder to the

é % required 7,000 psi (for a 10,000 psi pulse) in 7 minutes, i
g % ) and the ocaslibrator is designed for quick turnaround ;n con- é
:g g duoting tests. It is estimated that tests could de conducted %
% ?_ every 24 minutes at waximum conditions, or 25 tests in a ;
¢ 10-hour day.
gf ! The calibrator, shown in Pigure 7, is designud to the %
;g ASNE bdoiler and pressure code, and %0 the California State é
éé Code. It is completely safe for nearhy personnel 4during E
§§ ; operation. It includes & solenold actuated diaphrags punch, §
? 80 the timing of the calibdratior pulse can be electronically §
g é controlled, The calidrator 1id has a quick-rolesse duttress %
z % thead requiring oaly a partial turn to open, allowipg the %
; ? diapbraga to e replaced repeatedly without discounecting E
é. ; ¥ the calitrator fros the gage. 2ae required ratic of clambder g

!
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pressure to driven tube pressure is maintained by a differ-
entlal pressure regulator, and a single pressure reading is
sufficlent to establish the operating point of the calibdbrator.

For chamber pressures up to 2100 psl standard air bottles
are sufficlent. This value corresponds to an initial sharp-
rising pulse amplitude of 3000 psl and a peak amplitude of
3900 psi. Higher pressures require the use of the battery-
powered hydraulic pressure intensifler consisting of a 3,7-
inch bore, 24-inch stroke air cylinder, a hydraulic power
unit, and a battery pack with gasoline engine recharger. The
maximum design chamber pressure of 7040 psi 1s achieved with
3 cylinder strokes.

An engineering cost estimate of fabrlcation and assembdbly
of the 10,000 psi calibrator system is shown in Table 4, It »
does not include one-~time engineering and development costs,
and 1t does not irclude costs assoclated with wanagement, bid
evaluation, and contract monitoring. It lncludes all direct
costs assoclated with component purchase and fabrication,
together with an estimate of general contractors overhead and
profit, and represents an engineering estimate of the total
cost of fabrication and assembly., No provislon has been
made for cost escalation, but an overall contingency allow-
ance of 15% has been applied in recognition of the unique

nature of the system, Pressure components are assumed to be

fabricated in shops certified by ASME to afix the code symbol )
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Table 4. Cost analysis of 10,000 calibrator system.

Calibrator Components

Chanmber

Lid

Punch Assembly

Trigger Assembly

Pressure regulator

Fittings, tubing

Thermocouple

Diaphragms (1000)
Subtotal

Pressure Intensifier Oomponents
Alr Cylinder
Piston
Hydraulic Cylinder & Pump System
Battery Pack
Battery COharger Englne
Subtotal
Operational Components
Mring Panel, meters, wiring
Orane Holst, monorail, 1/2 ton
Skid mount pallet
Pressure tubing, valves, fltting
Subtotal
Total Component Costs
Direct Labor
Assembly, Oallbration, and Test
Subtotal
Oontingencies @ 15%
Contractors Overheal & Profit @ 25%

Engineering Cost Estimate

41

$ 4,690
1,520
800
960
1,600
200

500

1,000

$ 3,240
180
2,600
400

$ 80
1,000
500

$10,970

$ 7,170
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for an unfired pressure vessel, and to undergo the required ¢
inspection and documentation, ;
A major portion of the callbrator cost is related to
pressure intensifying equipment required to develop 7000 psi
chamber pressure, and considerable savings may be accomplished
by restricting performance to bottle pressure levels, At
2100 psi chamber pressure the initial pressure pulse is 3000
psi. An engineering cost estimate of the 3000 psi calibrator
is shown in Table 5. Considerabdle savings are evident in the
calibrator fabricatlon because of reduced requirements, and
the pressure intensifler costs are eliminated.
In field tests a calibrated pressure gage (not shown in
Figure 7) would be installed in the driven tube side wall for
dynamic verificatlion of the callbrator pulse amplitude. Thls
pressure gage and assoclated recording instrumentation, both

standard equipment, is not included in the calibrator cost

estimates,
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» Table 5. Cost analysis of 3,000 psi calibrator.

‘ Calibrator Components $ 5,550
Operational Components 1,8%0

Direct Labor . 1,000
Subtotal $ 8,330
Contingencies @ 15% 1,250
Contractor Overhead and Profit @ 25% 2,090
Engineering Estimate 811,670
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5. OONCLUSIONS AND REOCMMENDATIONS

An inverted shock tube is the preferred concept for a
field-portable pressure gage calibrator capable of operating
in the 100 - 10,000 psi range. The recommended system meets
all the performance and operational criteria specified by
DNA and the user community.

A preliminary engineering design study indicated a
fabrication cost of approximately $32,450 for a 10,000 psi
calibrator system. Much of this cost is relsted to a pres-
sure intensifler to produce the required 7000 psl chamber
pressure. A lower performance system, able to achieve a
3,000 psi pressure pulse with standard bottle pressure in
the chamber, would cost approximately £11,670., These costs
relate only to fabrication of the unit; they do not include
one~time engineering design costs or development tests,

It 1s recommended that development tests be conducted
with an inexpensive laboratory mockup of the inverted shock
tube concept operating at bottle pressure. In this way
calibrator pressure pulses up to 3,000 psi may be obtained,
and detalls of the design can be modified to optimize cali-

brator pulse shape and to streamline operational procedures,
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APPENDIX A. RESPONSE OF A LOW PASS RC FILTER TO A BRODE
PROFILE
We will assume, as a first order approximatior, that a
pressure gage, transmission line, and recording equipment
can be modeled as a low pass RC filter. The arrangement of

components 1is shown below:

MAr -

vV, ourspyr

v INPUT

-

Figure Al. Low pass filter.

The frequency response of the filter can be character-
ized by 1~(=‘nc) , the time constant of the filter, or by
'

<

, the frequency at which the response is down by 3 4B,
Standard definitions from electrical engineering show that
T and f, are related by:

Por example, if /. 1is 20 kHz, then T 1is 8 u seoc.

With a given value of f , the response to a Brode

profile (Reference 2)

ot

=48 (/-t )(Ae r8e? + Ce‘")
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where t =%,

may be computed. The quantity A P 1s the incident shock
overpressure, D the duration of positive prase, and ¢ the
time. The parameters 4 , 8 , (C , «, 3 , aud J are given
as a function of A P,

The circuit equations for the filter are
V=(R+ é/z’dt
/ .
A E—/l dt

where Vi and U are input and output waveforms, respec-

H

tively. The equations are linear so it suffices to consider
a V; given by the first term in the profile, solve the
equations, and add twec additional terms of the same form.
Omitting the long algedbraic details of finding a solution to
the first order equations, the leadirg term for | 1is given

(]

by

(oah — x -t + 3-‘;-0/) e'“%— (oq-«n)e"m‘

(04 ~«)*

¥ = a8 (4c <)

)
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Numerical values for |/ were found for a wide range of

{. using a digital computer. A typical measured profile is

shown in Pigure A2 for a 20 kHz filter and a 10,000 psi over-
pressure shoock from &8 1 KT yield. The Brode parameters for

this wave are

A = ,0214 X = 4,985
8 = .1718 = 41,33
C = ,8068 Y = 617.6
O = ,1416

It i8 evident from Pigure A2 that a significant error
in the measured peak overpressure can exist, For the above
case, 1t equals 9.8%. The variation of the error with f,
for the same 10,000 psi shock wave is shown in Figure i3,

Another important airblast parameter is the measured
impulse, which can be evaluated directly frow the differ-

antial equation:

V, = (R*Y

t t
or /V,STV.*/V,.{?
[
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Therefore the total measured impulse equals the total impulse
of the Brode profile, independent of frequenty response and
independent of any empirical corrections to the measured pro-
file.

An alternate question is how close are the two impulses
vhen ! equals O , the duration of positive phase. In this

case

A short nuserical calculation for /, = 20 kHz shows

¢
while /% dt = 12. 5
<
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So agaln the measured and input impulses are equal at the

end of positive phase provided the bandwidth is 20 kHz or

greater,

SEERSR I e ks ) :

-~

The last resvlt can also be restated as follows: tne

impulses are equal at the end of positive phase provided V,

sk

and |, pass through zero simultaneously. figure A2 shows

4tk

thet the measured response overshoots the Brode profile,

s abar ,‘E @"x

settling down towards the profile at later times. If the

frequency response 1s high enough, the measured pulse will ;
catch up with the Brode profile at or before the duration of ?
positive phase., The numbers of the preceding paragraph show Z
that the frequency response required for the catchup is g
minimal, :

Finally, it must be remembered that the results for

measured impulse depend on the electrlical analog chosen for ;
the gage and recording system, More complex models would %

probably give different conclusions, at least in numerlecal

detall, However, 1t does seem reasonable to assume that

measured impulse is insensitive to frequency response,
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