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CRYOSYSTH-1 DOCUI1ENTATJ.ON PART I I I - ENGINEERING CALCULATIONS 
This is part III of the HBSTF Cryosystem Documentation. It contains 

the engineering calculations for the different components of the system, as well 
as information on in-process experiments which were performed during the course 
of assembly. 

This part is organized into three major sections: 
2.0 Cryopumps 
3.0 llel ium Dev-1ar 
4.0 LN2 Manifold 

Section 2 is by far the most extensive of these. It includes the stress analysis 
(2.1), thermal analvses (2.2 and 2.3), vacuum break (2.4), ~umping speed (2.5) 
and the experimental data referred to above (2.6). 

The stress analysis is ordered 11 from the top dm'ln. 11 That is,. the 
forces (under earthquake loading) on the supports, treating an array (4 modules 
on one side) as a rigid body, are first analyzed (2.1.3 and 2.1.4). These 
forces give rise to certain loads (i.e. bolting forces) betv1een those modules1 

~ which are analyzed in sec. 2.1.5. From this, the worst case is selected and 
the stresses within the worst case module are calculated (2.1.6). The balance 
of the stress analysis (2.1.7- 2. 1.9) treats other cryopu~p components. 

As an aid to the reader, the fo 11 ov-Ji ng has been done. At the 
beginning of each topic (i.e. 2.l.x) an i'ndex is included. In some cases 
subsidiary indices are included v-1ithin the body of the topic. Pagination is 
generally consecutive within the topic. (The exception is 2.2.2, convective 
circulation, in which it is consecutive within the subtopic (i.e. 2.2.2.1)). 
Each page has the subtopic number at its ~ead. Sections 1, 3, and 4, because 
of their shorter length, use consecutive pagination. 

II -,no /IIE:'\1 Oh1 
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* CRYOPUMPING SYSTEM FOR TFTR NEUTRAL BEAM INJECTORS 

Lawrence E. Valby 

Lawrence Livermore Laboratory, University of California 
Livermore, California 94550 

Summarv 

The cryocondensation pumping system for the TFTR 
neutral beam injectors is described. Topics include 
hardware design, differential pumping and beam loss, 
operational modes, and response to massive vacuum 
breaks . 

Introduction 

lu Jauuary 1977 Lawrence Livermore Laboratory 
(LLL) .md Lawrence Berkeley Laboratory (LBL) agreed 
\o:ith Princeton Plasma Physics Laboratory (PPPL) to 
design and test a prototype neutral beam injector, at 
least four of which will be installed on the Tokamak 
Fusion Test Reactor (TFTR). Descriptions of the gen
eral requirements and the total beamline design may 

be found elsewhere in these proceedings.
1 

The major features of the crvogenic system are: 

• 
• 

• 
• 
• • 

? 2 
Active pumping area 29.5 m~, gross area 34.2 m . 

l'umping Speed for o
2 

at 4.5 K: 2.5 

·. 10 3 m3 • s -l 

Net 120 keV 0° loss owing to background pres-

sure of ·1.64% (/ Pd( J x 10- 5 torr • m). 
Cryucondensation pumps, 8 modules (5450 kg) . 

0. 75m
3 

liquid helium dewar (900 kg). 
LN

2 
distribution manifold (450 kg) . 

• Operation at 3.8 K or 4.5 K. 
• Helium heat load: 45 W. 
• LN

2 
heat load: 4700 W. 

Hardware Design 

We have maintained a close cooperation with PPPL 
personnel throughout the design of the prototyp~ beam
line. Space limitations on the TFTR facility dictated 
the requirement for a rectangular vacuum vessel. Pre
liminary estimates of required pumping area then es
tablished the approximate length and height required. 
It was essential that cryopumping only be performed 
"n the vertical surfaces to pre;vent potential flow 
instabilities and cryopump dryout associated with hor
Lzontal panels. 

Other important considerations in the preliminary 
design were the requirement for making repairs with 
remote handling equipment (because of the expected 
TFTR radiation environment), ease and repetitiveness 
of fabrication for the large number of units involved, 
and compatibility with the PPPL cryogen supply sys
tems. 

We have achieved these goals in the final design. 
The cryosystem consists of an array (Fig. 1) of 8 mod
uLH cryopumps (Fig. 2), as well as a liquid helium 
storage dewar, and a liquid nitrogen distribution man
ifold. (Fig. 3) 

* 

Helium 
return 

manifold 

3.58 m 

Each helium panel vents--. 
to air through burst disc 1 

l 

:, / 

I . X.:: 
'7 l><-•../:j '-. ..._ 

'--Helium 
supply 
manifold 

Left hand side shown, 
right hand is mirror image 

Fig. 1. Cryopump array. 

Fig. 2. Cryopump module. 

This w"rk was per formed unde;r the auspices of the U.S. Energy Research and Development Ad minis tr at ion, under 
contract No. W-7405-Eng-48. 
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LN 2 supply 

and GN 2 
return 

i 
l . 

Nitrogen feed and 
return. to individual 
modules· 

Fig. 3. Cryogen storage system. 

Cryopump Array and Modules 

A ~ryop~mp array consists of four nearly identi
cal modular units bolted together, one such array on 
each side of the vacuum chamber. They are suspended 
from the roof and are also fastened to each other to 
prevent lateral motion. There _is approximately 7. Scm 
clearance to the inside wall of the vacuum vessel all 
'-'round. 

Four tension and compression rods of ti-6Al-4V 
alloy suspend each cryopump array. They are care
fully arranged to self-compensate for the large cool
down contraction (approximately l. 3 em) of the length 
of the array and also to prevent the array from end
to-end swin~ing. The rods t,,gether wi-th the trusses 
at each end of the array eliminate excessive motion 
of the cryopumps, thereby preventing damage to plumb
ing fittings, etc., during handling operations. The 
array is controlled in position at all times, and 
will accept loadings of approximately 1.4 g in all 
directions, more than the requirement for earthquake 
loading at LBL (0. 7 g). 

The individual modules consist of a welded stain
Jess st~el framework, with conduction-cooled blackened 
copper chevrons (120°- included-angle) facing the inte
rior u( the vacuum vessel. At least one end of each 
chevron is brazed to a cooling manifold of re~tangular 
stainless steel tubing. A quilted stainles·s steel 
p:mel behind the chevrons (formed by spot-welding two 
sheets together in a regular pattern and hydrostati
cally inflating its interior) serves as the cryocon
densln~ surface. Liquid helium at 4.5 ~ (3.8 K for 
H

2 
operation) wets the interior of this panel. This 

technique allows high cross-flow capability, and has 
been used successfully on many recent projects at LLL/ 
LBL. A similar panel flooded ~ith liquid nitrogen 
forms the back of the module. 

All modules are identical except that left and 
right hand. units are used· for the nitrogen plumbing 
of the chevron cooling manifold. This difference only 
appears in the final orientation and assembly of the 
cooling manifold into the framework, and in minor 
plumbing fittings. The rectangular stainless steel 

tubing will operate at approximately 7 x 105 Pa 
(100 psi) before reaching yield. The quilted panels 

arc formed at approximately 2.7 x 106 Pa (400 psi). 

All vacuum joints within the vacuum vessel are 
welded. l<e did consider using demountable cryogenic 
fittings, but the present choice seems the most reli
:d>J.(;. There is space in the design for automatic 
tube-welding equipment should repair be necessary. 
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Liquid Helium Dewar and Manifolding 

Liqu-id helium is supplied to the cryopump array 
from an overhead ?50-liter-capacity Dewar. ~his size 
was chosen to provide approximately eight hours of 
operation, allowing for required refrigerator mainte
nance w-ithout shutdown or inadvertant defrost. The 
dewar has its own vacuum jacket and a liquid-nitrogen
cooled interior shell. 

An annular concentric dual bayonet conducts feed 
and return to the cryopumps. The design provides ex:.. 
cellent thermal isolation of the feed line to the 
panels to prevent upsetting the natural convection 
loop. The return two-phase fluid intercepts the heat 
load to the bayonet. The-Dewar is easily installed 
onto the top of the beamline (alignment is not crit
ical) and th~ male bayonet nose is simple to replace. 
A check valve could be incorporated in this nose to 
prevent surging during cooldown, if desired. 

A val~e assembly 
urn flow to the panels 
e.g. during cooldown. 
may be pulled out and 
faced if required. 

in th~ Dewar modulates the heli
and allows the flow to be forced, 

The_ entire valve stem assembly 
the seats within the dewar re-

Parallel feed to and from the liquid helium pan
els within the beamline is used. These lines are ni
trogen shrouded and are mounted to the arrays. 

Liquid Nitrogen Distribution Manifold 

This large manifold (approximately 12 m of 20-cm
diameter pipe) is essentially an elongated, low pro
file Dewar. Individual feed and return to ~ach module 
all~ws maximum space utilization in the vacuum. vessel 
itself, and keeps the cryogenic vacuum joints in the 
vessel to a minimum. It _performs the necessary phase 
separation function. Solenoid valves in the manifold 
provide forced flow for cooldown; they are easily re
placed if necessary. 

A subsidiary set tif flow-control valves (not 
shown) controls the feed rate of liquid nitrogen to 
the manifold, the helium dewar, and the interior heli
um plumbing guards. 

Differential Pumping
2 

The vacuum chamber interior is divided by baffles 
into three differentially pumped chambers. This is 
necessary to provide a sufficiently low line density 
integral from the ~on bending magnet to the torus. A 
schematic diagram of the pumping system is shown in 
Fig, 4. The gas balance equations to be satisfied 
are 

pl (Sl + Cl2) - P2Cl2 Ql (1) 

-PlC12 + P2(S2 + cl2 + c23) - P 3c23 = Q2 
(2) 

-P2C23 + P3(S3 + C23 + C30) = Q3 = 0 . (3) 

We used the following assumptions to calculate. 
the gas loads: 

(1) There is 7. 8 HI< input to each of three sources, 
with the output species divided as shown in 
Fig. 5 (scaled to 1 MW into torus). Thus 2.44 Ml" 
of full energy D0 and 1.41 MW of lower energy 
neutrals a~e generated. 

(2) Only 1.66 MW of full energy D0 and 0. 77 MW of 
lower energy neutrals are assumed to enter the 



( 

• 

(_ 

torus; the remaining neutrals are scraped off 
equally in chambers (l) and (2). 

(J) All positive ions (3.88 MW) are deposited on the 
ion dump in chamber (2) and appear there as a 
molecular gas load. 

(4) All negative ions (0.05 ~1\·1) are reflected or 
scraped off on the magnet and appear in chamber 
(1). 

LBID 207 Tf2500 M5519 Page 9 

Thus gas load Q
1 

consists of excess source gas 

(90 torr·l·s-1), negative ions (0.2 torr·l·s-
1
), and 

excess neutrals (2.2 torr·l·s-1
) for a total of 

92.4 torr•t•s-1 . Gas load Q
2 

includes excess neu

trals (2.2 torr·l·s-1 ), D+ (full, half and third 

energy) (10.6 torr·x·s- 1 ), and n; (0.3 torr•£·s- 1
) 

a total of 13.1 torr·~·s- 1 . 

(S} Each has cold flow of 30 torr·X-·s 
-1 The calculated conductances are source a gas . 

that is assumed to be entirely randomized as 
load in chamber (1). 

~' 
2 

c23 

02 a, 

p3 p2 P, 

5:1 ~ s, 

Fig. 4. Pumping system schematic diagram. 

3.2 MW 

120 keV D+ Neutralizer 
rr=12X1015 

D2 molecules/ 
cm2 

a 

1. 24 x lOst 

),58 X 104£ 

A specific pumping speed of 8.3£·s-1•crn- 2 is 
used to calculate the speeds available. (This can be 
compared with experimental data of approximately 9( 

·s-1 •cm- 2). Thus 

51 9.53 1osx. -1 
X s 

52 7. 72 X lOS X. -1 
s 

53 7.34 10\: -1 
X s 

The simultaneous solution of Eqs. (1) to (3) 
using these values is 

pl 

p2 

p3 

120 keV D0 (1.0 MW) 

60 keV D0 (0.32 MW) 
40 keV D0 (0.24 MW) 

120 keV D2 (0.01 MW) 
80 keV D2 (0.01 MW) 

9.06 X 10-5 torr 

2.18 X 10-5 torr 

3.02 X 10-6 torr 

.. 

Fig. 5. Species distribution from source. 

-3-
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If we assume the pressure at the plasma is zero 
and insert the proper path lengths, the line density 

-5 integral fro~ the magnet to the torus is 3 x 10 torr 
• m. For 291:3 K background gas temperature, this cor-

13 . -2 . 
responds to 9.72 x 10 molecules • em . The cross 
section for ionization at 120 keV is approximately 

16 ) ' 
1.7 x 10 em-, and coriseq~ently the beam loss is 
about 1.64%. The coid gas flow into the torus is 

-1 
s 

Both these results are well'within the PPPL re
quirements. 

Operation 

Cool down 

Ihe mass to be cooled to LN
2 

temperature is about 

5900 kg including 1070 kg to be cooled to helium tem
perature; the entiie process takes 24 hours. A mini
mum of 3500 liters of LN2 and 210 liters of helium is 

required. The v~cuum space is spoiled t6 about 
0.03 torr with o

2 
gas to speed the cooling of the he-

lium panels to LN
2 

temperature. 

The maximum cooldown rate. is .determined by an 
approximately 2. 5-hour th.ermal diffusivity time con
stant within the modules. Several thermocouples will 
be installed on the system, along with strain gauges 
in crliical locations, to ensure acceptable rates. 

Steady State 

The helium he:1t load projected f6r the system is 
about 45 W; of this, roughly 30 W is 82 K blackbody 
radLt t i.on unto the panels. Our confidence in this 
projection is low because the emissivity that ~an be 
achieved in practice is uncertain (more so considering 
the potential for contaminants su~h as pump oil, water 
etc. that may accumulate over lon·g operating periods). 
Here we use an emissivity of 0.2 for stainless steel; 
it could be degraded to 0.4. 

Nuclear heat loads at TFTR have been calculated 
and are found to be low, about 2.2 W including duty
cycle averaging. The peak nuclear heat loads during 
individual shots result in temperature excursions on 
panel pumping sur~aces of a few millidegrees. 

BoUt the liquid helium and liquid nitrogen cir
cuits in the beamline provide substantial excess flows, 
more than the minimum required to prevent dryout, by 
establishing convective circulation loops. 

The driving mechanism far these loops is the den
sity difference between the fluids in the nearly adia
batic feed lines (downcomers) and in the panels. The 
expe~ted mass flow rates aie calculated using the fol-

lowing correlation
3 

for void fraction within the pan
els: 

in which VsG and VsL are the superficial gas and liq

uid flow velocities (based on the entire flow area 
available). and vb is th.e bubble rise velocity in a s ,. 
stagnant fluid, which is~used as a parameter (up to 
10.7 CI;J/c; fur liquid heli:ti.rn). The quantity vsL de-

pends on. the mass flow ra.te, which though unknown is 
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constant. The average density in the panel can be 
written as· 

£, 

p 
(pL -pG) I 

p - £, cx(x)dx L . 
. 0 

where £, is the panel height. 

If we assume that Vbs .is position-independent, 

the integration tan be performed. This gives the 
driving hydrostatic head term. 

Friction drops are calculated using classical 

two-phase-flow correlations
4

•5 expressed in terms of 
mass flow rate. The d·riving .terms .. and the friction 
losses are equated and solved for the mass flow rate, 
which depends on Vbs' 

Considerable iteration is required to ensure that 
the equations are consistent with the resulting flow 
regimes; in fact, the plumbing is resized as necessary 
to avoid high-pressure drop flow regimes. This is 
particularly important in the liquid helium circuit, 
which has parallel feed to the panels. The furthest 
downstream panel, in the third differentially pumped 
chamber, sees a lower mass flow rate than the others, 
primarily because the flow-impedance of the panels is 
comparable to that of the manifolds. 

The analytical results indicate that helium flow 
within this panel exceeds the required minimum by 
roughly a fa~tor of 15, and that flow variations be
tween adjacent panels sho'uld not exceed 10%. Similar 
excess flows are expected within the liquid nitrogen 
circuits. 

Regeneration 

To prevent the formation of an explosive mixture, 
the source gas input is integrated, thus limiting the 
accumulation of D

2 
on the helium panels to a total of 

13 torr•liter per liter of vacuum-vessel volume. 
When TFTR is operating with tritium, it must be regen
erated weekly to keep within the allowable limits of 
T

2 
outside the vault. 

Helium flow to the panels is shut off and·boiloff 
gas from them returned directly to the refrigerator. 
When the panels warm above about 7.5 K, all deposited 
gas is driven off and pumped away. This takes about 
20 min and the helium circuit is then recooled. 

Vacuum Loss 

In the event of a massive vacuum break, air con
densation onto the liquid helium panels causes a very 
rapid pressure rise. The panels must have an adequate 
relief capacity so they are not destroyed by the rise 
in pressure. Furthermore, because four beamlines are 
installed on the torus, and because there is.no effec
tive means for isolating them, a vacuum break into one 
affects all the beamlines. Therefor~, we designed the 
relief system so that the primary relief discs can be 
replaced without disassembly of the cryosystem. 

The PPPL established the following minimum re
quirement for the primary relief system: In the 
event of a 10.6-cm-diameter (or equivalent) vacuum 
break into any part of the beamline, the system must 
maintain an internal peak pressure in the helium pan
els of less than half their forming pressure. The 
pressure at which the relief discs open must be set 
to allow adequate margin for "normal" transient pres
sure fluctuations (as in cooldown). Secondary relief 
discs that vent into the vacuum vessel relieve even 
la~ger overpressures. 

-4-
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As air condenses from room temperature gas to 
4 K solid, it liberates approximately 560 J/g. Crit
ical air flo~ through the specified orifice corre
sponds to a mass flow rate of 1.15 kg/s. The worst 
case is a break into the third differentially pumped 
chamber (Ideated nearest the torus) which has the 
smallest pumpirig area. The equivalent unit heat load 

0 

is approximately 7 W/cm~ (compared to data showing 

unit heat loads between 1.25 and 6.25 W/cm
2 

for air 

condensation onto uninsulated surfaces
6
). The heat 

load onto the helium panel'in each module in the third 
chamber is calculated to be approximately 262 kW. 

Each panel contains approximately 16 liters of 
liquid helium. If the initial temperature is 3.8 K 
(the most severe condition because of the higher den
sity), 2.1 kg of helium will ultimately be vented. A 
pressure-internal energy diagram shows it takes ap
proximately 0.1 s to the panel forming pressure 
(27 atm) without any venting. 

We have performed a time-stepped calculation of 
the pressure history in the panel. The calculation 
ilssumes critical isentropic flow across a 3.48-cm
diameter pipe (the exit diameter of the panel plumb-

ing): \ve used the NBS program HEPROPS 
7 

'
8 

for helium 
properties. The panel is initially pressurized at 
constant density until the relief pressure (set at 
5 atm) is attained, approximately 20 ms after the 
start of the process. The fluid state is defined by 
the density corresponding to 3.8 K saturation and 
this pressure. 

We calculate the mass flow rate for critical 
flow within the 3.48-cm diameter using the classical 

isentropic expansion formula
9 

with 

and 

__:j_ 
r = (_2_) (y-1) 

\y + 1 

y = C /C = ratio of specific heats 
p v 

where N is in g/s, P
0 

in atm, p
0 

in g/cm
3 

and A in cm
2 

Because the flow is not through an orifice, no 
orifice coefficient is included. The specific heat 
ratio is evaluated at the state previously established; 
this is equivalent to assuming that the fluid is at 
stagnation conditions. 

The fluid is allowed to vent at this mass flow 
rate for a time period 6t (typically taken as 20 ms). 
This establishes a new density within the panel. 

The heat flux is then applied to the panel for 
the same period of time. The new fluid internal ener
gy is calculated from the first law of thermodynamics 
;1s follows: 

6U !JQ - /I.W = M
2

U
2 

- NlUl 

QtJt MtUl - tJW 

but 

,~w P
1

AV/I.t p ~ 
1 pl 

!.It 

-5-
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in which subscript 1 refers to the initial state and 
subscript 2 refers to the final state. V is the ve
locity and the other symbols have their usual meaning. 

Because 

and 

we have 

The new fluid state is defined by this internal 
energy and the previously calculated density. The 
calculation is repeated, updating the fluid properties 
at each time step, until the peak pressure has been 
passed. 

The results of this calculation are shown in 
Fig. 6. Note that the peak mass flow rate is reached 
before the peak pressure. It should also be noted 
that shorter time steps reduce the calculated· peak 
pressure. .. 

Downstream of the critical flow region,Jan ap
proximately 4. 75-cm-diameter conduit leads to.the rup
ture disc itself. The flow in this conduit is at 
less than Mach 0.3; if we treat the flow as incompres
sible in this region, there is an additional friction 
pressure drop of less than 0.1 atm. The relief disc 
itself has an area equivalent to this conduit, includ
ing the effect of orifice coefficient. 

Qj 
c 
"' 0. 
c 

15~----~~------~~----~ 

Unvented 
I Peak pressure 

"' 10.3 ATM 

101- ~--~ 
I /____.--
1 / 

1 
_,.""""-~-Peak mass flow L rate "' 7600 g/s 

5 ~1
1 

Burst disc opens -
1 at t '=' 18 ms 
I 
I 

1 Start 0. 65 A TM 

o" I I 

0 100 200 300 

Time- ms 

Conditions: 

261 ,800 watts onto 
panel, initially full at 
3.8 K 

Isentropic flow through 
3.48 em dia opening 

20 ms time steps using 
NBS helium properties 

Fig. 6. Pressure history in helium panel. 
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OPTIONAL 1~ II ~ jl ~ HARD CHROME PLATED 

:1 I :1 I jl I 
-- ~ ~ f - t ~ I (;~ -~ I \ 

;I II _j_ (~~06 L II II • 

I 1: 1. J ~ _L1 :: 1: 
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! LOCATION DATE 

I Livermore November 3, 1978 

- --- -- ---·- ------------- --------
LAWRENCE BERKELEY LABORATORY- UNIVERSITY OF CALIFORNIA 

ENGIN_E_ERING NOTE 
·--,,~~ :" ~:~~~-- - ·- ,.;/-z v 

r~echanical 
'----- -----~-~---·c-;-:c·----;~-----J.__-----'----------l__----___.L----------1 
1 ppr)r~~AV PP(•J[C. T- J08 · 

. NEUTRAL BEAM SYSTEM TEST FACILITY - TFTR 
~-------------~-----------------------------------~ 

INJECTOR CRYOPANELS 
, T 1 ~ t E.. 

i DETAILED PROCEDURES FOR TFTR UP-TO-AIR ACCIDENT 
I 
~---~---· ----- - ·----------------------------------------------1 

1. Establish stable operation with LNz and LHe systems cold. i \ 

2. There should be less than 5 1 iter LN 2 in devJar; seal top of orifice probe ·> 
and provide means to prevent LNz from dumping o~t of top dewar onto lid. 

3. The He de\·Jar top flange assembly should be removed providing ZU vent path. 
There should be a small quantity of LHe in dewar ~th~ magnehel1c gauQ[) ~ 

@ved offT All venting out through top of dewar. "'ko.-\ JILA. .. _ 

4. Remove cardboard from top of burst disc. ~+o..JJ a.Jv..fl(MAJ"" S~., 

5. Valve off. D.P., turn off ion gauges, ·'va'lve off RGA. :· 

6. Checkout and calibrate instrumentation. 

7. Check that restrictor plate (2.83 11 diameter for one module) is installed. 

8. In rapid sequence: (approx~ two minutes max.) 

Cfi ose devJa r foot va}!e) ll.-lt.M. 

Valve off damper volume 

A 11 Personnel Off Platform 

Start chart recorder 

Close solenoid valve ' 

Check for s 1 ovv 

Open air valve 

Observe system 

. Within one minute of 
pressure r1se _ each other 

-::; A~ .'J A..lA~11AAA k_,;J ~ r"""""" ., ,.,. .,,,I~--· . 
response 

9. The air valve should be left open or other venting of the BASEBALL II tank 
maintained 

10. Post-mortem - Leak check system and- pedorm mechanical inspection of lovJer 
burst disc· and panel. 

LV/km 
Distribution: G. Behrsing, R. Ryrns, J. Haughian, K. Lou 

L. Pittenger ( LLL) 
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I.C.P. TRANSDUCER DATA c PIEZOTRONICS r:-.~c. 

Model . /dl/1
1

'-'!./ 
. / . 

SIN /.: , -' 
l 

Average ' 
; /. .,.,/ .. ~ 

Sensitivity* I I ./ .... 

Linearity L ' ' ....... ..!-' 

mv/esi 

<;;,F.S. 

B 

Cal. Range 
-· Input Time Constant __ __:_,_'_. _...:S:..:e~c 

Rise Time 

Natural Frequency 

Output Impedance 

' L 
' ' 

JJ Sec 

(100 Ohms 

I ~' I I ~ 
I j I 1 / 

i I 

I.NPUT P:3 T 

P.O. BOX 33 

BUFFALO, NEW YCB~ i422~ 
-/ / 

By_..:..../...::::~__::::_C.-,-'' . .::.:. <;.:/·__!-:.:..::_/_,'~..:....-_::__' _, --
, ,'• 

Date f{ -;Y'-11 

T 

*By comparison with reference 
Standard: per ISA S 37,10 

' I 

I I 

I I 

,• 
I .,. 
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~ PIEZO'TRONICS 
B 

P. 0. BOX 33 

Model 

S/N 

Cal. Range 
Input Tim-e Constant __ <>.:_'-.=-y..:,;_,:._' _ __.:::S.::.e.::.c 

I 

Rise Time / J1 Sec 

Average / .. . ;·,! Sen s i t i vi t y_* __ ___.-;-~-~_:... __ .:.:m!.:v:.:..· ..tP~•:.:..i Natural Frequency KHz 

Line a r i ty _ _:_:·' ::...:··:.!../c:.f; __ '--_':':.::..·o F~.'-='s. Output Impedance (100 Ohms 

' ' -t- ' ! 

1 ! 
I ' T 

I ' 

•I 
' I '-- ::: J 

t i ~ 

1."1 ('. 

~H--H-I-I--l---H-+-~+++i+H-+++H-++-+-1f-+t++t+H-+-t-HH-+++t+H-t-t ·t-..... +++H--H-f-f-+__..,..-r-t~-.--4-i 

' I ' I 

' ' 

6ooo±ttd±±bj±t~tq~tp~.t.P·~:=.~~P,+,tq~~it~~~tH·'~tc~==~ 
-+-l-H-+-~-++++-i-++-H--++-H-+-t11 ! : ! ! ~ -+--1-W--l--~i--i-t-+-+-~-t---i---t-+-h---~~H-+-+-t--1----+~~ 

' I 

5000 

( 
\It ... .... 4000 0 
> .... .... 
~ 

... 
::) 
0.. 

3000 ... 
::) 

0 

-

2000 

0 

~ , ' : I 

-::_::~-~~~~ I 4-~-f-'1~:-. 
~ --l +---1---l~-~--+--r-----~ +
-t-• ·r-J--~-+++ ~~+->~ ~-+-~-· 
' ~ • t • -- ·-.-·-~ ~ -· .... -+ ... ·t • 

·-·-~-- ·--~--...---'!'- •. .. -..~ .... ......._... __ ~ ............. . 
' f • ...,__ ... - ~-t----""!- -f'·- .. ·• • .. 

' -·-·- ..,....._-
•. L --

, . : , ·r· .,. • 
~ -· + -.--- .... . ·- --~---'--- . ' . . . I ___ ._.,_~·-·-·-
---r -'1 ~-~- " ·--· ... ~ ... 

• 1 

1 • 

t. '! 

1000 2000 

INPUT 
OC'T .. " ' 

3000 5000 

CUSTOMER' 

P 0 NO. 
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I . 
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