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ABSTRACT 
A fluid coupled plate (FCP) gage was design
ed which allows pressure measurements to be 
made in harsh environments (including de
bris) using conventional pressure transduc
ers. The pressure transducer is isolated 
by means of a rigid force plate which is 
supported by a bellows having one corruga
tion. This portion of the gage is machined 
from a single piece of material. The inter
ior of the gage is filled with a phenol 
fluid which has a low compressibility. 
Thermal transients are isolated from the 
coupling fluid by the thermal delay provid
ed by the force plate. A linear response 
is achieved by prepressuring the phenol 
fluid. Extensive laboratory tests indicate 
that the FCP has a response time of less 
than 20 microseconds. For inputs of less 
than 2 MPa, ft special pressure relief sys
tem is employed. For inputs in excess of 
200 MPa, a ytterbium piezoresistivn grid is 
used for the readout. When an ultra-high 
strer^th stainless steel force plate bellows 
was used, an input of 419 MPa did not damage 
the gage. 

In field applications the FCP has been used 
to measure the plasma flow in line-of-sight 
pipes on nuclear events, free-field stresses 
generated by nuclear and high explosive (HE) 
tests, the air blast in an open hole above 
an HE charge, pressure pulses generated ex
plosively in wet vermiculite, and the pres
sure generated by a confined rapid burning 
gun powder. 
INTRODUCTION 
In conjunction with containmenc studies at 
the Nevada Test Site, a gage was needed 
which could monitor plasma flow in linc-of-
sight pipes within several tens of meters 
of the working point. The environment to 
be measured would contain vaporized metal 
and solid particles. Conventional pressure 
transducers contain elastic members which 
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con fail when they are struck by energetic 
particles. Also, transducers utilvzinq an 
inlet port to the sensing element arc sub
ject to port blockage and have relatively 
slow response times (50 microseconds or 
more). The fluid coupled plate (FCP) gage 
eliminates the problems encountered in 
harsh environments by conventional pressure 
transducers while utilizing a conventional 
pressure transducer i:i the readout. This 
paper describes the design, laboratory 
evaluations, and field applications of the 
FCP gage. 

PROTOTYPE FCP DESIGN 
It was desired to use a commercial pressure 
transducer in harsh environments. The 
transducer would have to be isolated from 
the harsh environment and not be suscept
ible to temperature transients and acceler
ations of the mounting support. The obvi
ous means of isolating the transducer was 
to use a fluid to couple the transducer to 
the harsh environment. A sealed system 
would simplify field installation. 
To meet the above requirements, a rigid 
force plate supported by a bellows, having 
one corrugation to contain the coupling 
fluid, was selected. Phenol fluid (Dow 
Corning 710 fluid), which has less than 5 
percent compressibility at 111.5 MPa,1 

appeared acceptable for the fluid. The 
bellows would have to contain the phenol 
fluid at high pressure and at the same time 
offer minimal restraint to the motion of 
the force plate. Obviously, these two re
quirements would require design tradeoffs. 

A prototype bellows was designed by using 
the following empirical relationship:2 

l .SEtA (1} 
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E •= modulus of elasticity, MPa 
P = internal pressure, HPa 
t = bellows wall thickness, mm 
h = half corrugation pitch, mm 
w s> bellows width, mm 
N, = number of half corrugations 
S_ = stress due to expansion and pres

sure, HPa 
fi = total movement, mm. 

Equat:on (1) indicates that internal pres
sure and movement both affect the stress. 
However, in the FCP design the movement (M 
is restricted by the phenol fluid. Mild 
steel (1018) was selected for the prototype 
gage. After several iterations concerning 
bellows thickness, half corrugation pitch, 
and bellows width, a design was developed 
where £ = 2 x 10 5 HP*, t = 2.54 wnr h = 9.5 
mm, w = 15.85 mm, NQ- = 2. Substituting 
these values in Eq. (1) results in the fol
lowing: 

S R = 1959 A + 6.24 P (2) 

with S R = 427 MPa and & = 0.05 mm, P = 
52.7 HPa. This pressure was high enough to 
permit prototype evaluation. It should be 
noted that the pressure calculated above is 
for static conditions, while in use the FCP 
will have dynamic inputs which should in
crease th<? pressure e-pability several 
times. 
Commercial pressure transducers were select
ed to read the fluid pressure which have low 
acceleration sensitivity (0.00002% FS/g) , 
small size {3/6 inches, 24 U!4F mounting), 
and a high-resonance frequency of the pres
sure sensing diaphragm (700 kHz). Vhe 
mounting for the pressure transducer was 
designed to minimize the length of the 
fluid column K 5 mm). 
Since there was no simple way to verify the 
maximum bellows stress calculated from Eq. 
CD, the spring constant was calculated by 
using Eq, (3) 2 and compared to the measured 
force for specific deflections: 

F - 4EDt3 ,,, 

where 
E = modulus of elasticity, 2 x 10 s HPa 
D = mean bellows diameter, 133.1 mm 
t = bellows wall thickness, 2.54 mm 
h = half corrugation pitch, 9.5 mm 
w = bellows width, 15.85 mm 
K, = number of half corrugations, 2 
F = force, Hewtons 
o = deflection, mm. 

* 
Handbook value for typical tensile 
strength of mild steel. 

Using the above values in the equation, 
F/& = 97,422 N/mm. 
The experimental and theoretical values are 
compared in Table I. The values were close 
enough to allow completing the assembly of 
the prototype FCP. The c,jge was filled with 
phenol fluid after it had been eva~':at.ed. 
The first calibration performed on the pro
totype gage was a static loading in a uni
versal test machine. Two problem; were 
apparent from these tests: the initial 
part of the loading curve was nonlinear, 
and the gage showed some hysteresis. It 
appeared that the calibration or the gage 
would be improved if the fluid could be pre-
pressurized. 

A special jig was fabricated to stretch the 
bellows and hold it while the gage was ev^--
uated and then filled with fluid. A 0.25-
mm stretch was found to be sufficient to 
prepressurize the fluid upon release to 
5.52 HPa (% 800 psi}. This was equivalent 
to a load of approximately 106,752 K. The 
gage was recalibrated with the fluid pre-
pressurized; these results are shown in Fig
ure 1. Sun 1 from the original calibrstion 
is also shown for comparison. Figure 1 
shows that the prepressurized gage response 
was essentially linear and showed no hyster
esis. 

FINAL 152.4-mm FCP DESIGN 
The only change made in the final FCP design 
was a change in the material used for the 
bellows-force plate. After consulting with 
C. H. Maak, sandia Laboratories, PH13-8Mo 
stainless steel in the H1050 temper3 was 
selected for the bellows-force plate because 
of its tensile properties and excellent 
toughness. Typical ultimate tensile 
strength of this stainless steel is 1.31 GPa 
(190,000 psi). Haak also recommended that 
to use the convolution with respect to direc
tion of grain flow, an upset biscuit forging 
be used as machining stock. 
Two FCP gages were fabricated from PHl3-8Mo 
stainless steel. Figure 2 shows the general 
layout of a complete FCP gage. Split stain
less steel rings were included on the force 
plate to prevent gases from acting on the 
bellows of the gage. A protective cap cov
ers the transducer connections and accepts a 
hydraulic hose for cable protection. 
Before fielding the FCP on a nuclear 
event, a dynamic input {tamped deta sheet 
explosive over felt) was applied to the 
gage.** The results of this test are shown 
in Figure 3. For these data, the static 
calibration of the gage was used to deter
mine the dynamic peak. The correlation 

Test technique developed by K. X. Butler, 
Sandia Laboratories. 



between dynamic and static inputs are cov
ered in detail in another section of this 
paper. 
Figure 4 shows the data recorded from the 
FCP gage fielded on a nuclear event. Infor
mation from othei experiments'* indicated 
that the data obtained from the FCP were 
excellent. 
50.8-mm FCP 
After the successful 152-mm FCP tost, it 
Was decided to design a 50.8-mm FCP which 
Would mount on a standard 50.8-mm pipe 
flange. This size gage would make pressure 
measurements in smaller pipes possible and 
Would permit more extensive laboratory eval
uations than did the larger desiqn. 
Equations (1) and (2) were used as a guide 
in designing the bellows parameters of the 
smaller gage. It was assuned that the 
smaller gage would be used at lower pres
sures; therefore, the special stainless 
steel would not be required for the bellows. 
Bellows were constructed out of 7075-T6 
aluminum and 4340 steel. The assembly and 
static calibration cf the small FCP was 
identical to that used on the larger gage. 
However, there was not enough space in the 
50.8-mm FCP to incorporate two pressure 
transducers; consequently, only one pressure 
transducer was used in the 50.B-mm gage. 

After a static calibration in a universal 
test machine, the small FCPs were subjected 
to the following laboratory tests: 

•Dynamic HE calibration 
•Shock tube step resDonse 
•Hydrostatic test 
•Static load to failure 

DYNAMIC HE CALIBRATION TESTS 
It was desired to verify that the static 
calibration of the FCP was valid for dynam
ic inputs. A test using tamped deta sheet 
explosive over felt was one of the easiest 
to run. To use this input as a dynamic 
calibration check, the expected spread in 
inputs for different HE shots needed to be 
established. Impulse was selected as the 
parameter to check for repeatability and 
level of input. A slightly modified LVT 
ring gage5 was used to asure the impulse 
of essentially identical charges of 0.381 
mm tamped (0.794 mm lead) deta sheet over 
63.5 nun of felt. These tests indicated an 
impulse of 1-791 + 0.178 kPa-s with 95 per
cent confidence. 

The pulse recorded by the 50.I mm aluminum 
FCP is shewn in Figure 5. Integrating this 
pulse gives an impulse of 1.85 kPa*s. 

was 1.84 kPa*s. Based on these results, it 
was concluded that the static calibration 
of the FCP was valid for dynamic inputs. 
It was also concluded that the bellows ma
terial had a negligible effect on the mea
sured pulse. 
SHOCK TUBE STEP RESPONSE TEST 
The initial tamped deta sheet over felt 
test on the 152.4-mm FCP indicated a rise 
time of 11.3 us (Figure 3). A fast rise 
time was expected in this test because only 
50.fi nun of felt was used. However, it was 
not known if the pulse rise time recorded 
in Figure 3 was gage limited. The 50-8-mm 
FCP provided an opportunity to measure the 
step response in a shock tube. A small 
laboratory shock tube can deliver a 1.6-
MPa step input to a gage (rise time tens of 
ns) mounted in the end of ';ho shock tube. 
Figure 6 shows the output of a 50.8-nm 
steel FCP after it was hit by the shock 
tube pulse. A rise time of 15.4 •JS, with 
an overshoot of 10 percent, is indicated. 
The frequency of the FCPs slight "ringing" 
is approximately 20 kHz. 

This test confirmed that the rise time of 
the complete t-'CP gage is less than 20 us 
and that there is little tendency for the 
ga'-e to resonate. 
HYDROSTAPIC TEST 
In nomal use, an FCP is mounted to a stan
dard pipe flange and has gas sealing rings 
around the rigid plate. However, a situa
tion might arise where it would be desir
able to immerse the complete bellows sec
tion in the fluid to be measured. To 
check the sensitivity of an immersed FCP, a 
section of 101.6-nim pipe was made into a 
water chamber. A piston with sealing rings 
was placed in one end of the test chamber 
and an FCP was mounted on the opposite end. 
The chamber was filled with water and pres
surized by loading the piston in a univer
sal testing machine. The water pressure 
was monitored by a standard pressure trans
ducer, and the output of the FCP was moni
tored at the same time. Figure 7 shows 
the results of two tests run in the water 
chamber. The FCP "flush" curve was obtain
ed with the standard mounting configuration. 
Figure 7 indicates that the sensitivity of 
the FCP is decreased by immersing the bel
lows. However, the gage linearity is not 
affected. The "flush" curve agrees with 
the static calibration run of the FCP in a 
universal testing machine (load directly on 
plate) to withir. 2 percent. In effect, im
mersing the 50.8-mm FCP decreases the ef
fective area of the gage by 39 percent. 

STATIC LOAD TO FAILURE TEST 
A similar test was run on the 4340 steel 
FCP. The integral of its pressure pulse 

An aluminum and a steel 50,B-mm FCP were 
loaded to failure in a universal testing 
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machine. The results for the aluminum and 
steel gages are shown in Figure 8. The 
aluminum gage failed at an input of 8.27 x 
lO1* Ns. A bcliows deflection of 0.025 mm 
was assumed, and the peak stress in the bel
lows was calculated by using Eq. (1) and 
found to be 622.8 MPa (90,300 psi). This 
compares to the handbook value for the ul
timate strength of aluminum 7075-T6 of 
572.2 MPa (83,000 psi}. 
The pressure transducer leaked at the maxi
mum input on the steel bellows test; how
ever, a posttest examination revealed that 
the bellows was starting to fail. If a bel
lows deflection of 0.OS mm is assumed, Eq. 
CD indicates a peak stress of 1.327 GPa 
(195,500 pail which compares to the handbook 
value for the ultimate strength of 4340 
steel of 1.279 GPa (185,500 psi). These 
tests indicate that the values calculated 
for bellows failure with static inputs by 
using Eq. (1) are reasonable but somewhat 
conservative. Only one bellows has failed 
under dynamic loading. The maximum input 
achieved under dynamic conditions is dis
cussed in another section of this paper. 

FIELD APPLICATIONS OF 50.8-mm FCP 
The first fielding of the 50.8-mm FCP was on 
the ESSEX I Phase III HE experiment in 
Louisiana. An FCP was used to monitor the 
airblast in tne open hole above the charge. 
Figure 9 shows the pressure pulse recorded.* 
The broken plot is the theoretical predic
tion. 
Free-field stresses created by underground 
explosions are normally measured with lith
ium niobate or ytterbium gages. At stress 
levels below 50 MPa, ytterbium generates 
very little signal. Previous experience 
with the FCP indicated that this gage could 
be modified to measure free-field stress and 
provide an independent check on other gaging 
techniques. Figure 10 shows how the FCP was 
adapted for free-field stress measurements. 
With this design, the gage responds only to 
inputs on the force plate. On a recent HE 
test, the FCP data shown in Figure 11 were 
recorded. The 4 0-HPa peak was in good agree
ment with other gages reading the same 
stress field.6 

The most recent application of the 50.8-mm 
FCP was on a series of gas fracture experi
ments run at the Nevada Test Site. Those 
experiments were designed to determine the 
feasibility of using a "confined" rapid 
burning gun powder to generate multiple 
fractures in rock. Several different gun 
powder designs were included in the experi
ment. In all cases it was desired to moni
tor the gas pressure created by the burning 
powder and record the pressures at which 
Data obtained from Luke Vortman, Sandia 
Laboratories. 

fracturing occured. Firure 12 shows the 
pressures generated on Gas Frac No. 2. The 
pressure at which fracturing initiated is 
clearly shown (82.1 MPa). Additional frac
turing occured later at 95 MPa. 
EXPERIMENTAL AND THEORETICAL TEMPERATURE 
CONSIDERATIONS 
The phenol fluid used for coupling pros-
sure in the FCP has a thermal coefficient 
of expansion of 0.00077 m3/ni3/0C. ] Conse
quently, as the temperature increases the 
fluid pressure increases. in norirai use, 
an FCP will not be placed in hiqh-tcmpcro-
ture environments. However, during expos
ure to sunlight or during the cure of 
grout, temperature excursions of 60 aC 
might be encountered. The pressure trans
ducers used are temperature-compensated to 
within 3 percent per 56°C change. This 
means that the pressure of the fluid can be 
read accurately, but the prepressurized 
value is temperature-dependent. 

To establish the thermal sensitivity of a 
prepressurized FCP, a 152.4-m.7i FCP was 
allowed to stabilize in an oven at various 
temperatures and the corresponding fluid 
pressures were recorded. These results 
are shown in Table II. 
These data show a slightly decreasing ther
mal sensitivity with increasing tempera
ture. This decreasing thermal sensitivity 
is due to an expansion of the bellows at 
higher fluid pressures. Although the desiqn 
of the FCP tends to compensate for fluid 
pressure increases, a significant pressure 
change can occur at elevated temperatures. 
The only detrimental effect due to an in
crease in prepressuri2ing is a decrease in 
the range of the t,a"3e- For example, if an 
FCP were allowed to soak in an 80"C environ
ment and had a 68.9-Ml/a pressure transduc
er for the readout, the dynamic range of 
the FCP would bo decreased by 9.9 percent. 

In use, thermal transients do occur on the 
surface of the force plate. The force 
plate provides a thermal delay which sepa
rates the thermal response from the dynam
ic pressure input. The magnitude of the 
thermal delay can be estimated by calcul^c-
ing the time required for the back surface 
of the force plate to heat up when it is 
exposed to thermal step input. The one-
dimensional solution to the thermal conduc
tivity time can be determined by using Fq. 
(4): 7 

whore G(x/2\Jao) is the Gaussian error inte
gral defined as 
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dB (5) 

Six low-level FCPs were fielded on the 
NEST experiment. Fiqure 14 shows the data 
recorded by one of the FCPs. 
HIGH-LEVEL FCP | 

x = distance, m 
9 = time, s 
a = *•. hernial diffusivity, m z/s. 

If a thermal step of 500°C lT*>) is assumed 
with an ambient temperature of 22.5"C (T = 
25'C), the values listed in Table III are 
computed for the various configurations of 
FCPs. 
As shown in Table III, the thermal delay 
times indicate that for typical pressure 
pulses measured with an FCP ("less than 
0.05 s in duration) thermal transients are 
not a problem. Tf a severe Lhcrmal trans
ient is expected, a stainless steel Lorce 
plate-bellows should be used. 
LOW LEVEL FCP 
In experiment for the Nuclear Emergency 
Safeguard Team (WEST) resul-cd in nhe need 
for a pressure measurement in water satu
rated vcrmiculite. In essence, the experi
ment was P study tu d-'tormino how to con
tain a 22.7 kg high explosive charge in a 
buildiny. The approach selected for con
tainment was to fill the building with 
water saturated vermiculite. Pretest pre
dictions indicated that the walls of the 
building would sne a pressure pulse with a 
peak of roughly 0.2 MPA. 
The 50.8-mm FCP was selected for the pres
sure measurement, (Laboratory tests had 
shown that the 50.8-mm FCP with a 2 MPa 
pressure transducer could easily detect 
pressure changes of .05 MPa.) However, it 
was obvious that a temperature excursion 
of 15°C wojld cause the fluid pressure of 
the FCP to nearly equal the range of a 2 
MPa pressure transducer (thermal sensitiv
ity * -12 MPa/'C). 
To linrt the pressure buildup within the 
FCP due to ambient temperature changes, a 
special pressure relief port was designed. 
Pressure stability was achieved by using a 
.4-mm orifice and a spring loaded piston 
in an expansion cylinder. The small ori
fice provided an equalization time of many 
seconds which has a ncglig. .JIO effect on 
transient measurements of much less than 
One second duration. A cutaway drawing of 
the pressure relief system is shown in Fig
ure 13. Laboratory temperature tests 
showed tha^ the pressure buildup in the 
low-level FCP was limited to approximately 
.07 MPa by the piston in the expansion 
cylinder. 

On a recent nuclear event, a need arose for 
an FCP capable of reading a peak pressure 
of 500 MPa. Pressure transducer's are not 
readily available for pressures in excess 
of 200 MPa. To meet the test require
ments, a standard 152.4-mm FCP with an 
ytterbium grid sensor was fabricated. The 
ytterbium grid was bonded to the back side 
of the fluid chamber in the FCP. Sir.=e 
ytterbium has a nonlinear response to pres
sure, a pressure transducer was mounted in 
the same FCP For calibration at low-level 
(< 200 MPa) inputs. The ytterbium grid 
was used as one active arm in a wheatstone 
bridge. Constant voltage excitation was 
used. Figure 15 shows the static calibra
tion of this gage in a universal testing 
machine. The ytterbium generated a linear 
output with a lower sensitivity than the 
pressure transducer. Since the maximum 
load in Figure 15 is equivalent to an in
put of 68.3 MPa, it wab not known if the 
one-active-arm ytterbium bridge would re
main linear at higher inputs. An estimate 
of the bridge linearity was made by using 
the following equation - for the sensitivity 
of ytterbium to pres^re: 

AR 0.0616 + 0.00233P* (6) 

P = pressure, kbar CI kbar = 100 MPa) 
&R = change in grid resistance, ohms 
R = ytterbium grid resistance, no 

pressure, ohms. 
Calculating ATt trom Eg. (6) and substitut
ing this value in the one-active-arm bridge 
gives 

E, AR t, in 
4R + 2AR (7) 

E = output voltage, volts 
E. = bridge excitation, volts in J 

R = bridge resistance, ohms 
AR = change in resistance of active 

arm, ohms 
The values in Table IV were calculated for 
a 50-ohm bridge with 5-volt excitation. 
They indicate that the ytterbium non-linear
ity and the nonlinearity of the one-active-
arm bridge tend to compensate for each other. 
To check the dynamic capabilities of the 
high level FCP, a series of tests was run 
on the high-g actuator. This test facility 
utilizes a ram which is accelerated to a 
desired velocity ard impacts the FCP which 



is mounted on a carriage. The input pulso 
ia shaped by a shock programmer that is 
placed between the ram and the FCP.* The 
pulses recorded by the pressure transducer 
and the ytterbium bridge on Test 2 are 
shown in Figure 16. The ytterbium bridge 
shows a small hysteresis (elevation above 
the baseline) and a pc ik about 14 percent 
higher than the pressure transducer (peak 
pressure 151 MPa). An acceleromcter mount
ed on a carriage agreed with the pressure 
transducer reading to within 2.8 percent. 
Eased on several tests of this type, it was 
concluded that the static sensitivity of 
the- ytterbiun bridge needs to be multiplied 
by 0.9 for dynamic inDuts. At an input of 
50 MPa the ytterbium bridge showed no hys-
tersis- The maximum input achieved on the 
high-g actuator was 419 MPa {peak corrected 
by 0.9). This level did not damage the FC1*. 

The high-level FCP configuration fielded is 
shown in Figure 17. A heavy * ?1 collar 
and a cab3e protector were included in the 
design because the gage was grouted in 
place. The input to the FC? was much lower 
than predicted, so those da*a are not in
cluded. The high-q actuator data shewn in 
Figure 16 represent a larger input than the 
nuclear event data. 

SUMMARY AND CONCLUSIONS 
A 152,4-mm and a 50. B-mm FCP were designed 
and tested; they ore capable of measuring 
pressure in harsh environments (including 
debris) with conventional pressure transduc
ers. The FCP maintains a fast response 
t:'me (< 20 ! • : ) . By propressuri^ing the 
p.ienol coupling fluid, a linear response is 
cjtainod. 
For low level measurements (< 5 MPa), ther
mal pressure buildup was essentially elimi
nated by using a special pressure relief 
system. With o 2 MPa pressure transducer, 
pressure changes cf less than .05 MPa wore 
easily measured. 
For high level inputs (> 200 MPa), a ytter
bium piezoresistive grid was used for the 
readout. 
The force plate provides a thermal delay to 
prevent thermal transients from affecting 
the readings. If the FCP without the pres
sure relief system is operated in tempera
ture environments of 80"c, the increase in 
prepressuro of the coupling fluid decreases 
the dynamic range of the gage by about 10 
percent (68.9 MPa pressure transducer). 
The maximum inputs which the various config
urations of the FCP can survive have not 
been determined completely. The highest 
laboratory inputs to which the gages have 
These tests were designed by R. O. Brooks,-
Sandia Laboratories, 

been exposed are listed in Taole V. 
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TABLE I 
Deflection (mm) Measured Force (N) Calculated Force (K) Deviation (%) 

0.076 6894 7404 7 
0.102 9786 9897 1 

TABLE II 

Temperature [ •c) tCO l Fluid 
Pressure (MPa) 

Thermal 
Sensitivity (MPa/°c) 

22.6 
59.1 
65.5 
73.9 
82.3 

0 
36.5 
42.9 
51.3 
59.7 

0 
4.53 
5.22 
6.02 
6.86 

0.124 
0.122 
0.117 
0.115 

TABLE III 

FCP 
Bellows 
Material 

Force 1 
Thickne: 

12 
12 
7 
7 

Plate Thermal 
ss (mm) Diffusivity 
.7 3.87 ;: 10' 
.7 1.26 X 10" 
.62 1.26 X 10" 
.62 8.59 X 10" 

tm: 

-6 
•5 
-5 
"3 

Time for Back 
, Surface to 
/s) Heat 2.5"C*(s) 

152.4 
152.4 
50.8 
50.8 

Stainless Steel 
Mild steel 
Mild steel 
Aluminum 

Force 1 
Thickne: 

12 
12 
7 
7 

Plate Thermal 
ss (mm) Diffusivity 
.7 3.87 ;: 10' 
.7 1.26 X 10" 
.62 1.26 X 10" 
.62 8.59 X 10" 

tm: 

-6 
•5 
-5 
"3 

2.67 
0.B2 
0.29 
0.043 

500'c thermal step input. 

FCP 
50.8 
50.8 
152.4 
152.4 

TABLE : rv 
p 

(MPa) 
oR 

(ohms) 
E o (V) 

Deviation From 
Straight Line («) 

100 
200 
300 
400 
500 

3.1965 
6.626 
10.289 
14.184 
18.313 

0.Q774 
0.1554 
0.2332 
0.3106 
0.387 

TABLE 

0.04 
0.043 
0.032 
0.00 

V 
Maximum Maximum 

Bellows Material 
Static Input 

(MPa) 
Dynamic Input 

(MPa) 
Aluminum 7075-T6 
Steel 4340 
Stainless steel PH13-8MO 
Stainless steel PII13-8MO 

4P.8* 
92.0* 
68.3 
68.3 

61.5 
60.5 
419.2 

•^lOOO.O** 

Bellows failed at indicated pressure. 
Gage failed shortly after peak. This reading agreed with 
ytterbium gages in the same stress field. 
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l Aluminum TCI' MIC I'uls 

T—i—i—r~\—i—i—1~i—i—i—r 

Figure 7. SO.B-mm Steel FCP Static Teal in Water Figure B. SO.a-inn FCP Static Load-to-Failurc Teal 
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-YTTERBIUM GRIDS 

• FLUID 

CABLE PROTECTOR 

279.4 mm DIA. 

STEEL COLLAR 

FIGURE 17. HIGH-LEVEL 152.4-mm FCP 


