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ABSTRACT 
The prospects for using piazoelectrlcally-driven 
valves with elastomeric or thermoplastic poppets 
in tritium gas service have been investigated. 
A modeling study of a typical valve incorporat
ing ethylene-propylene rubber (EPR) or high 
density polyethylene (HDPE) was performed. 
Equations were developed linking applied volt
age; ceramic bimorpb preloading force, elastic 
deflection modulus, and specific deflection 
force (per volt applied); polymer elastic 
modulus, thickness, seal surface area, and 
compression (to make seal); elastomer compres
sion set; thermoplastic creep modulus; and flow 
gap between seat and polymer tip. It was 
determined that, while EPR should seal the valve 
orifice more easily, HDPE should produce a valve 
flow rate vs. voltage curve less variant with 
time and exposure. Both should, however, be 
sealable and allow flow curves perturbed by <10% 
of full scale after ^130 days of exposure to 

10 Pa (1 atm) T gas 
5 •"-

r ad = 7 x 1 0 Gy d o s a g e ) . 

e q u i v a l e n t t o <V/7 x 10 

INTRODUCTION 
The Tokamak Fusion Test Reactor (TFTR) at 

the Princeton Plasma Physics Laboratory (PPPL) 

will be fueled with deuterium and tritium to 
reach a theoretical energy break-even reactor 
condition later in this decade. Two tritium 
fueling methods may be employed at TFTR. In
jection of frozen tritium pellets using 
equipment developed and assembled at Oak Ridge 
National Laboratory has been proposed. Less 
efficient than pellet injection (from the stand
point of tritium usage and total radiation 
dosage), though far simpler, is gas puffing. 
Because it is necessary to fuel only during 
short TFTR plasma pulses, an appropriate gas 
injector must be able to control gas flows of 
V7 x 10 to 7 Pa m3/s (M).5 to 50 torr L/s 
within a pulse duration of ^100-500 ms and with 
response times _<10 ms. Because the injector 
will probably be situated within "v3 m of the 
torus, it must be unaffected by rapidly varying 
magnetic fields. Flow modulation will be neces
sary, both to limit total T gas input to the 
torus and also to provide the complex temporal 
flow-profiles which may be desired. These 
criteria effectively * eliminate solenoid-
operated equipment for gas puffing. Piezo— 
ceramic-based valves have, however, been used 
successfully in Tokamak service; e.g., 0_ 
puffing in Princeton Large Torus and the 
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Poloidal Divertor Experiment. The prospects 
for use of such valves in tritium fueling 
service at TFTR constitute the subject of this 
paper. 

Fast-acting piezoelectrically-operated valves 
3 are sold by several vendors. These valves 

contain polymer components for electrical insul
ation and sealing. In applications which 
include exposure to the radiation field from 
high concentrations of tritium gas, polymers 
must be considered disadvantageous. However, it 
has become apparent that the presence of 
polymers, in particular elastomeric tip seals, 
is crucial to the success of these commercial 
valves. At PPPL, developmental piezoelectric 
valves incorporating thermoplastics of high 

4 elastic modulus (such as the polyimide Vespel) 
are considered inferior to elastomer-containing 
valves, particularly in regard to tip-sealing 
reproducibility. 

It is, therefore, proposed that future 
tritium injection valves be based as much as 
possible or. commercial urits and incorporate 
polymeric materials where necessary to ensure 
valve function. In particular, valve tip seal 
materials should be chosen for which moduli of 
elasticity are sufficiently low to allow defor
mation mating of tip to seat. At the same time, 
and most importantly, these seal materials 
should be perturbed as little as possible, or at 
least in a generally predictable manner, by the 
tritium radiation fields expected. Also, the 
tip seal should preferably be low in heteroatom 
(non-C,H) content, thereby limiting high-Z 

5,6 
off-gassing under irradiatica. Two polymers 
which meet the above criteria are the elastomer 
ethylene-propylene rubber (EPR) and the thermo
plastic high density polyethylene (HDPE). The 
useful life of valves based on these polymers 
must be appreciable. Lifetimes will be maxi
mized by restricting valve T, exposure to those 
periods during which gas is required in the 

torus, within the constraints of the tritium 
delivery and storage equipment. 

POLYMER DETAILS 
In a recent study, nine elastomers were 

subjected to MOO days of exposure to tritium 
(T.) gas at 10 Pa (1 atm) pressure. Of these, 
EPR displayed the third lowest radiation-induced 
compression set and the lowest total compression 
set (52%). EPR is also known to lose tensile 
strength and ultimate elongation upon gamma 
irradiation, these properties decreasing to 
^0-702 of their non-irradiated values at a dose 

5 7 9 of 10 Gy (10 Rad). These trends suggest 
degradation (scission) of EPR polymer chains and 
thus a concommittant decrease in elastic 
modulus. EPR is, of course, comprised predomi
nantly of C and H, and has a compression elastic 
modulus of V x 10 Pa (100 psi), which is a 

3 factor of ^3 x 10 lower than that of Vespel. 
In non-radiation service, use of EPR is con
sidered acceptable up to M50°C. 

HDPE is a material studied extensively in 
9-11 12 13 

the literature and more recently. ' 
While the plastic is known to creep (cold-flow) 
under a load, the degree of creep is low. Its 
compression elastic modulus is V3.5 x 10 Pa (50 
ksi). This is ^20Z that of Vespel and is 
invariant with gamma dose up to "̂ 5 x 10 Gy (5 x 7 9 10 Rad). At 100 days of exposure to T„ gas at 
5 5 

10 Pa, HDPE is given a dosage of V x 10 Gy 
(7 x 10 Rad), and at 30 days/10 Pa, "H x 5 12 13 10 Gy. ' [These conversion values should 
apply roughly to EPR as well.] HDPE contains 
little or no heteroatomic material. The melting 
point of HDPE is 137 °C, but creep increases 
markedly with temperature. 

MODELING 
3 A modeling investigation of two commercial 

piezoelectric valves was undertaken in an 
attempt to assess the prospects for inclusion of 
EPR or HDPE as tip seal therein. Equations are 



developed below Unking applied DC voltage V, 
bimorph preloading force F, bimorph elastic 
deflection modulus D, polymer elastic modulus E, 
polymer thickness t and seal surface area A, 
bimorph specific deflective force (per volt 
applied) k, elastomer compression set S, thermo
plastic creep modulus K, polymer compression (to 
make seal) q, and flow gap distance x or x' 
between seat and relaxed polymer tip. 

Elastomer with Compression Set 
For the elastomer EPR, the following equa

tions are obtained if we initially consider the 
polymer to bs perfectly elastic and F essential
ly Invariant with x (see Fig. 1): 

x = x  F/D + Vk/D 
o 

,for x_>0, where x is x(F=0, v=0). (1) 

Polymer compression should be determined by the 
resultant force when x=0, divided by the total 
modulus of elastomer plus bimorph: 

q = (F  Vk  Dx ) / ( D + AE/t) f o r q>0. 
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Fig. 1  A simplified c ross  sec t iona l view of a 
piezoe lec t r i ca l ly ac tua ted valve in which the 
polymer poppet i s per fec t ly e l a s t i c . 

If now we invoke the concept of compression s e t , 

we note from Fig . 2 tha t c = q + c S, where c i s 

the t o t a l indentat ion of the polymer at a r b i 

t ra ry F and V values , while c i s the indenta

t ion created when the valve i s closed (F fixed 

and V=0). The valve w i l l normally r e s t in a 

closed s t a t e , and i t s duty time w i l l be small in 

comparison to r e s t t ime. Compression set S i s a 

f rac t iona l quanti ty and w i l l increase as a 

function of time and t r i t i um exposure from zero 

i n i t i a l l y to ^50% af te r "AGO days/10 Pa. The 

flow gap may now be expressed: 

x'=x + c S=x 
o o 

When V=0, 

VkF 
D c S 

o for x'>0. (2) 

c =q + c S = [FD(x + c S)3/(D + AE/t) + c S. 
o o o o o o 

Rearranging the above gives: 

c = (F  Dx )/[D + AE(lS>/t]. 
o o 

From (3) may readily be derived: 

W — F 
• —  + S(F  Dxo)/[D + AE(lS)/tJ 

(3) 

for x'>0 (4) 

and 

S(FDx ) 
q  {FVkD[xo * D + m i _ s y / t 

for q>0. 

Values of 

■]}/(D + AE/t) 

,3 

(5) 

= 7.7 x 10 N/volt (0.79 
g(wt)/volt) and D = 7.3 x 10~3 N/ura (0.74 g(wt)/ 
um) were calculated as likely values for the 
bimorph used in the two commercial valves. * 
Assuming S=0, A = 1 mm2

, t = I mm, F=0.098 S 
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Fig. 2 - A cross-sectional representation of the poppet and seat 
of a piezoelectric valve in which the poppet material retains a 
compression set (for an elastomer; Ax •» c S) or a creep (for a 
thermoplastic) after loading. 

(10 g(wt)), and an appropriate opening voltage 
V(q=0) = 10V, then X = 2.8 Jim and q(V=0) = o 
9.7 um = 384 uin. This compression value q(V=0) 
is more than enough to provide a seal to a seat 
surface polished to "U).8 pm (32 yin.) RMS. The 
effect of a radiation-induced decrease in EPR 
elastic modulus is small because D^IO (AE/t). 
The effect of radiation-induced S is most 
noticeable from rearrangement of Eq. (5): 

V(q=0) ̂  (F - Dx )(l-S)/k, — o (6) 

in which it may be seen that opening voltage 
decreases linearly from V(q=0, S=0) to zero as S 
increases from 0 to 100%. The net effect on 
piezo-valve performance from radiation damage to 
EPR should thus be to move the flow rate Q vs. 
voltage curve to lower voltages. 

Notice in Eq. (4) that x'=V. The flow rate 
Q through the duct-like valve orifice is 
expected to be proportional to the second or 
third (or Intermediate) power of x', depending 
on whether Q is molecular or laminar (or 

transition) flow, respectively. * A piezo
electric valve developed at Princeton with an i>3 
mm dia. ball in cone seat design can also be 
considered to have a duct-like flow path. That 

2 19 
valve displayed a Q^V profile, and thus 

2 Q<£(x') , even though flow was probably in the 
transition region with ^13 Pa m3/s (100 torr 
L/s) maximum Q. Dependence of Q on (x") thus 
appears to be of a lower power than expected. 
Flows through modified commercial valves for 
TFTR will likely also be transitional, being on 
the order of 0.7 to 7 Pa m3/s <5 to 50 torr L/s) 
maximum Q. The assumption will therefore be 
made that modified valves will exhibit the 

2 2 Q°=V "(x') relationship. 

For the model cited above, assuming Q(H0V, 
S=0) = 100% of full flow and Q(10V, S=0) = 0%, 
then the plot of Fig. 3 and the data given in 
Table I should represent reasonably the effect 
of increasing S on valve flow response. Observe 
that when S=0.5 (after 100 days/10 Pa T expo
sure) , increase in Q from that at S=0 is 1% of 
full flow at 20V, 5% at 60V, and 10% at 110V. 
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Fig. 3 - A plot of relative flow rate (Q) 
through a commercial piezoelectric valve 
modified with an EPR poppet, as a function of 
driving voltage, for several values of elastomer 
compression set (S). It is assumed that 
Q=(x')z. 

Table I 

Variation of full flow Q (relative) as a 
function of voltage V and compression set 
S, assuming Q«(x')2. Values are for EPR-
based valve described in the text. 

V 
(V DC) 

10 

20 

60 

110 

0.25 0.5 

Q 
0% 
l 
25 
100 

0.05% 

1.52 

27.4 

104.7 

0.23% 

2.18 

30.0 

109.8 

Thermoplastic with Creep 
For HDPE, the concept of compression set is 

not applicable, and E should be invariant to ^80 
days/10 Pa T ? exposure. With time, however, 
plastic creep should occur, an inherent property 
of the material (see Figure 2). Because of 
creep under a compressive load, x becomes x', 
where 

x + Ax. (7) 

When the valve is closed, the total amount of 
compression (c ) equals :6e elastic compression 
(q ) plus the amount of creep (Ax): 

q + Ax. o (8) 

Now the total compression at V=0 of the thermo
plastic i«5, from the definition of creep 
modulus, 

(F-DxQ)/(D +•*£>. (9) 

The elastic component at V=0 should be: 

q = [F-D(x + Ax)]/(D + ̂ ) . (10) 
^o o t 
Inserting (9) and (10) into (8) and solving for 
Ax, we find: 

Ax - (F-DxQ)[(D + M ) / ( D + 4E) « i]/M (U) 

From (11) general expressions for x' and q may 
be derived. 

Assuming, as for EPR, that F = 0.098 N, 
V(q=0) = 10V, etc., and that K=E initially, then 
q(V=0) = 0.22 ym = 8.7 uin. (see Table II). 
This amount of deformation could allow sealing 



Table II 

Variation of several variables with time after assembly of an 
HDPE-based valve, caused by plastic creep. Q is assumed «(x')2. 

Time 

0 h r 

to2 

O 3 

o4 

q (V=0) 

0 . 2 2 0 ym 

0 . 2 1 6 

0 . 2 1 5 

0 . 2 1 4 

V < r 

10 .00 

9 .84 

9 . 7 8 

9 .71 

'0) 

V DC 

x 1 (V=110 V 

106 .76 

1 0 6 . 9 3 

106 .99 

107.06 

DC) 

um 

Q(V«11Q V DC) 
( r e l a t i v e ) 

100.0% 

1 0 0 . 3 

100 .4 

100 .6 

of the valve tip if the metal seat were polished 
to a mirror ('M3.1 um - 4 yin_ KHS) finish. 
After 1000 hr under compression, creep modulus 
decreases to M . 7 x 10 Pa (24 ksl), at which 
point <l(V=0)1000 - 0.215 Mm and ^<<H» 1 0 0 0 -
9.8 V. Sealing should thus be maintained and 
Q(110V) increased by less than 1%. More
over, the decrease of K with time (*̂ 20% per 
factor of 10) is likely to slow further with 
irradiction (HDPE crosslinkxng, •* hardening), 
suggesting that Q vs. V curves for HDPE should 
approach a steady relationship within ^80 days/ 
IQ5 Pa T exposure (or ̂ 5 x 10 Gy). After ̂ 80 

5 
days/10 Pa exposure to T7» however, the elastic 
modulus of HDPE should begin to increase, 
causing a decrease in q(V=0) and thus a tendency 
toward greater seat leakage. 

POLYMER SEAL CONCLUSIONS 
It may be seen from the above discussions 

that EPR and HDPE each would have advantages and 
disadvantages in piezoelectric valve service. 
While EPR should seal the valve orifice more 
easily, HDPE should produce a Q vs. V curve less 
variant with time and exposure. Even so, how
ever, both should be scalable (with some work) 
and both should allow flow curves not grossly 
perturbed even after M C 0 days/10^ Pa (V x 
10 Gy) exposure. Each material is thus a prime 

candidate for use as tip sealant in future de
velopment valves. 

Because of the much increased creep of HDPE 
20 

at temperatures above ambient and the likeli
hood that compression sets for EPR will increase 
with temperature cyclings it is recommended that 
valves incorporating these materials not be 
baked above /u50°C. Bake-out at higher tempera
ture could well necessitate manual readjustment 
of valve seat height upon return to ambient, as 
Q vs * V^ curves could be grossly shifted. 

A valve incorporating an HDPE or EPR tip 
seal will show at least some change in Q vs. V 
performance with time and exposure. For most 
accurate T injections to TFTR, it will be 
important that gas flow be monitored during 
valve opening and adjusted as neo-ded, all on a 
real-time basis. This should be feasible with a 
fast (millisecond time scale) tritium-compatible 
differential pressure transducer, used to 
monitor the rate of pressure drop in the valve 
ballast volume. Such a AP transducer appears 

21 
available with 0.25% accuracy in full scale 4 ranges (>1.7 x 10 APa (125 Atorr). With fast 
computer feedback-loop control, EPR- or 
HDPE-tipped valves should be useable to T_ 

5 exposures well beyond 100 days/10 Pa. 
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