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ABSTRACT 

A system using high-velocity fluid jets in 
conjunction with a rotary diamond bit is cur- 
rently consldered ds the best candidate for 
reducing the cost of drilling geothermal wells. 
Technical. safety and cost consideratlcns indl- 
care that the required jet supply pressure can 
best be established by a dwnhole pressure 
intensifier. Key intensifier components are 
the check valve and plunger seals, which must 
prevent leakage of the high-pressure. hiqh- 
tenperature abrasive €luid !drilling mu4). 
To achieve the required performance. novel 
ceramic seals are currently being develcped. 
The check valve seal includes a tapered poly- 
meric plug and ceramic stop acting against a 
ceramic seat. The ceramic plunger seal is a 
variant of the "stepped-joint' piston rlng and 
is designed :o minimize ccntact pressure and 
abrasive wear. Initial testing of these seals 
in the laboratory shows encouraging results: 
design re€inement and further testing is in 
progress. 

INTRODUCTION 

Sandia National Laboratories manages the 
U.S. Department of Energy's Geothermal Technol- 
ogy Development Program. A goal of the program 
Is to expand the use of geothermal energy by 
developing technologies that reduce the cost of 
drilllng and completing geothermal wells. 
effort is currently underway to develop an 
advanced drilling system whose aim is to reduce 
drilling costs by 25 percent. 
as its cutting element a special rotary diamond 
bit supplemented by high-velocity cavitating 
fluid jets (Clowka. 1985). Pressurized fluid 
(drilling mud) is supplied to nozzles in the 
bit. and the jets from these nozzles help break 
the cock. cool the diamond cutters. and clear 
debris from the hole bottom. 

An 

This system has 

An initial study (McDonald. et al.. 1981) 
addressed the technical and economic feasibility 
of developing the high-pressure drilling €luid 
supply system. 
sureace equipment was judged to be unattractive 
due to the large number of components needing 

A system using high-pressure 
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development, the hazards to operating personnel. 
and the high operating cost. It was concluded 
that a system using lowpressure surface equip- 
ment with a downhole pressure intensifier had 
the greatest potential for success. As part 
of the component development effort. Sandia 
National Laboratories awarCed a contract to 
Foster-Miller. Inc. to design and test tm key 
elements of the downhole intensifier, namely, 
the seals €or,the check valve and reciprocating 
plunger. 

DESIGN CONCEPT 

in Table 1. Several of these requirements are 
both unusual and severe because the downhole 
intensifier operates at high temperature with an 
abrasive fluid. To minimize the likelihood of 
failure. key seal elements are made from hard 
refractory materials that are unaffected by the 
temperature and are much harder than the abra- 
sive particles (quartz) in the fluid. These 
materials also have very high resistance to 
cyclic and contact (hertzlan) stresses -- both 
very desirable characteristics for dynamic seals 

A summary of the seal requirements Is s h m  

Table 1. Seal SpeciCications 

Check 
Valve Plunger 

1. 

2. 

3 .  

4 .  
5. 
6.  

7.  

8. 

Minimum Survival 

f4aXimum Temperature 
Time 

Operation 
Soak 

Type 
Fluid Characteristics 

Abrasive Content 
(by v o l . )  
Particle Size 

Haximum Pressure 
Cycle Rate 
Plov Resistance 

Diameter: Stroke 

Maximum Leakaqe 

200 hr 200 hr 

3OO0F 3OO0P 
5OO0F 5OO0P 

Water-based drilling 
mud with abrasive 
(quartz) particles 
3% 3a 

<14p (74U 
15.000 psi 15,000 psi 
1 nz 1 HZ 
(100 psi N/A 
at 4 gpm 
H/A 1 in.: 

24 in. 
0.1 gpm 0.1 gpm 
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The approach to designing the check valve 
sea! is to have a hard ceramlc clement serve a s  
a stop against a hard ceramic seat, and to pro- 
vide a soft material (such as a high temperature 
polymer) to plug any leakage paths that w u l d  be 
formed between the stop and seat due to surface 
roughness and/or trapped particles. For the 
plunger seal. the approach 1s to develop a 
hard-seal contiguration that maintains uniform 
contact at a low controlled pressure over the 
entire sealing periphery. Purther detalls of 
the seal concepts are given below. 

The‘ Check Valve Seal 

In a conventlonal metal-seal check valve, 
any grit in the fluid is usually trapped between 
the sealing surfaces of the valve as it  closes. 
Trapped particles lead to hperfect closure 
which causes leakage: they also lead to pitting 
(due to high contact stress) and erosion (due to 
abrasive leakage flow) which ultimately results 
In failure of the seal material. In instances 
where grit is present. an elastmer is often 
used as one oE the sealing elements. so that a 
particle is enveloped in the elastomer rather 
than holding the sealing elements apart. At 
high pressure and temperature. however. a tradi- 
ticnal elastcinerlc real wtthour a backup member 
is unsuitable because the elastomer tends to 
extrude through the opening to be sealed. The 
inclusion of a hard stop vhich forms an extrn- 
sion dam can overcane this difficulty. A check 
valve seal configuration based on this approach 
is s h m  in Figure 1. 

VALVE STEM 
BLOCKED-FLCi4 
DIRECTION a , 

THR9UGH-FLOW 
0 RECT 1 CH 

Figure 1. Check valve seal configuration. 

The valve seal consists of t w o  key elements: 

0 A metal valve stem which holds a tapered 
polymeric plug and hard ceramic stop 

0 A hard ceramic seat that can mate with 
the plug and stop 

The plug has a slightly steeper taper than 
the seat. Therefore. as the valve beings to 
close, the upper part of the plug first touches 
the seat. As pressure builds up. the plug is 
compressed to bring the lower part into contact 
with the seat. Shortly thereafter. the hard 
stop contacts the seat and serves as a barrier 
to prevent extrusion of the plug material into 
the low-pressure zone. 

Any abrasive particles in the contact zone 
of the plug will be enveloped in the polymer and 
thus should not prevent formation of a tight 
seal. Abrasive partlcles trapped between the 
stop and seat will be crushed due to the tdigh 
pressure Eorce compressing these members during 
blocked-flow operation. The available extrusion 
gap will thus be small. and polymer extrusion 
can be prevented by choosing a suitable plug 
size and material. 

The Plunger Seal 

The configuration of :he plunger seal is 
shown in Figure 2. It represents a modified 
form of a ‘stepped-jolnt‘ piston ring. A key 
element is the ventilated sealing band which 
surrounds the plunger shatt. The band and shaEt 
are made of hard ceramic to resist Wear when 
sealing the abrasive mud. The band has two 
staggered longitudinal splits which are joined 
by a circumferential split as shown. Thus. the 
band can exert a compressive radlal pressure on 
the shaft. depending on the pressure applied to 
its outer surface. A pair of circumferential 
ventilating grooves are Fqrmed on the inner sur- 
face of the sealing band. spaced synqetrically 
on either side of the circmferential split. A 
static seal (made of a high-temperature polymer) 
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Figure 2. Plunger seal configuration. 



is installed between the houslng and the outer 
surface of the sealing band. The circumferen- 
t i 4 1  spllt In the sealing band is covered by the 
static seal. A n  antiextrusion ring is placed 
between the statlc seal and the housing to pre- 
vent the former €ran extruding into the low 
pressure area. A load ring and wave spring are 
also provided to preload the static seal. 

A characteristic of this type of seal is 
that there is no 'daylight' gap across it. The 
longitudinal splits in the band are staggered: 
they only conrmunlcate through the circ3umteren- 
tial split which 1s forced closed by the axial 
pressure ditferential across the seal. Leakage 
from around the outer surface is prevented by 
the static seal. 

The radial pressure profile on the inner and 
outer surface of the sealing band is shown in 
Figure 3. High pressure is transmitted along 
the longitudinal split to the left ventilating 
circumferential groove. Thus, high pressure 
exists between the snaft and band up to the left 
g r m v e .  Similarly, IOU pressure is transmitted 
along the longitudinal spllt to the right ven- 
tilating groove. Thus. lou pressure exists 
between the shaft and band up to the right 
groove. Between the grooves. an essentially 
linear decrease in pressure exists: the linear 
drop occurs because the clearance between the 
shaft and band is very smail (on the order of 
the surface roughness). and the leakage flow is 
controlled by fluid viscosity and not inertia. 

Figure 3. Radial pressure profile. 

High pressure is transmitted along the out- 
side of the sealing band up to the high pressure 
side (left hand side) of the static seal. Low 
pressure is transmitted up to the low pressure 
side (right hand side) of the static seal. 
Thus. the external pressure on the sealing band 
will decrease across the static seal as shown. 

Cmparison of the pressure profiles on the 
inside and outside of the sealing band shows 
that there is a force acting radially inward 
on the band. and that the magnitude of this 
force can be set by adjusting the ventilation 
(i.e.. the axial distance betwen the ventilat- 
ing grooves). This is an important conclusion. 
since it forms the basis for the design of the 
seal. 

In designing the seal. the following steps 
are taken: 

The distance between the Ventilating ' 

grooves is chosen to provide a certain 
level of radially-inward force. 

The total axial length of the band is 
chosen 50 that the radially-inward force 
acting over the (total) internal band 
area provides a desired (low) value of 
compressive pressure on the plunger shaft 

Thls design approach ensures that the band 
is always pressed (lightly) against the shaft so 
that no daylight gap is found between shaft and 
band. At the same time. by choosing a IOU value 
of bearing pressure, the friction and wear can 
be minlmized. An Important feature of the con- 
cept is that wear will not affect seal opera- 
tion: the band will ccmpensate for It autmat- 
ically by closing itself around the plunger (and 
reducing the width of the longitudinal splits) 
to maintain the original contact pressure. 

TEST PROTOTYPES 

Test prototypes of the check valve and 
plunger seal were fabricated as s h a m  in Pig- 
ures 4 and 5. The key elements of the check 
valve are the valve stem and seat assemblies. 
The valve stem assembly includes the valve stem. 
polymeric plug. hard stop and reseat spring. 
The plug and stop are held in place by a bolt 
that restrains them against a shoulder on the 
stem. The seat assembly is made up of the seat 
and cmPression ring: the latter prestresses 
the (ce;amic) seat 
ccmpression. 

Materials used 
check valve are as 

Polymeric plug 

Hard stop: 

Hard seat: 

so that it is always in 

In the construction of the 
follovs: 
No. 1: Glass-filled Teflon 
No. 2: Silicone rubber 

Silicon carbide 

Silicon carbide 

The remainder of the check valve Is made of 
steel, with the exception of the valve stem 
bushing which is made of bronze. 

The key elements of the plunger seal (Pig- 
ure 5 )  include the ventilated sealing band and 
plunger shaft. To simplify prototype fabrica- 
tion. the band is made with an inner sleeve 
contained within an outer housing. The sleove 
material (PerroticQ) is composed of titanium 
carbide particles dispersed within a steel 
matrix. This material. referred to generically 
as a cermet, combines the hardness of ceramic 
with the toughness and machinability of steel. 
It also provides superior lubricity in sliding 
contact. The outer housing is made of invar. 
whose coefficient of thermal expansion is close 
enough to that of the cermet to prevent exces- 
sive thermal stress in the seal. The shaft is 
made f r w  hollow silicon carbide tube. The 
materials used for other plunger seal components 
are: 

StatIc seal: Teflon 
Antiextrusion ring: Brass 
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1. Class-filled 10 

2. Sillcone rubber ! 10 
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Figure 6. 

mud line when it is depressurized (l.e., when 
the 15.000 psi source is vented). but mud is not 
pumped back into the reservoir when the mud line 
1s pressurized. 

Schematic diagram of test rig. 

In order to subject the plunger seals to 
the required operating temperature (3OOOF). 
thermostatically-controlled electric heaters are 
placed around the housing and surrounded by 
insulation. The lov-pressure chambers of the 
seal housing are maintalned at 1CO psi (by gas 
pr?ssure) to keep the hot, water-based mud from 
boiling. Leakage from the test seals is deter- 
mined by collecting the fluid from the lor 
pressure chambers in t w  sight gauges. 

70 250 to 300 54 Wear at exposed 
rb l  of plug 

60 250 to 300 110 No uear observed 

? 

Test rig operation is controlled by two 
' 

slaved servovalves (SI. and S2). 
valves : 

ThePe 

Plug Materlal 

1. Glass-filled 
Tef lon 

2. Silicone rubber 

e 

e 

m 
virtua 

Dlfferentlal 
Cycle Rate Pressure (psi) Leakage Flou Renarks 

1 HZ - -0 High Sand particles prevented 
contact betueen plug and 
seat 

1 Hz 15.000 None Valve fallure after 
6 cycles: see text 

Actuate the stroking cylinder so that the 
plunger reciprocates with the necessary 
stroke and frequency. (Feedback from 
lh l t  switches on the plunger set the 
stroke length). 

Switch the hlgh-pressure fluid €low so 
that the mud line is pressurized cycli- 
cally to 15.000 psi. 

s arrangement subjects the test seals to 
ly the same differential pressure history 

as they would see in the d m h o l e  intenslfier 
while the plunger is movlng back and forth. 

It the plunger seals were tested in a real 
intensifier, then substantial quantities of 
pressurized fluid v w l d  be produced. and the 
p m p l n g  power would be high (about 43 hp during 
the pumping stroke). Vlth the test arrangement 
shown in Figure  6. there 1s no pimping Jction in 
the seal housing, and thus no pumping power is 
requlred to stroke the plunger. Although the 
test rig does have an additional source of power 
loss (due to bypass flow venting). this loss is 
slgnlflcantly Less than the pumping m e r  
(because the bypass flw is small). Therefore, 
test power requirements are signlficantly lover 
with the test rig than with a test intensifier. 
so that a smaller and less expensive hydraulic 
power supply can be used. 

TEST RESULTS 

Check Valve Seal 

Initial test data were analyzed to determine 
check valve performance when pressurized with 
mud. The results are sunnnarized in Table 2. 
The first set of tests (Table 2a) checks the 
pressure drop in the through-flow direction. 
This drop is found to be well within specifica- 
tions. vlth a measured value of 60 psi at 10 gpm 
compared to the speciPied maximum value of 

I Average P l w  Average AP Average Temperature 1 Totf;r;lme I I (psi) (OF) Remarks 

t I I I I 1 



r 
Differential 

COllfi3Urdt 100 'Pressure (psi) Leakage P l w  Plunger llctim 

1. Orlglnal clearancances: 15.000 -0 uo 
tight statlc seal 

2. Larger clearances: 15.000 Not Ma8Urcd Yes 
relieved static seal 

t 

100 psi at 4 gpm. The tests also shov that the 
silkone rubber plug has superior wear resist- 
ance compared to the Teflon plug. The second 
set of tests (Table 2b) evaluates the ability o f  
the seal to prevent flow when pressurized in the 
blocked-flcu direction. The first test -- using 
the Teflon plug -- vas unsuccessful because sand 
particles in the mud prevented the plug from 
making firm contact with the seat. Apparently. 
the plug was too hard to envelop the sand. The 
second test -- using the softer. silicone rubber 
plLg - -  appeared to overcome this shortcoming. 
However. the valve failed after only six cycles 
of pressurlzation. so its long-term performance 
is as yet unknovn. Valve failure occurred 
because. under the high blocked-flw pressure 
force. the plug was forced around the restrain- 
inq shoulder of the valve stem and moved to the 
other side of the shoulder. Also, the sharp 
outer rim of the silicon carbide stop showed 
signs of chipping. and a crack vas found in the 
seat. The crack probably occurred as a result 
of the chipping since any (hard) chips lodging 
themselves between stop and seat would qener-te 
very large contact stresses during blocked-flcu 
oper at ion. 

The valve stem and stop are currently being 
remade to increase the stem shoulder diameter 
(for improved plug restraint) and to round off 
the sharp r im of the stop (to prevent chipping 
and cracking). The test program will continue 
after these changes have been implemented. 

Plunger Seal 

Initial tests with the plunger seal are 
summarized in Table 3. In the first test. the 
seals held the full diEferentia1 pressure wlth- 
out leakage: however. the plunger could not be 
moved. Examination of the system indicated that 
the interference fit of the external housing and 
static seal gave rise to excessive radial com- 
pression of the sealing band. So. static seal 
clearances were changed and the system vas 
retested. Initially. as before. the seals held 
the full differential pressure but. this time, 
the plunger was free to move. Cyclic testing 
was thus started. Unfortunately. after the 
plunger had moved a few inckes. the plunger 
shaft failed and the test had to be terminated. 
Examination of the shaft clearly shoved that its 
failure vas unconnected vith seal operation. but 
had occurred because of the way in which it had 
been constructed. Since a long (40 in.) one- 
piece silicon carbide shaft was not readily 
available, it had been decided to fabricate 
this component by joining four shorter (10 in.) 
pieces of hollov tube. This was carried out by 
first sealing the joints between tubes with 
epoxy, and then fastening the assembly under 

R s m C k S  

Plunger locked in place: 
static seal too tight 
around sealing band 

Plunger shaft €allure: 
see t e x t  

axial compression by a bolt through the center. 
An imperfection in one of the epoxy joints 
a l lwed  hlgh pressure fluid to enter the inside 
of the shaft (tube) and cause it to fail due to 
excessive tensile hoop stress. An improved 
method of shaft fabrication is currently being 
implemented, and retesting of the plunger seals 
is scheduled to begin shortly. 

COWCLUSIONS 

Check valve and plunger seals for a geo- 
thermal dovnhole intensifier have been designed 
and built. The use of hard ceramic materials 
for key seal elements is expected to provide 
exceptionally good resistance to the hlgh- 
pressure. high-temperature, abrasive drilling 
fluid used in the intensifier. Initial test 
results indicate that the check valve seal will 
be capable of meeting the pressure and flov 
requirements for through-flow and blocked-Elm 
operation. The testing also indicates the need 
for certain desiqn refinerents to better fasten 
the sealing plug and to prevent chipping and 
cracking of the ceramic. Such refinements are 
currently being implemented. and testing 1s 
scheduled to continue. 

Initial testing with the plunger seal has 
also been carried out. Although firm conclu- 
sions cannot yet be formed. the seal appears to 
hold the required pressure. The original method 
of fabricating the plunger shaft has proved 
unsatisfactory. A better fabrlcatlon technique 

testing vi11 continue after a nev shaft is in 
place. 

is currently being Implemented, and Purther 

Upon successful completion of the seal 
development program a major source of technical 
risk will have been removed. and vork on the 
intensifier (and other parts o f  the drilling 
system) can then proceed without delay. In 
addition. the seals developed for the dovnhole 
intensifier will also have application in other 
geothermal equipment. 
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