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ABSTRACT

Life expectancy of rotary seals in downhole
motors depends both on the temperature generated
by sliding friction and on the ambient temp-
erature. A parameter study which led to an
improved, temperature-reducing seal config-
uration is described in this report.
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SUMMARY

The life expectancy of rotary seals in downhole motors
depends on temperature generated by s}iding friction as well
as ambient temperature. Heat transfer calculations show that
sliding friction can produce a significant rise in temperature
across seal assemblies, great enough to deteriorate the seal

material and cause premature failure.

Thermal conductivities of seal materials and
thicknesses of shaft, sleeve, and housing are major design
factors influenclng steady state temperature profiles across
seal assemblies. |In general, smaller dimensions and higher
thermal conductivities allow the friction generated heat to

dissipate at a lower temperature.

A parameter study led to an improved rotary seal
configuration which will significantly lower peak seal temper-
atures in downhole motors. The design will channel drilling
mud near the sliding friction surface for better dissipation
of the friction generated heat. Plans are being made to
incorporate this improvement into the bearing seal test
assembly developed earlier under this contract for Terra

Tek by Maurer Engineering.

It is doubtful that seals made of Buna-N will perform
successfully on downhole motors, even when used in the
improved design. On the other hand, calculated maximum

temperatures are-within material limiatations of Grafoil.
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BACKGROUND

Two basic components. of turbodrills are the turbine
section and the beafinQApack; The turbine section converts
hy&raulic horsepower, carried by fhe_drilllng mud, to
mechanical power at the drill bit En the form of rotary
speed and bit'torque. Thrust bearings in the bearing
pack transfer axial thfust, generated by a combination of
pressure drop across the turbine blades and bit weight, to
the turbine housing and drill collars. Radial beérings
in the bearing pack centralize the inner rotating shaft.
Figure 1! shows how thé turbine sebtion and bearing pack
are combined to form a turbodrill. Drilling mud enters
ét the top of the turbine sectfon, is diverted through the

TURBINE | TURBINE BLADES
SECTION B
i MUD
- , ;77
) FLOATING
.~~~ PISTON
| OIL RESERVOIR
AN \|_——RADIAL BEARING
' :>mnus'r BEARINGS
Bl __PRESSURE SEAL
v ;

Figure 1 Turbodrill Assembly
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turbine blades, and exits at the bottom end of the bearing
pac(. There is a pressure drdp across the turbodrill and
an additional pressure drop across the drill bit. The
drilling mud cleans and cools the bit and flows back up
the wellbore in the annular space between the turbodrill

and wellbore wall.

If the bearings are allowed to operate in the drilling
mud environment, their operating life is greatly reduced.
One design scheme for protecting these bearings from drilling
mud (see Figure 2) is to operate the bearings in lubricant.
The lubricant Is pressurized by a floating piston which is
displaced by pressure differential across the bit.
A pressure seal controls leakage from the oil reservoir
and prevents drilling mud in the annulus from seeping into
the bearings. Normally, the bearings fail shortly after the

pressure seal fails.

FLOATING > DRILLING FLUID.

PISTON

|_—RADIAL BEARING:
{>'mnus1' BEARINGS

y

OIlL
RESERVOIR

PRESSURE
SEAL

Figure 2 Bearing Pack Assembly




Designing effective rotary seals has been a problem
for several years, and in many pieces of equipment rotary
seals are the weakest component. Recognizing this, thé
U.S. Department of Energy/Division of Geothermal Energy
funded a laboratory study of rotary seals in downhole drill-
ing motors. The test program is set up at Terra Tek (Salt
Lake City) and is designed to establish the life expectancy
of different types of rotary seals. Hopefully, the study

will lead to a long life seal for downhole motors.
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TERRA TEK SEAL TESTER

The Terra Tek seal tester utilizes a rotating shaft
and a stationary housing as shown in Figure 3. The
seals operate against a polished wear sleeve plated with
a hard material ﬁuch as chrom;. The}mocouples placed in
the sleeve and in the housing are used to monitor seal
temperatures during the tests. The coolant fluid inside
tHe tester flows adjacent to the inside of the sleeve,
consequently, no heat transfer takes place across the
shaft. Heat is dissipated more effectively in the seal
tester than in the bearing pack where the heat must flow
through the drive shaft before it can be cénveqted-by
the mud inside the motor. For a detailed description
of the tester and a summary of test results, refer to

an earlier report (Black et al., 1978)!

13
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Figure 3 Cross Section of Seal Tester




BEARING SEAL PACK

As subcontractor to this project, Maurer Engineering
designed and built the bearing seal test assembly shown in
Figure 2. Cross-sectional dimensions of the seal assembly
are'given in Figure 4. It is the heat transfer through
this section that was analyzed and is covered in this

report.

77/ / /" HOUSING L4
THREAD _
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CHROME < <SEAL <
! /
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Figure 4 Cross-Sectional Dimensions
of Bearing Seal Assembly
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Since this assembly was designed and submitted to
Terra Tek, much has been learned during the project about
heat generation and temperature distribution across rotary
seal assemblies. Excessive local temperature can reduce
the strength of the seal material and is one possible cause
of failure initiation in rotary seals. We now knbw that it

is important to design seal assemblies so that heat, caused

by sliding friction between seal and sleeve, can be removed

by sufficiently low temperature gradients while keeping steady

state temperatures within acceptable limits.

It was shown earlier (Dareing, 1978)% that calculations
based on a one dimensional heat transfer model gave reason-
able pfedictions of temperature profiles across rotor seal
assemblies. Temperature profiTes predicted by the one
dimensional theory compared favorably with te%peratures

measured by thermocouples in the Terra Tek seal tester.

The computer program presented in reference 2 has since
been used as a design aid to determine the affects of seal
profiles and the intensity of maximum local temperature at
the sliding seal/sleeve interface. Our study has lead to
a seal assembly which is an improvement over the one shown

in Figure &4.




TEMPERATURE CALCULATIONS

Heat Transfer Formulation

The temperature'profile across a seal assembly depends
on ambient temperature, both Inside and outside the assembly,

as well as the rate at which heat is being generated at

the sliding seal/sleeve interface. The rate of heat generation

at the sliding surface is determined by

Q = z%—g—g—ﬂtu/min (1)

where

T - Friction Torque, ft-1lbs
N - Rotary Speed, rpm

Note that friction torque is

2

T = wpe 77 (2mc)c (2)
where

U - coefficient of friction

P - seal/sleeve contact pressure, psi

£ - length of seal contact, inches

c - radial distance to sliding surface, inches

In general, this heat is dissipated by conduction
inwardly through the shaft and outwardly through the housing;
during drilling the heat is carried away by drilling mud

once it reaches the fluid contact boundaries of the turbine.

17
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Following the one dimensional heat transfer model,
heat travels only in a radial direction and the temperature
profile across each cylinder (such as shaft, seal, housing)
is defined by

] ro r
T(r) = —_— [Ti Ln — + T° Ln - )| (3)
o i
n -

The boundary condition at the sliding interface for the sleeve’
e dT
/ = - —2— ]
¢ 2mrk Ko g7 Ir=c (k)
while the boundary condition at the sliding interface for

the seal is

dT
Q, = -2mrd Ky~ . (5)

In equations b and 5, the subscript 2 refers to the sleeve
while the subscript 3, refers to the seal. Boundary conditions’
at the fluid contact boundaries are ambient temperatures.

Assumptions made on the one dimension heat transfer model are

1. Thermal conductivities are independent of temperature

2. Thermal conductivity of fluid boundary layer is ignored.

While the mathematical model is not an exact represent-
ation of reality, it does give temperature predictions which
compare favorably with measured data. Since Reference 2 was
written, the computer program was expanded to include four

cylindrical layers to account for

1. Shaft
2. Sleeve
3. Seal
4

. Housing

A schematic of a typfcal temperature profile ﬁs shown in

Figure 5.
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Figure 5 Schematic of Temperature Profile
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Reference Parameters

The seal assembly (Figure 4) in the bearing pack
has different dimensions from the Terra Tek seal tester
(Figure 3). Dimensions of the two seal assemblies are

given in Table 1.

Table 1

Terra Tek Bearing Seal

Seal Tester Assembly
Shaft Wall Thickness, inches 0 * 1.34
Sleeve Thickness, inches 0.564 0.25
Housing Wall Thickness, inches 1.125 .875
Radius to Sliding Surface, inches 2.5 2.5
Seal Thickness, inches .5 .5

* Effectively zero since coolant contacts sleeve.

To date, seal tests have been conducted with an average
coolant fluid temperature of 80°F, The outside temperature
has been adjusted so that thermocouple temperature, T3, (see
Figure 3) is maintained at 250°F. During tests of Buna-N
seals, the outside temperature is approximately equal to T,
because Buna-N insulates the seal housing from friction heat.
On the other hand, during tests of Grafoil seals, the outside
temperature is much less than 250°F because Grafoil conducts

friction heat to T3.

Drilling mud temperature inside and outside of a downhole
motor will typigally be 180°F in hot geothermal wells '
(McDonald, 1976). The mud reaches higher temperatures as it
flows up the hot wellbore annulus, but this does not affect

the seal temperature in the motor.




Several parameters can be selected as input for computer
calculation of temperature. For each set of calculafions
only one parameter was varied at a time while the others
were fixed. The reference design parameters were the same
as those selected for the bearing seal assembly (Figure 4)
while the reference operating paraﬁetgrs were the same as
the onés measured from the seal tester; the reference ambient
temperature for the bearing seal assembly was 180°F. Tables 1

and 2 summarize the reference parameters.

TABLE 2
REFERENCE PARAMETERS FOR COMPUTER CALCULATIONS

SEAL BEARING
TESTER PACK
‘Rotary Speed (rpm) 212 212
Seal Pressure Drop (psi) 1,500 1,500
Friction Torque (ft-1bs) 50% 50%
Friction Power (hp) 2 2
Shaft**Thermal Conductivity
(Btu/hr/ft/°F) 25 25
Sleeve*"Thermal Conductivity
(Btu/hr/ft/°F) 25 25
Grafoil Seal Thermal Conductivity
(Btu/hr/ft/°F) ' 80 80
Buna-N Seal Thermal Conductivity '
(Btu/hr/ft/°F) 0.1 0.1
Inner Fluid Mud Temperature Ta (°F) 80 180
Outer Fluid Temperature T, (°F) kkk 180

% 50 ft-1bs per seal
*%  Steel
*%% Varijed to maintain T; at 250°F
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PREDICTED TEMPERATURES IN SEAL TESTER

Temperature profiles given in this section are reproduced
from reference 2 for comparison with temperature profiles
predicted for the bearing pack seal assembly. As shown in
Areference'Z, these calculated temperatures compare favorably

with temperatures measured in the seal tester.

Figure 6 shows .that a maximum seal temperature of 535°F
is generated at the sliding interface between the seal and
the wear sleeve. This temperature is much higher than the
350°F temperature at which Buna-N deteriorates and is consistent
with the severe deterioration of the Buna-N seals observed
during the tests. In some test cases, the seals were vulcanized
together to the extent that they could not be pulled apart.
Figure>6 shows that reducing the seal coefficient of friction
by 50%, (i.e., reducing the friction losses from 2 hp to 1 hp)

would reduce the seal temperatufe from 535°F to 308°F.

23
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Figure 6 Buna-}N Seal Temperatures in Seal Tester
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PREDICTED TEMPERATURES IN BEARING SEAL PACK

Calculations show that the temperatures in the
bearing seal pack will be much higher than the temperatures
in the seal tester (Figure 7). The computer model predicts
a peak temperature of 1,950°F in the bearing seal assembly
compared to a peak temperatdre of 535°F in the seal tester.
This high seal temperature js produced because heat must
flow through the shaft in the bearing pack whereas it does
not in the seal tester because fluid flows adjacent to
the wear sleeve in the testér. The high seal temperature
indicates that the seal will fail much faster in the
bearing pack than in the seal tester. |t is therefore

critical that the bearing pack be modified so that the

seal temperatures will be reduced to acceptable limits.

The objective of this study is to analyze the various
parameters that affect seal temperature in the bearing
pack and to make recommendations on how to redesign the

existing bearing pack to redu;é seal temperatures.

25
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Figure 7 Buna-N Seal Temperature
(50 ft-1bs, 212 rpm)



Effect of Seal Material

Seal temperature is highly dependent upon the thermal
conductivity of the seal material because any friction
heat that flow;vto the outside of the tool must flow through
the seal. Figure 8 shows the effect of the two different
thermal conductivities on temperature profiles for the
bearing pack assembly. Buna-N has a thermal conductivity
of .1 Btu/hr/ft/°F compared to 80 Btu/hr/ft/°F for Grafoil.
An increase in the thermal conductivity by a factor of
800 reduces maximum seal temperature in the bearing seal
pack from 1,950°F to 607°F. The improved heat flow is one
of the important advantages of qung Grafoil as a seal
material. Another advantage is that Grafoil is 99+ percent
carbon and can operate at temperaturés in excess of
1,000°F compéred to the 350°F limitation of Buna-N rubber.

27
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Effect of Shaft Wall Thickness

As shown earlier, excessive seal temperatures will
be produced in the bearing pack because of low heat flow
through the motor shaft. Figure 9 shows that the Buna-N
seal temperature can be reduced from 1,950°F to 370°F
by reducing the shaft thickness from 1.34 inches to zero.
A design shown later can effectively reduce the shaft
thickness to zero by flowing drllling mud next to the
wear sleeve, thereby reducing the seal temperature to
370°F.

One conclusion from these data Is that even with only
a .25 inch steel sleeve, (i.e., zero shaft thickness)
maximdm temperatufe exceeds the 350°F allowable operating
temperature of Buna-N. Seals made of Buna-N have there-
fore little chance of working as rotary seals in downhole
motors. This is consistent with past experience as
researchers have been unsuccessfully attempting to use
various types of rotary'seals containing Buna-N rubber

since the mid 1920's.

29
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Figure 9 Effect of Shaft Thickness on Buna-N
Bearing Pack Seal Temperatures




Figure 10 shows that the bearing pack Grafoil seal
temperature can be reduced from 607°F to 321°F by reducling
the shaft thickness from 1.34 to zero inches. Changes in
shaft thickness have less affect oﬁ the Grafoil seal temper-
ature than on Buna-N seal temperatdrg because more heat
flows through Grafoil and across the housing to the drill-

ing mud in the annulus.

Peak temperature data from Figure 9 and 10 are summarized
in Figure 11. The intersection of the dashed line with
the two curves identifies peak temperature corresponding-
to each seal material when used in the bearing seal

assembly (Figure 4).
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Figure 10 Effect of Shaft Thickness on Grafoil
Bearing Pack Seal Temperatures
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Effect of Ambient Temperature

Ambient température chosen for the previous
calculations Is 180°F. Changes In ambient temperature
have the effect of shifting the entire temperafure profile
by the incremental temperature change; the'temperature
profile is not distorted. For a given rate of heat
generation; all temperature gradients will be the same
for each ambient temperature condition. This point is

illustrated by the computer data plotted in Figure 12.
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Effect of Rotary Speed

The rate at which heat is generafed at the sliding
surface is proportional to rotary speed and friction
tdrque (Equation 1). Torque is proportional to seal/shaft
contact pressufe and coefficient of friction (Equation 2).

Calculations show that peak temperature increases linearly

with each of these parameters,

For example, the maximum temperature in a Grafoil seal
increases linearly from 180°F to 1,380°F as the rotary speed
is Increased from 0 to 600 RPM (Figure 13). At zero rotary
speed, temperature is uniform through the seal assembly.
These curves show why Buna-N seals have never been successful

‘in high-speed drilling motors (300 to 1000 RPM).

36
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Effect of Pressure Drop

Seal friction torque is directly proportional to
the contact pressure, Pco between the seal and the
rotating sleeve (Equation 2). Experience has shown
that roller bit seals-and other downhole rotary seals
undergo essentially no wear due to the hydrostatic pres-
sure in the wellbore and that the seal wear is directly
related to the pressure drop across the seal. The
assumption is therefore made that the contact pressure,

pc, between the seal and wear sleeve varies as:

Po = Ap (6)
where Ap Is the pressure drop across the bit. It was
shown earlier that 1,500 psi pressure drop produced a
torque of 50 ft-1bs.  The friction torque at lower pres-

sure drops will therefore approximately equal:

- 50 = Ap -
T = 1o 0P 36 (ft-1bs) (7

This relationship has been used to generate the curves
in Figures 14 - 16. These curves show that reducing the
pressure drop across the Buna-N seals from 1,500 psi to
375 psi reduces the peak seal temperature from 1,950°F
to 622°F (Figure 14). Reducing the pressure drop across
the Grafoil seals from 1,500 psi to 375 psi reduces
the temperature from 607°F to 285°F (Figure 15). These
curves show why motors utilizing Buna-N seals are currently

limited to bit pressure drops of 100 to 300 psi.

in Reference 2, P, was assumed to be 1,000 psi when

the pressure drop across the seal was 1,500 psi (pC = 2/3 Ap).
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This contact pressure satisfies Equation 2 when u = 0.0695
and the friction torque is 50 ft-lbs. As stated above,

we are assuming Iin this report that the contact pressure
and the pressure drop across the seal are equal (Equation 6).
This corresponds to a coefficient of friction of 0.0463
with 50 ft-1bs torque. The temperature profiles are
identical in both reports because the friction torques

were equal.
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SIMULATING DOWNHOLE CONDITIONS WITH SEAL TESTER

Our calculations show that the maximum temperature in
rotary seal occurs at the seal/shaft sliding interface.
This is also the location where shear stresses are generated

and is no doubt the point where seal failure originates.

In order to simulate downhole operation conditions on
a seal with the sealvtestér, ft-is important to establish
similar interface temperatures and friction torques. For
example, the temperature profile with a Grafoil seal correspond-
ing to the bearing seal assembly (Figure 4) is shown in
Figure 17 along with the temperature profile for the same
rotary speéd and friction torque in the Terra Tek seal tester
(Figure 3). The maximum témperafures at the sliding interface
are different for the two seal configurations because boundary
temperatures and wall thicknesses are different. However,
the Terra Tek tester can create the downhole maximum temp~-
erature by increasing rotary gpeed in the tester from 212 rpm
to 410 rpm. The dashed profile in Figure 17 shows that the
interface temperature in the laboratory test will be the
same as the interface temperature in the bearing seal assembly.
This simulation depends on the friction torque being fairly
independent of rotary speed. Seal wear is not modeled by

this simulation. Local shear stress and temperatures are.

The seal tester was designed with a heating element
around the housing for the purpose of maintaining a fixed
temperaturé in location Ts (Figure 3). The thefmocouple Ts
neér the outside surface of the seal is maintained at a given
level. The control temperature at T3 has been set at 250°F

for the test runs.
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A simulation test has meaning only with regard to
Grafoil seals. In which case It will be necessary to
uncouple the temperature control mechanism so that the
temperature at location, T3, can seek its own level. The

outside surface of the housing can be exposed to room

temperature.

Alternatively, the outside surface of the housing
can be elevated with the heating element in order to
reduce the rotary speed required to generate the downhole

maximum seal temperature in the seal tester.
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RECOMMENDED BEARING PACK DESIGN

The previous section showed that peak temperatures
are smallest when shaft wall thickness is zero. However,
the 0.25 inch thick sleeve alone would not be strong
enough to transmit the required torque and thrust to the
drill bit. 1t is possible to achieve the same heat flow
conditions through the sleeve while maintaining an inner
shaft by channeling the drilling fluid to the sleeve as
sﬁown in Figure 18. This concept was developed by Dave
Nagel with Maurer Engineering. it would be necessary to
insert a choke or restriction in the shaft to develop a
small pressure drop (e.g., 5 to 10 psi) across the
channel to force fluid flow past the sleeve. Torque and
bit weight would be carried byvthe shaft, allowing the

sleeve to accommodate the sliding friction and heat flow.

The temperatures produéed with this design would correspond

to the zero shaft thickness dashed curves in Figure 9
and 10.
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The peak seal temperatures could be further reduced
by using a material with high thermal conductivity for
the sleeve (Figure 19). The earlier curves all correspond
to steel shafts and steel sleeves. While there is some
reduction in peak temperatures with the higher thermal
conductive sleeves, the improvement does not appear to be
sufficient to warrant substituting phosphor bronze or
beryllium copper for steel in the sleeves., Figure 13 also
shows that if brass is selected as bushing material there
is little difference between peak temperatures for Buna-N
and Grafoil because nearly all of the heat flows to the
drilling fluid inside the shaft through the sleeve and very

little escapes to the outside through the housing.

A highly conductive sleeve (e.g., beryllium copper)
used with the sleeve and shaft arrangement shown in Figure &
would not substantially reduce peak temperatures because the

thermal conductivity of the 1.34 inch thick steel shaft

dominates the overall thermal conductivity of the sleeve/shaft

combination.

49



50

MAX TEMPERATURE - °F

700

BUNA-N (1 BTU/HR/FT/GEGP)

GRAFOIL (80 BTU/HR/FT/DEGF)

m_.
3m-—
| ,
- gy
= 3|8 |
| G| HER
100 = | =2 g
| ﬁhﬁ :
0 | | o il | |
0 2 40 - 60 . 80 100 120
THERMAL CONDUCTIVITY (BTU/HR/FT/DEGF)
Figure 19 Effect of Sleeve Thermal Conductivity on

Bearing Pack Seal Temperature
(Zero Shaft Thickness)




CONCLUSIONS & RECOMMENDATIONS

The following conclusions were reached as a result

of this study:

Rotay seals containing Buna-N rubber will not
work in downhole motors because the seal tem-
peratures exceed the 300 to 350°F temperature
limitation of the Buna-N rubber.

Seal temperatures in the bearing pack will be much
higher than those in the seal tester because the
bearing pack shaft severely restricts heat flow
from the seal.

Seal temperatures in Grafoil seals are much lower
than in Buna-N seals because the higher thermal
conductivity of the Grafoil seal allows more heat
to flow through the seal to the mud in the wellbore
annulus. At 212 rpm and 1,500 psi pressure drop,
the bearing pack Grafoil seal peak temperature is

.607°F compared to 1,950°F for the Buna-N seal.

Seal temperature increased rapidly with increased
rotary speed and with increased pressure drop
across the seal. For example, the Grafoil seal
temperature increased from 784°F to 1,388°F as
the rotary speed is increased from 300 to 600 rpm
and from 393°F to 607°F as the pressure drop is
increased from 750 to 1,500 psi.

Allowing drilling fluid to flow between the shaft
and wear sleeve will reduce the temperature of

the Grafoil seal from 607°F to 321°F when operating
at 212 rpm and 1,500 psi pressure drop. '

Future emphasis should be placed on developihg
Grafoil seals because of their high-temperature
capabilities and good thermal conductivity.

The existing bearing pack should be redesigned to
allow drilling mud to flow adjacent to the wear
sleeve in order to reduce seal temperature.
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