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®) High pressure water shot peening.

@ High pressure water shot peening is used to
process the surface of metallic material, regardless
of the surface configuration. By impacting the sur-
face with a supersonic water jet for a predetermined
minimum time dependent on the feed rate, the sur-
face is cleaned and decontaminated. When the jet is
directed against the inner surface of a tubular mem-
ber at 2200-2800 ft./sec. for a predetermined dwell
time in the range of 0.3 to 0.6 seconds, in./min. a
compressive stress is induced in the surface which
increases the local micro-hardness of the material.
When the jet is impacted against the surface at a
velocity in this range, using a self-rotating peener as
illustrated, the induced stress is of sufficient mag-
nitude to reduce the susceptibility of the surface to
stress corrosion cracking.
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HIGH PRESSURE WATER SHOT PEENING

BACKGROUND OF THE INVENTION

This invention relates generally to a method
and apparatus for treating the surface of a metaliic
material with a fluid jet, and, more particulariy, for
inducing a compressive stress in the surface of a
metallic material with a supersonic liquid jet, in
order to bring about stress-relieving in the metallic
material.

Many conventional metal working and metal
forming operations introduce deleterious residual
tensile stresses into the metal which is worked on.
It is well known that the presence of residual ten-
sile siresses in metallic surfaces increases their
susceptibility to stress corrosion cracking.

Cracking because of stress corrosion is par-
ticularly detrimental in nuclear steam generator
tubes since through-the-wall cracks permit un-
desirable co-mingling of primary fluid, which has
been heated by circulation through the nuclear
reactor core and contains radicactive particles, with
the secondary fluid known as feedwater, contami-
nating the feedwater.

In-situ annealing of steam generator tubes is
-.not a very-practical method of removing the resid-
ual stresses. Methods developed to decrease the
susceptibility of the tube wall io stress corrosion
cracking by reducing the level of residual tensile
stresses on the inner surface of the tubes include
kiss rolling, roto peening, and shot peening. Each
method has limitations and drawbacks as
hereinafter discussed in detail, noting that the nu-
clear steam generator in question has a tubesheet
and a channel head.

The kiss rolling process consists of subjecting
the tube to a controlled diametrical deformation
using a tool with rotating rollers. This method re-
quires precise tool positioning, is difficult to imple-
ment, and requires controlled torque values fo
achieve the required 0.3 to 0.5% diametrical de-
formation. In addition, the process is not efficient
beyond the tubesheet of the steam generator.

The roto peening process requires special fiap
assembiies. This method also requires high rota-
tional speeds (on the order of 3000 to 3500 rpms),
frequent flap replacement, subsequent cleaning by
swabs dipped in methanol, and does not provide
full coverage of the tubesheet area due fo limita-
tions in access imposed by the curvature of the
channe!l head work envelope. Furthermore, the pro-
cess is very slow, rendering it impractical for large
industrial peening applications such as the approxi-
mately 6000 iubes in each nuclear steam gener-

10

15

20

30

35

50

ator. An additional drawback with respect to the
use of this method in nuclear steam generators is
the production of airborne radioactive contamina-
tion.

The shot peening process has baen utilized for
many years for siress-relieving by inducing com-
pressive stresses in the surfaces of metals. In the
case of relatively thin tubes, such as those in
steam generators, the coniral of the process is
somewhat delicate since excessive peening can
produce detrimental tensile siresses in the outer
skin of the tube. in addition, the "glass" shots,
which are known to be used primarily for peening
non-ferrous materials, may contaminate the surface
of the fube material. Shot peening of nuclear steam
generators, like roto peening, produces airborne
radioactive contamination.

All of the aforementioned. methods, if applied
without caution, have the potential of introducing
residual stresses as high as those intended to be
relieved. What is needed is a siress relieving meth-
od of inducing compressive stresses in the surface
of metallic materials which is effective, sasy to
control, and which does not create airborne con-
tamination.

SUMMARY OF THE INVENTION

The invention in its broad form resides in a
method of stress-relieving by peening a surface of
a metallic member, the metirod characterized by
the steps of:

generating jét means comprising liquid moving at a
predetermined supersonic velocity;

impacting said supersonic liquid jet means against
said surface o be processed; and

continuing to impact said supersonic liquid jet
means against said surface being processed for a
predetermined dwell time {o effect the stress-reliev-
ing thereof.

A preferred embodiment described herein pro-
vides a method of processing a surface of a metal-
lic material by directing a coherent, high velocity,
supersonic liquid jet through a nozzle into contact
with the surface of the metallic material to be
processed. As described herein, the supersonic
liquid jet is directed into contact with the surface
with a high impact energy for increasing the local
micro-hardness of the material. The liquid jet is
preferably directed into contact with the surface at
a velocity in the range of (2200 to 2800 feet) 730
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meters to 930 meters per second for a dwell time
in the range of 0.3 to 0.6 seconds, which is con-
trolled by the feed rate of the nozzle.

BRIEF DESCRIPTION OF THE DRAWINGS

A more detailed understanding of the invention
can be had from the following description of a
preferred embodiment, given by way of example
and to be understood in conjunction with the at-
tached drawing in which: B

Figure 1 is a cross-sectional view in eleva-
tion of the preferred embodiment of the self rotat-
ing nozzle for inducing compressive stresses in
tubular members;

Figure 2 is a cross-sectional view in eleva-
tion of the nozzie taken along the line II-ll in Figure
1

Figure 3 is a cross-sectional view in eleva-
tion of an alternative embodiment of the self rotat-
ing nozzle;

Figure 4 is a view in perspective of the high
pressure water shot peening apparatus installed in
a steam generator, a portion of which is shown in
cross section; and

Figure § is a chart depicting local micro-
hardness of the material treated versus distance
fromrthe treated surface.

DESCRIPTION OF THE PREFERRED EMBODI-

MENTS

The invention is useful for processing any me-
tallic surface. However, the invention will be de-
scribed in a preferred embodiment constructed for
use in stress relieving, decontaminating, and clean-
ing tubular heat exchanger tubes, particularly those
found in a nuclear steam generator.

Referring to Figure 1, the preferred embodi-
ment of high pressure water shot peening appara-
tus 10 has a generally elongated nozzie means,
which may include a nozzle head 12 non-rotatably
and fluidly connected to a rotating nozzie part 14.
The fluid connection between nozzle head 12 and
rotating nozzle part 14 may be sealed by a sealing
means, such as aluminum bronze lens closure 16.
Nozzle head 12 and rotating nozzle part 14 are
fluidly connected to a non-rotating intermediate
connector means, such as non-rotating connector
part 18 and connector 19. The fluid connection
between rotating nozzle part 14 and non-rotating
connector part 18 may be sealed through two pair
of spring actuated sealing devices 20, which may
be manufactured from "Teflon™ (Trademark) ma-
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terial, and two sets of polyurethane backup rings
22. The fluid connection between non-rotating con-
nector part 18 and connector 19 may be sealed by
aluminum bronze lens closure 24.

High pressure pump means, such as high
pressure pump 26 depicted in Figure 4 and de-
scribed in detail hereinafter, may be fiuidly linked
to connector 19 through high pressure flexible hose
28 and coupling 30.

Disposed within nozzle head 12 are orifice
means, such as replaceable orifices 32 depicted in
Figures 1 and 2. For the present application, the
preferred orifices are manufactured from sapphire
with a diameter between 0.15 mm to 0.5 mm -
(0.006 and 0.020 inches) and are available from
Flow Industries, Kent, Washington. The best results
are achieved with an orifice with a diameter be-
tween 0.2 mm to 0.3 mm (0.008 and 0.012 inches).
The preferred embodiment includes three orifices
disposed within nozzle head 12 and offset at an
acute angle with respect to the axis of nozzle head
12. This offset angle A, which is preferably 45° for
conditioning the inner surface of steam generator
tubes, provides for the optimum impact angle of
the fluid jet issuing from the orifices 32 to strike the
tube surface. A secondary purpose for angling of
the orifices is for forcing nozzie head 12 and rotat-
ing nozzle part 14 into engagement with non-rotat-
ing connector part 18 so that no rigid attachment
means between rotating nozzle part 14 and non-
rotating connector part 18 is required.

Figure 2 illustrates the orientation of orifices 32
with respect to a radial plane of nozzle head 12.
Each orifice is oriented at an offset with respect to
a radial plane through nozzle head 12. This orienta-
tion causes nozzle head 12 and rotating nozzie part
14 to rotate with respect to non-rotating connector
part 18 when fiuid is supplied through orifices 32.

In order to avoid axial forces on nozzle head 12
and rotating nozzle part 14 which would tend to
dislodge nozzle part 14 from non-rotating connec-
tor part 18, a fluid path is provided through non-
rotating connector part 18 which results in the fluid
entering rotating nozzie part 14 in a radial direction,
as observable in Figure 1. Fluid supplied from high
pressure pump 26, shown in Figure 4, fiows
through coupling 30, through connector 19, and
into connector part 18. The fluid travels through
annular groove means, such as axially inclined
groove 34 and into radial groove means, such as
radial groove 36. The fluid then flows out of non-
rotating connector part 18 and into radial duct
means in rotating nozzle part 14, such as radial
ducts 38. The fluid thereafter traverses rotating
nozzie part 14 through central axial bore means,
such as central axial bore 39, which communicates
fluidly with orifices 32. Rotation of rotating nozzie
part 14 within non-rotating connector part 18 re-
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quires sealing devices 20 and backup rings 22 to
act as bearing as well as seals therebetween. An
alternative embodiment of the high pressure water
shot peening apparatus 10a is depicted in Figure 3.
Rotating nozzle part 14a is axially maintained rig-
idly between thrust bearings 40a and is rotatably
supported by needle bearings 40b and bronze
bearings 40c. Rotating nozzle part 14a is sealed to
connector 19a by seals 41, which are axially re-
tained by seal retaining means such as seal retain-
ing bushing 42. Use of this embodiment eliminates
the need for the radial groove means of the pre-
ferred embodiment since water flowing axially
through central axial bore 39a will not cause the
rotating nozzle part 14a to separate from connecior
19a since rotating nozzle part 14a is axially en-
gaged by thrust bearings 40a.

Figure 4 depicts a system for processing the
inner surfaces of the tubular members comprising
a nuclear steam generator. This preferred embodi-
ment could also be used to process other tubular
members. The high pressure water shot peening
apparatus 10 is inserted into the steam generator
channel head 43 through an aperiure, such as
manway 44. Apparatus 10 is supporied by a sup-
porting means, such as support arm 48, which is
suspended from tubesheet 48. Support arm 46
may include apparatus holder 50, which is movable
along the axis of arm 46, and may be configured
so that it can rotate around a pivot 52 along its axis
of attachment so that apparatus 10 may be in-
serted into any of the tubes 54 in the steam gener-
ator tubesheet 48. While a typical nuciear steam
generator contains several thousand tubes, only
five of these tubes 54 are shown in Figure 3.

For apparatus 10 to effectively process the
interior surface of tubes 54, an axial nozzle moving
means, such as belt-driven axial nozzie moving
mechanism 56, is required. In order to induce a
compressive siress in the inner surface of tubes 54
with the apparatus hereinbefore described, high
pressure pump 26 must be capable of supplying
liquid at a pressure of at least 20.6850 kPa (30,000
psi) with a preferred pressure of at least 24.1325
kPa (35,000 psi). Pumps of this type are manufac-
tured by Flow Industries, Kent, Washington. High
pressure pump 26 of the preferred embodiment is
driven by a 75 hp eleciric motor rated at 240/460
VAC. For ease in accessing each steam generator
tube 54, high pressure pump 26 is fluidly con-
nected to nozzle means at coupling 30 through
flexible high pressure hose 28. High pressure hose
take-up reel 58 may be empioyed to simplify han-
dling. Suction pump 60 and its associated hard-
ware may be used to remove waste water and
debris.
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The above-described apparatus comprises a
self rotating high pressure water shot peening ap-
paratus for processing the inner surface of steam
generator tubes by impacting the surface with a
supersonic liquid jet means at a predetermined
velocity. The method of the invention applies with
equal force to processing of a surface of any
metallic member.

In operation, a liquid, preferably water, is pres-
surized by high pressure pump 26 of Figure 4 fo at
least 20.6850 kPa (30,000 psi) and preferably to
24.1325 kPa (35,000 psi). The pressurized liquid is
delivered through flexibie high pressure hose 28 to
the nozzle means at coupling 30. Referring to Fig-
ure 1, the high pressure liquid flows through cou-
pling 30, through connector 19, and into non-rotat-
ing connector part 18. Within non-rotating connec-
tor part 18, the high pressure liquid is directed
through axially inclined groove 34 into radial groove
36. From radial groove 36, the pressurized liquid
passes into radial duct 38 in rotating nozzle part 14
of the nozzle means. The liquid flows from radial
duct 38 through ceniral axial bore 39 into nozzie
head 12 and into fluid communication with orifices
32. The high pressure liquid is discharged through
orifices 32 in a direction offset with respect to the
radius of nozzle head 12, as depicted in Figure 2.
The effect of this high pressure liquid discharge at
an angle with respect to the radius is the creation -
of a rotational force in nozzle head 12 and rotating
nozzle part 14. This rotational force causes nozzie
head 12 and rotating nozzle part 14 to rotate with
respect to non-rotating connector part 18. Orifices
32 are offset at an acute angle with respect to the
axis of nozzie head 12 for directing the liquid jet
issuing therefrom into contact with the tube surface
at the optimum impact angle. In addition, di-
scharging of high pressure liquid through orifices
32 at an acute angle with respect to the axis of
nozzle head 12 causes an axial force on nozzle
head 12 and rotating nozzle part 14, enabling rotat-
ing nozzle part 14 to remain in engagement with
non-rotating connector part 18 without axial con-
necting means for resisting uncoupling by fluid
pressure.

The high pressure liquid discharge through
orifices 32 is impacted against the inner surface of
tube 54 at a predetermined supersonic velocity.
For inducing a compressive siress in the surface of
a steam generator tube 54, which is manufactured
of Inconel, the preferred supersonic velocity at
which the pressurized liquid impacts the interior
surface of tube 54 is in the range of 2200 to 2800
feet per second (671 to 854 meters per second).
The preferred impact velocity for stress relieving of
tubes of different compositions varies with the ma-
terial. Also, tube cleaning, decontaminating, and
other processing may generally be performed with
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lower impact velocities. In order to achieve the
required stress on the metallic surface, the super-
sonic liquid jet must be impacted against the sur-
face for a predetermined minimum time which is
referred to as the dwell time. For steam generator
inconel 600 tube material, the preferred dwell time
is in the range of 0.3 to 0.6 seconds. This dwell
time is dependent upon the tube material and is
controlied by the feed rate of the apparatus through
the tube. This feed rate is achieved through proper
control of axial nozzie moving means, such as axial
nozzle moving mechanism 56 for the preferred
method of stress relieving steam generator tubes.
Axial nozzle moving mechanism 56 transiates ap-
paratus 10 axially into steam generator tubes 54 at
a predetermined feed rate. The preferred axial feed
rate for steam generator stress relieving has been
determined to be in the range of 1.0 to 2.0 inches
per minute (0.025 to 0.050 meters per minute).
Stated alternatively, the preferred feed rate is in the
range of 0.003 to 0.006 ipr (includes per revolution
of the nozzle head 12), which is 7.6 x 10~*to 15.2 x
10~° meters per revolution.

Impacting the supersonic liquid jet against the
metallic surface at the requisite supersonic velocity
and for the period of time resulting from axial
movement at the requisite feed rate increases the
local micro-hardness of the metallic surface without
affecting the outer surface of the tube. The in-
crease in local micro-hardness brought about by
high pressure water shot peening is observable in
Figure 5, which is a plot of local micro-hardness
versus distance in mils from the inside surface.
The resulting surface hardness values are very
similar to those. obtained by conventional shot
peening and roto peening.

The supersonic liquid jet produced by the high
pressure pump and directed against the metallic
surfaces through orifices can be used to dislodge
and remove the radioactive oxide layer from the
surface of metallic materials, such as steam gener-
ator tubes. While the predetermined supersonic
velocity and feed rate for inducing compressive
stress in the metallic surface would be effective in
removing the radioactive oxide layer, higher or
lower impact velocities and feed rates could be
equally effective for decontamination. Removal of
this oxide layer by the self rotating tube processing
apparatus hereinbefore described is effective for
tube cleaning and decontamination purposes.

For cleaning, decontaminating, or inducing a
compressive stress in the surface of non-tubular
metallic members, the same pump and orifices
could be used. However, the nozzle means would
have to be changed so that the liquid jets would
strike the surface with sufficient force and for a
minimum period of time to achieve the desired
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processing. However, the use of a high pressure
liquid jet for processing a metallic surface is equal-
ly applicable to metallic surfaces of any configura-
tion.

Claims

1. A method of stress-relieving by peening a
surface of a metallic member, the method char-
acterized by the steps of:

generating jet means comprising liquid moving at a
predetermined supersonic velocity;

impacting said supersonic liquid jet means against
said surface to be processed; and

continuing to impact said supersonic liquid jet
means against said surface being processed for a
predetermined dwell time to effect the stress-reliev-
ing thereof.

2. The method according to claim 1, wherein
said processing of said surface of said metallic
member comprises inducing a compressive stress
in said surface.

3. The method according to claim 2, wherein
said predetermined supersonic velocity at which
said liquid is moving is in the range of 2200 to
2800 ft./sec. (671 m./sec. to 854 m./sec.).

4. The method according to claim 3, wherein
said predetermined dwell time during which said
liquid jet is impacted against said surface is in the
range of 0.3 to 0.6 seconds, said predetermined
dwell time being achieved by translating said jet
along said surface at a feed rate of 1.0 to 2.0
in/min. (0.025 to 0.050 m./min.).

5. The method according to claim 4, wherein
said liquid comprises water.

6. The method according to claim 1, also in-
cluding processing of said surface of said metallic
material by cleaning to remove any debris, coating,
and scale attaching to said surface.

7. The method according to claim 6, wherein
said processing of said surface of said metallic
material comprises decontaminating said metallic
material by removing any radioactive oxide layer
adhering to said surface.

8. The method according to claim 7, wherein
said liquid comprises water.

9. The method according to claim 1, wherein
said tubular member comprises a nuclear steam
generator tube and said predetermined dwell time
is in the range of 0.3 {0 0.6 seconds.
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10. The method according to claim 1, wherein
said predetermined feed rate of said jet is in the
range of 0.003 to 0.006 inches per revolution (ipr)
of said rotating jet means (7.6 x 10=° to 15.2 x 10~*
meters per revolution).

11. An apparatus for processing the interior
surface of a tubular member, which apparatus com-
prises:

nozzle means characterized by:

orifice means provided within said nozzle means
for producing jet means at a predetermined super-
sonic velocity from a pressurized liquid and for
directing said jet means against said interior sur-
face of said tubular member;

rotation means for rotating said nozzle means and
said orifice means about the axis of said nozzle
means, said axis of said nozzle means being sub-
stantially coaxial with respect to the axis of said
tubular member;

axial nozzle moving means for moving said nozzle
means along said axis of said nozzle means; and

high pressure pump means for supplying said
pressurized liquid to said nozzle means and said
orifice means.

12. The apparatus according to claim 11, fur-
ther comprising non-rotating iniermediate connec-
tor means for mechanically and fluidly connecting
said nozzle means with said high pressure pump
means.

13. The apparatus according to claim 18,
wherein said rotation means comprises the orienta-
tion of said orifice means in a first direction offset
with respect to the radius of said nozzle means in a
radial plane of said nozzle means, said orifice
means being provided at said orientation for caus-
ing said nozzle means to automatically rotate with
respect to said non-rotating intermediate connector
means about said axis of said nozzie means when
said liquid is discharged through said orifice
means. '

14. The apparatus according to claim 13,
wherein said nozzle means further comprises the
offset of said orifice means at an acute angie with
respect to said axis of said nozzle means in an
axial plane through said nozzle means, said offset
being provided for causing said nozzle means to
be forced into engagement with said non-rotating
intermediate connector means when said liquid is
discharged through said orifice means.

15. The apparatus according to claim 14,
wherein disposed within said non-rotating interme-
diate connector means are annular groove means
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and radial groove means for redirecting the axial
flow of said liquid from said high pressure pump
means into flow in a radial direction and into radial
duct means disposed within said nozzle means,
said radial duct means being provided for trans-
porting said liquid to a central axial bore means
disposed within said nozzle means, said central
axial bore means fluidly connecting said radial duct

--means with said orifice means for transporting said

liquid from said high pressure pump means
through saidannular groove means and said radial
groove means disposed within said non-rotating
intermediate connector means, then through said
radial duct means, said central axial bore means,
and said orifice means disposed within said nozzle
means and for propelling said liquid against said
inner wall of said tubular member without creating
an axial force on said nozzle means which would
tend to disengage said nozzle means from said
intermediate connector means.

16. The apparatus according to claim 15,
wherein said processing comprises inducing a
compressive stress in said interior surface of said
tubular member.

17. The apparatus according to claim 186,
wherein said high pressure pump means supplies
said liquid to said nozzle means and said orifice
means at a pressure of at least 30,000 psi and said
jet means is directed against said interior surface
of said tubular member at a velocity in the range of
2200 to 2800 ft/sec. for a predetermined dwell
time in the range of 0.3 to 0.6 seconds, said
predetermined dwell time being.achieved by axially
translating said nozzle means through said tubular
member at 1.0 fo 2.0 in/min. (0.025 to 0.050
m.min.), which corresponds to 0.003 to 0.006
inches per revolution of said nozzle means (7.6 x
10~ to 15.2 x 10~° meters per revolution).

18. The apparatus according to claim 17,
wherein said liquid comprises water.

19. The apparatus according to ciaim 18,
wherein said tubular member comprises a nuclear
steam generator tube.

20. The apparatus according to claim 15,
wherein said processing comprises cleaning by
removing any debris, coating, and scale attaching
to said surface.

21. The apparatus according to claim 20,
wherein said liquid comprises water.

22. The apparatus according to claim 15,
wherein said processing of said interior surface of
said tubular member comprises decontaminating
said surface by removing the radioactive oxide
layer adhering thereon.

23. The apparatus according to claim 22,
wherein said liquid comprises water.
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