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erkeley Laboratory

University of California
Berkeley, California 94720
Telephone 415/486-4000
FTS: 451-4000

Materials and Molecular Research Division
Building 62 - Room 351 - Phone: 486-5822

July 1, 1980

Dear Colleague:?

Another year has passed and the graduate students and post—doctoral fellows
in my group at the Lawrence Berkeley Laboratory have continued their research
projects in the erosion/corrosion field. As I did last year, I am sending
you a summary of our work in 1979. The summaries were originally prepared
for our Division's annual report and, hence, are in 2-column format.

An LBL report has been published on each subject presented in the summary

and is available to you upon request. I hope that the summary and the
reports will be of some value to you in your work.

The equipment upon which the experimental work was done is available to
you for the generation of data to satisfy your individual needs. Several
research organizations have already taken the opportunity to send their
researchers to Berkeley to generate erosion data. Please feel free to
join them. The only costs are for the consumable materials you or your
people will use. 8cheduling of outside and graduate student work has been
no problem thus far. :

Thank you for your continuing interest in our program.
Sincerely yours,

Alan V. Levy

Research Group Manager
(415) 486-5822

AVL/vk

Enclosure
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4. Engineering Materials

a. Erosion-Corrosion-wear Program®

Alan V. Levy, Investigator

Introduction. Erosion-corrosion studies have
been conducted to gain a fundamental understanding
of the mechanisms that are active when small parti-
cles entrained in gas or liquid carrier fluids
impact the containment wall surfaces of coal con-
version system components. Considerable advance-
ments have been made in defining the mechanical
and metallurgical interrelationship between an
impacting particle and the surface which it impacts
upon. A documented mechanism of material loss
has been identified that markedly changes the basis
for developing models for erosion loss in ductile
materials. The forces transferred into a target
material by a single impacting particle 600 pm in
diameter have been measured.

The fluid mechanics of two-phase flow at low
velocities has been defined in a manner that
accounts for the aerodynamic contribution of the
impacting particle's behavior to the erosion
mechanism. By so doing it is now possible to
account for experimentally determined velocity
exponents in the erosion model up to values of
4, an impossibility heretofore. Also, the pattern
of particle distribution in a three-dimensional
curved pipe has been analytically established.

A laser doppler velocimeter test apparatus is now
in place to experimentally verify analytically
determined two-phase flow behavior. The erosion
behavior of thin scales formed on corrosion resis-
tant stainless steels in elevated temperature
oxidizing and sulfidizing gas systems has been
determined to be morphology sensitive. An improved
design for an elevated temperature, reactive gas
erosion tester that can precisely control test con-
ditions has been completed.

The effect of variations in brittle materials,
both eroding particles and target surface material,
has been investigated analytically and experi-
mentally. The effect of brittle eroding particles
of varying hardness and friability of six dif-
ferent minerals on the erosion of ductile aluminum
and steel materials has been determined. The
experimentally determined behavior patterns have
been found to correlate well with the proposed
basic mechanism of ductile metal erosion. The
erosion of brittle materials as a function of
stress and strain patterns in the region of
particle impact has been analytically described.

The mechanism of corrosion of stainless steel

“This work was supported by the Division of
Materials Sciences, Office of Basic Energy
Sciences, U. S. Department of Energy.

in contact with char particles has been determined
for a number of envirommental conditions of char
composition variation and covering bulk gas compo-
sition and flow. It has been determined that the
char can act as both a source for corroding species
and a barrier against their reaching the metal
surface from corrosive bulk gases. The behavior

of the char as a barrier is more a function of its
composition than its depth over the metal's surface.

The principals and diagnostic tools used to
study elevated temperature oxidation-sulfidation
behavior of metals in coal and oil shale conver-
sion environments have been successfully used to
observe surface and bulk characteristics of metal-
alumina heterogeneous catalyst pellets and to
potentially account for at least some of their
change in activity as a function of their service
in coal conversion system applications.

Erosion Behavior

1. EROSION MECHANISMS IN DUCTILE METALS+

R. Bellman, Jr.

The mechanical mechanism of erosion of a ductile
metal by impacting particles has been variously
described as a micro machining action! or a
ploughing behavior? or a brinnelling type of in-
dentation deformation. These mechanisms have been
used to establish analytical models, none of which
completely defines the behavior. In order to
establish a better foundation for modelling, an
experimental technique has been developed that
meticulously observes sequential deformation of
metal surfaces, a particle impact at a time, using
the SEM and considerable patience. By following
the behavior of a specific area under the SEM from
the beginning of erosion deformation of the surface
to steady state erosion, a single, pervading
mechanism has been documented that occurs at shal-
low and steep impingement angles alike. This
mechanism is a smearing of surface material by a
canbined forging-extrusion of the surface that
produces small platelets that are eventually
knocked off the surface by succeeding particle
impacts. No cutting action that would create
fresh surface in the bottom of an impact formed
crater was observed.

The platelet forming mechanism was observed at
impingement angles of 30° and 90° on 1100-0 and
7075-T6 aluminum impacted by 600 um SiC particles at
100 fps and on 1020 steel eroded at an angle of
30° by 250 um SiC particles at 100 fps. SEM



observations were made of single impacts on fresh
and on steady state eroded surfaces and, sequential-
ly, of surfaces impacted by 0.1, 0.2, 0.3, 0.4 and
up to 2 gm of particles. Platelet formation is
accompanied by localized adiabatic heating of the
immediate area affected by the particle's impacting
force to temperatures of the order of the annealing
temperature in the case of the aluminum.” The
heating results in little difference in the appear-
ance of the impacted area between soft, 1100-0
aluminum and the much harder 7075-T6 aluminum alloy.
Cold working of the surface by the deformation from
particle impacts does appear to occur below the
surface smeared material, resulting in platelets
being formed and broken off more readily as erosion
continues, but no basic change in the smearing,
platelet forming mechanism.

Figure 1 shows an area on the surface of a
steady state eroded 7075-T6 aluminum specimen that
was subsequently eroded with an additional 1 and
2 gm of particles. The deformed platelets on the
surface can be seen in the upper photograph, which
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is of a shallow crater. In the lower photo, after
an additional gram of particles had been impacted
upon the surface, some of the platelets are shown
to have been removed and others formed. The nature
of the platelet activity in the area shown is some-
what stylized and represents the mechanism in a
simple form. Most material removal observed does
not have as ideal a configuration of the platelets.
However, essentially no cutting of chips has been
observed.

Figure 2 shows a single particle impact crater
on a 7075-T6 aluminum surface that was coated with
gold before being impacted by a 600 um SiC particle
at an angle of 30° and velocity of 150 fps. The
particles in the unaffected areas of the surface
and in the crater are the typical contaminant
particles which occur in 7075 alloy. While the
impact crater is relatively deep, some of these
particles remain in its surface, indicating that
the crater was formed by a smearing type rather
than a cutting action. An x-ray map of gold was
made of the crater area on the SEM and shows the

Fig. 1.
platelets in 7075 Al by 600 um SiC particles at

Sequential removal and formation of

100 fps. (XBB 7910-13307)

Fig. 2.
that was gold coated prior to particle impact.

Single impact crater in 7075 Al surface

{(XBB 7910-13304)
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presence of the gold deposited initially on the
surface of the alloy across the entire crater sur-
face, a further indication that cutting did not
occur in the crater. The buildup of a lip of
metal on the right side of the crater is the be-
ginning of the formation of a platelet.

The metallographic observation of the sequential
nature of erosion of ductile metals using eroding
particle sizes that are representative of those
in actual service will be continued to form the
basis for an analytical model based upon forging-
extrusion mechanisms.

ROk R
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1. I. Finnie, "Erosion of Surfaces by Solid
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2. EROSION OF THIN SCALES
J. Maasberg

The surface degradation of stainless steels by
the combined erosion-corrosion mechanism which
occurs at elevated temperatures in coal gasifica-
tion systems is a function of the formation rate
of the protective scales on their surfaces and
the removal of those scales by impacting solid
particles. An investigation of the erosion be-
havior of the thin (1-5 um) Cr203 barrier scales
formed on 310SS in oxidizing and combined oxidizing-
sulfidizing gases at 982°C has been carried out
by eroding them at room temperature. The erosion
behavior of Al;0z barrier scales formed on an
experimental Fe-18Cr-5A1-1Hf was also investigated.

Significant differences in the erosion behavior
of the scales occurred as the result of variations
in the oxygen content of the gas used to develop
the scale, the presence of sulfur in the gas, the
formation of Si0; at the scale-metal interface,
and between Crp03 and Al,0z protective scale
compositions, Little difference in the erosion
behavior occurred as the result of the surface
condition of the alloy prior to scale formation,
the temperature of scale formation, preoxidation,
the activities of oxygen and sulfur in the gas
at levels where sulfide formation did not occur,
and the angle of impingement (30° and 90°) of the
impacting 50 wm SiC particles at 100 fps velocity.

Figure 1 plots the erosion weight loss vs.
amount of eroding particles for 310SS eroded in
an air atmosphere (PO; = 0.2 atms) and in two low
oxygen activity gases (POy = 10715, 10719 atms)
and for a Fe-18Cr-5A1-1Hf alloy. The greater
erosion loss for the air oxidized Cr0z barrier
scale of the 310SS compared to the Cry0z formed
in the low oxygen content gases was determined
to be primarily due to the presence of internally
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Fig. 1. Erosion of thin scales on 310SS and Fe-

18Cr-SA1-1Hf formed at 982°C at different oxygen
partial pressures. (XBL 793-803)

formed SiOp at the metal-scale interface. The
more continuous Si0p layer in the air formed oxide
scale and its orientation parallel to the scale-
metal interface degraded the bond between the scale
and the metal, enhancing its loss by ercsion. Less
Si0; formed in the low POy exposures and no SiOz
formed in the Al;0z forming alloy, whose scale
eroded the least. The presence of small amounts

of Si in the 310SS was responsible for the forma-
tion of the §i0j.

Figure 2 compares 310 stainless steel with the
Fe-18Cr-5A1-1Hf alloy. The Fe-Cr-Al-Hf alloy
eroded less and this is attributed to the pinning
seen in the scale-metal interface as well as the
absence of Si0; near the scale-metal interface.

After comparing erosion rates with the morphol-
ogies of the scale-metal interfaces, it appears
that there are three types of interfaces which
can form, each corresponding to a different degree
of susceptibility to erosion. Tigure 3 shows
the types of interfaces. The first type shows a
pinning between the outer oxide scale and the metal
due to the action of an internally formed oxide.
This scale showed the least amount of erosion.

The second type shows a smooth contact between

the metal and the oxide, with the internally formed
oxide having little influence over the erosion.
This type of interface showed a moderate amount of
erosion. The third type of interface shows an
internal oxide running parallel under the surface
scale. This type exhibited a high degree of
erosion due to a lack of bonding between the metal
and the scale.

E A ]

"Brief version of "Erosion of Oxide Scales on Metal
Substrates," Proceedings NACE Conference on
Corrosion-Erosion of Coal Conversion System
Materials, Berkeley, California, Jan. 24-27, 1979.
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3, EROSION MECHANISMS IN- BRTTTLE SOLIDS
M. Khatibloo

An analytical model for erosion of brittle
materials has been developed that agrees more
closely with observed brittle material erosion
cracking mechanisms than previcus models in the
literature.l>2 It relates the very complex stress
and fracture distributions in the contact area of
an eroding particle in terms of the target materi-
al's properties and the velocity, density and
radius of the impacting particles. Because of the
low velocity of erosive particle impacts in energy
conversion system components, a quasistatic con-
dition is assumed with negligible dynamic effects.
Two types of particles were considered in the
models, each of which results in a. distinctive
cone or radial crack formation when it impacts the
target surface. The spherical particle induces an
1@ elastic response in the eroding material while the
ediy angular particle usually causes some plastic flow
to occur.

The model considers the point of maximum stress
intensity factor, Ky, as being the point where
fracture as the result of particle impact will
initiate. The stress intensities for positions
along the surface of the target material out from
the area of contact of the impacting particle
were calculated for different crack lengths of
small, pre-existing flaws in the brittle material's
surface, designated C in Fig. 1. The calculations

. : P
v =  Poisson ratio %
o = 1-202x p/ma? {contact stress)
R = 25mm
¢ . =  Preexisting surface flaw-length
r = Radius. of frzfcture T T:J L;_: '\C —&f
Ky =  Stressintensity factor 2 a

Fig. 2. Microstructure pf 31085 and Fe-18Cr-5A1-
HE formed at PO, = 10712 atmos at 900°C.
(XBB 797-8943)

Internal
Metal oxidation

1. Pinning 2. Smooth 3. Parailel

o2 | l L1 |
contfact subscale o " 5 3 L4 5 6

r/a

Increasing ease of erosion =&

*ig. 1. Variations of the stress intensity factor,
Fig. 3. Sketches of morphologies of internally Kq", with the distance from the contact circle with
oxidized Si0, in 310SS. (XBL 7912-13356) different surface flaw sizes. (XBL 801-51)



were made for many points out from the particle's
area of contact, designated 2a in Fig. 1, along
the direction r and plotted, normalizing for the
contact area of the particle. It can be seen that
as the pre-existing flaw length increases, the
normalized stress intensity Ki1* decreases and the
position of its maximum out from the area of con-
tact, r, increases (dotted line). Thus, the radius
of fracture, v, of the eroding particle impact
induced crack changes with the size of the pre-
existing flow. This is shown in Fig. 2. These
predicted locations agree with data taken from
several literature sources3,4 and constitute a
major advancement in the development of erosion
models for brittle materials,

L

1. F. C. Roesler, "Indentation Hardness of Glass
as an Energy Scaling law,” Proc. Phys. Soc. B 69,
55 (1956).

2. F. €. Frank and B. R. Lawn, "On the Theory of
Hertzian Fracture,’ Proc. Royal Soc. Series A 299,
291 (1967). T
3. H. L. Oh and I. Finnie, "On the Location of
Fracture in Brittle Solids,” Int. J. of Frac. Mech.
6, 287 (1970).

4, A. S. Argon, Y. Hori, and E. Orowan, "Indenta-
tion Strength of Glass," J. Am. Ceram. Soc. 43, 86
(1960). -

crack

| l l l

0 2 4 8 8 10
c/o X102
Fig. 2. Variation of the radius of fracture (r)

with the surface having pre-existing flaw sizes
of length C. (XBL 801-50)

4, EFFECT OF PARTICLE CHARACTERISTICS ON EROSION
OF DUCTILE METALST

J. Kim

The effect of the strength, hardness and fri-
ability of the impacting particles on the erosion
of ductile metals at room temperature has been
determined.! Most mechanical erosion tests are
conducted with particles with Moh hardness greater
than 7 and usually 9 or over.? Since char parti-
cles in coal gasifiers consist of materials with
hardnesses considerably lower than 7, it is impor-
tant to understand the erosive capabilities of
softer particles. Table 1 lists the materials
that were tested and the range of hardness they
represent. All of the erosion tests were conducted
with 50-70 mesh size particles at a velocity of
67 mps (220 fps) at impingement angles of 20° and
90°. The target materials were 1100-0 Al with
a VHN = 37 kg/mm2 and 1020 steel with a VAN =
194 kg/mn2.

Table 1. Impacting particle materials.

Abrasive Particle MOHS Vickers Hardpess,

Hardness VAN (kg/mmZ)
Calcite, CaCO3 3 115
Fluorite, CaFZ 4 180
Apatite, CaS(PO4)3 (OH,F,C1) 5 300
Sand, SiO2 ~ 7 700
Alunina, A1203 9 1900
Silicon Carbide, SiC > 9 3000

1t was determined that the nature of the abrasive
particle has a significant effect on the erosion
of the target materials, particularly in the lower
hardness range of the particles. Figure 1 plots
the erosion rate of the aluminum and steel as a
function of eroding particle hardness. The soft
particles are more friable than the hard particles
and break up more easily upon impact, blunting

the portion of them that transmits the eroding
force to the target material and decreasing. the
effective size of the eroding particle mass. The
higher hardness particles retain their size and
shape better and this results in increased erosion.
This increase is more due to the increasing inte-
grity of the impacting particles than to their
hardness.

Above a critical hardness, which was determined
to be approximately VHN = 700 kg/mm, the mass and
shape of the particles is adequate to have a maxi-
mum effect on the target material and further in-
creases in particle hardness had little or no
further effect on the erosion rate of the aluminum
and steel. The peak in the erosion rate of the
alumimm at a VEN = 400 kg/mn relates to the degree
of secondary erosion from fragments of the initial
particles and the degree of work hardening of the
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Fig. 1. Effect of impacting particle hardness on
erosion behavior of 1100-0A1 and 1020 carbon steel
at impingement angles, o, of 20° and 90°.
(XBL 801-47)

subsurface area that is caused by the impacting
particles and the resultant size of the eroding
platelets that can be formed. _The shape of the
steel curve conforms to Tillys” curve of particle
size vs. erosion rate, further indicating that the
size of the effective eroding particle is deter-
mining the erosion rate and not its hardness.

* Kk
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1. K. Nellinger and H., Uetz, Wear 1, 225 (1954).
2. TIain Finnie, Wear 19, 81 (1972).
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5. THE HALO EFFECT IN JET IMPINGEMENT SOLID
PARTICLE EROSION TESTING OF DUCTILE METALS'

L. Lapides and A. Levy

Two different areas of erosion occur on flat
test specimens exposed to gas solid particle
erosive streams where the stream diameter is smal-
ler than the specimen surface dimensions. The
inner area accounts for the majority of the weight
loss (see Fig. 1). This area sees the set test
conditions of velocity and impingement angle.
Erosion also occurs outside this area in an area
designated as the "halo area'. The weight loss
in this area depends on the impingement angle of
the particles, and ranges from as high as 25% of
the total weight loss at 15° to 3% of the total
weight loss at 60°. Figure 2 shows the geometry
of the impingement; Table 1 shows the values of
the variables. A definite boundary was observed
between the two areas. This halo erosion effect
was found to be primarily due to the velocity dis-
tribution of the particles in a cone around the

15° Unmasked 15° Masked

60° Unmasked 60° Masked

Fig. 1. Masked and unmasked specimen appearance
after erosion at impingement angles of 15° and 60°.
(XBB 7810-13575A)

principal column of particles striking the specimen.
Table 1 shows that the velocities vary by a factor
over 2 between the primary and halo areas, A



1 L+ Noza L 8

’e,p-ae&ar'

4
/
/
/ __ SPECIMEN
/ SURFACE
g / /
o /
/
/
Fig. 2. Diagram of relationship between nozzle and
specimen, (XBB 7811-12814A)

Table 1. Values of variables and evosive flow.?
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15° Angle 60°

Area  Primary Boundary Halo |Primary Boundary Halo
Term

b 0.15 0.25 0.351 0.15 0.22 0.30

,b 0,75 0.94  1.251 0.17 0.26  0.40
V1?> 140 123 96 191 126 88
v, 151 134 116 172 117 81
9y 4,5° 4,2°

0, 3.4 5.1

50 Fig. 2.

bThese are only relative velocities, not absolute

velocities.,

secondary effect is the change in the true angle
of the particles striking the specimen from the
set angle.

w Ok K

TBrief version of LBL-8525.

Corrosion Behavior

1. CORROSION OF METALS BY CHAR'
T. Foerster

The presence of char in coal gasification reac-
tors provides a potential corrodent to metal sur-
faces that come in contact with it in a static
or scmi-static mode.l>2 A study has been completed
to determine the mechanisms of the elevated tempera-
ture corrosion that occurs and the effects of
variables such as the char composition, quantity
of char and bulk gas composition over the char.

The 304585 was exposed to the test chars at 982°C
for times from 24 to 96 hours.

Figure 1 plots the weight gain of the 3048S for
several gas conditions over the char for three
different chars; PMC char from W. Kentucky coal,
Husky char from North Dakota lignite and Synthane
char from I1linois #6 coal. The FMC char was
processed at a low temperature in the COED process
and retained a significant amount of volatile sul-
fur while containing a relatively low amount of
Ca0 in its low ash content. The Husky and Synthane
chars were processed at higher temperatures which
eliminate volatile sulfur from their chars and
they contained high quantities of Ca0 in higher
total ash contents compared to the FMC char. These
factors explain the resulting weight gain dif-
ferences.

In the closed exposure retort test with no cir-
culating bulk gas over the char bed, the volatile
sulfur in the FMC char was retained in the char,
producing a high sulfur activity at the char-metal
interface and a resultant greater degree of sulfi-
dation and resultant weight gain. When the stop-
cock on the retort was opened, the volatile sulfur
could escape from the FMC char and the weight gain
was reduced. When a 1% H)S bearing gas was flushed

120 |- ]
?BJOO - -
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= 80| =
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7 60 N\ Open |
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0

FMC char  Synthane char  Husky char

Fig, 1. Weight gain of 304SS exposed to three
different chars at several gas conditions.
(XBL 795-1670)



through the system, additional volatile sulfur was
removed from the FMC char and the weight gain from
sulfidation was further reduced, even though the
bulk gas had its own sulfur content. When the
sulfur activity of the bulk gas was reduced, the
bottom two points for the FMC char on the weight
gain plot resulted. The Synthane and Husky char
specimens had lower weight gains than any of the
FMC char specimens because the Ca0 in those char
acted as a getter for the sulfur that was present.
The Husky char had the highest Ca0 content in its
ash of the three chars tested, 13 wt.% composed

to 6.5 wt.% for the Synthane char and 4% for the
MC char.

Figure 2 shows the external and internal sulfide
scale formed on the 304SS when it was exposed to
the FMC char in a closed test retort for 24 hours.
Pieces of char were encapsulated in the scale that
formed. Figure 3 shows the considerably reduced
that formed on the 304SS in the
HyS content, moving bulk gas was
the IMC char bed in a 96 hour test.

amount of scale
test where a 1%
maintained over

50 m

lgwﬁm

T edamid

Fig. 2. External and internal sulfide scale forma-
tions on 304SS exposed to FMC char in a closed
retort for 24 hrs. (XBB 795-6632)
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Fig. 3.
tions on 3045S exposed to FMC char with 1% H3S

External and internal sulfide scale forma-

content flowing bulk gas. (XBB 795-7481)

The increased exposure time resulted in a decreased
amount of sulfidation because of the removal of

the volatile sulfur from the char by the moving
bulk gas.

The Husky and Synthane chars acted as a barrier
to the sulfur in the bulk gas, resulting in less
sulfidation as the char thickness was increased
over the specimens. However, the carbon in the
char acted as a getter for the oxygen in the bulk
gas and, as the char thickness over the 304SS was
increased, the amount of Cry0z formation on the
304SS decreased.

This project demonstrated the sensitivity of
stainless steels to corrosion in contact with chars
of varying composition from different gasification
processes and starting coals.

* kK
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2. CATALYTIC DEACTIVATION+

R. Stanley, D. P. Whittle, A. Levy, and H. Heinemann
The use of heterogeneous desulfurization cata-

lysts consisting of silica-alumina supports on
which are deposited Ni-Mo, Co-Mo as oxides that could
be susceptible to sulfidation in the operating
enviromments of coal conversion systems were stud-
ied to determine the nature of the pellet surfaces
after service and upon regeneration. Fresh, spent,



and spent and regenerated catalysts of two types
were obtained from the Mobil 0il Corp. and metal-
lurgically analyzed. It was determined that rela-
tively thick scales up to 20 um containing concen-
trations of sulfur and metallic elements from the
environment and from the catalyst pellets formed
on the pellet surfaces under some conditions.
Surface areas and pore volumes were markedly
reduced on those pellets where the scales formed.

Figure 1 shows two cross sections of a pellet
of HDS-1441 catalyst that had been used to hydro-
desulfurize crude oil. The fresh catalyst shows
no scale while the spent and regenerated scale
shows a heavy formation of scale. Figure 2 shows

the scale highly magnified along with EDAX analyses

of its composition at various points. It can be
seen that the scale contains concentrations of
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sulfur and vanadium, both of which decrease as

the analysis moved toward the center of the pellet.
The presence of peaks of S, V, Mo, Ti and Fe near
the surface of various pellets studied indicates
that the metallic constituents of the environment
and the catalyst are reacting with sulfur and
probably oxygen to form surface scales that can
markedly reduce the activity of the catalysts.
Concentrations of these elements were verified

by electron probe micro analysis. Work is current-
1y underway to usc metallurgical techniques to
further study surface behavior of desulfurization
catalysts.

TBrief version of LBL-10026

a)

FRESH 0.2 mm
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Fig. 1.
catalyst pellet.
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L
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Scale formation on spent and regenerated desulfurization

(XBB 802-2169)
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+Au

Fig. 2.
desulfurization catalyst pellet.

Two Phase Fiow Behavior

1. GAS-PARTICLE FLOW IN THE ENTRY REGION OF A
CURVED PIPET

Woon-Shing Yeung

The fluid dynamics of a dilute gas-particle
mixture entering a circular curved pipe has been
investigated. The fluid is assumed to be incom-
pressible and the flow nonseparating and laminar.
Individual numerical schemes have been devised to
handle the two different vegions of the fluid flow
field, i.e., the irrotational core region and
viscous boundary layer region. Thus, in the core
region, the traditional Telenin's method is modi-
fied to obtain a numerical solution for the velo-
city potential function. For the viscous boundary

SEM-EDAX analysis of composition variation of scale formed on

(XBB 802-2167)

layer, the orthonormal version of the method of
integral relations is applied together with a back-
ward difference scheme for the cross derivative
terms. Interaction between the two regions is

also accounted for by means of a simple iteration
scheme.

Since an irrotational core is assumed, the uni-
form entry profile changes to a two-dimensional
potential vortex shortly downstream of the entry
section. This is consistent with a recent experi-
mental investigation on entr¥ curved pipe flow
by Agrawal, Talbot and Gong.* There is also a
cross flow directed from the outer bend towards
the inner bend in the immediate neighborhood of
the entry section. Further downstream, the cross
flow reverses its direction and moves from the
inner bend towards the outer bend, as is generally
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reported in all curved pipe investigations. The
axial profile, however, does not change drastically
from that of a uniform profile because of the weak
interaction between the core and boundary layer
region for the values of Regnolds number considered
in this report (Re 104 ~ 10%)

To assess the erosion of the pipe by the parti-
cles the dynamic equations of the particle phase
are solved. Lagrangian equations of motion for
the particle phase are used. Due to the complica-
tion of the momentum coupling between the two
phases (i.e., the gas phase and the particle phase),
only the first order solution for the particle
phase has been obtained by neglecting its effect
on the gas flow field. This has been proved ade-
quate, for example, in the erosion calculation of
a curved pipe carrying a gas-solid mixture.

Figure 1 shows particle paths for flow in the

Particle paths for values of Eﬁ, a measure
of a particle's momentum. The gas flow is in the

Fig. 1.

Y is the nondimensional radius of
(XBL 795-6224A)

direct of ¢°.
curvature.

curved pipe. The impact points indicate the posi-
tion in the pipe where primary erosion occurs.
Primary erosion points are the points at which the
particles first strike the wall in the figure.

* % %
+Brief version of LBL-9905.

1. Y. Agrawal, L. Talbot, and X. Gong, J. Fluid
Mech. 85, part 3 (1978).
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2. SEPARATION EFFECTS IN GAS-PARTICLE FLOWS AT
HIGH REYNOLDS NUMBERST

Jonathan A. Laitone

Predicting the fluid mechanical characteristics
such as particle trajectories and impact velocities
of an eroding gas-solid two-phase flow in a contain-
ment vessel is crucial for the successful design
and operation of coal gasification systems, coal
fired turbines, and other energy conversion systems.
The difficulties associated with the analysis of
gas-particle flows have precluded general solutions,
with most research being applied to simple geome-
tries and often to flow conditions that are not
particularly useful.

In the present work a general numerical solution
is developed which extends a numerical scheme for
gas flow developed by Chorinl to a solution suit-
able for dilute gas-solid particle flows over a
much wider range of geometries than previously
treated. The method is designed to solve the time
dependent equations but may be used in the steady
state case as well.

The numerical method is applied to the flow of
gas and particles about a cylinder. Previously,
gas-particle models have utilized a potential flow
approximation for the gas motion. The present
method predicts boundary layer growth and separa-
tion by introducing viscous effects in the gas
flow. Figure 1 indicates the discrepancy between
potential theory and the exact viscous case for
Reynolds Number, Re = 1000. For values of A (a
measure of a particles' momentum) less than two,

a cylinder placed in the flow is predicted by the
viscous effects model to collect less particles
than that predicted by potential theory. This is
due to the effect of a viscous boundary layer which
acts to deflect gas and particles away from the
cylinder,

The method also predicts particle motion in the
wake region. In Fig. 2 particles of different sizes
are entrained in the Karman vortex street and ex-
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Fig. 1. Particle momentum equilibration number, A,

versus collection efficiency ne for a cylinder
placed in a two phase flow regime. (XBL 799-2769)
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Fig. 2. Trajectories of particles of different

particle momentum, A, over a cylinder of radius R
with spatial coordinates of x and y. (XBL 799-2775)

hibit sinusoidal trajectories. Good agreement is
found between the numerical results® and experiment.

* % &

"Brief version of LBL-9996.

1. A. J. Chorin, J. Fluid Mech. 57, 758 (1973).
2. J. A, Laitone, Separation Effects in Gas-
Particle Flows at High Reynolds Numbers, LBL-9996
(1979).

3. G. Grant and W. Tabakoff, J. of Aircraft 12,
(No. 5), 471 (1975).

3. AERODYNAMIC EFFECTS IN THE EROSION PROCESS+

J. A. Laitone

Experimental investigations of velocity effects
on the erosion of a ductile material by aerodynami-
cally entrained solid particles indicate erosion
can vary with velocity raised to an exponent up to
the order of four in normal or 90° impacts. For
smaller angles of attack, the exponent is less
than four but greater than two. Previous quantita-
tive erosion models do not predict these high ex-
ponent values. In this study,l the two-phase
fluid mechanical system is analyzed and an analyti-
cal expression is presented that predicts particle
impact speeds varying with the fluid free stream
speed squared in normal impacts (See Fig. 1).

The aerodynamic effects modify the particles
impact kinetic energy by increasing the velocity
dependence. Including the aerodynamic effect with
an equation of motion type erosion model such as
Finnie's? yields erosion rates varying with free
stream velocity with exponents between 2 and 4;

a result experimentally confirmed.

This is a critical result for the study of
erosion of materials. Researchers have attempted
to explain why erosion varies with velocity ex-
ponents greater than two by considering only
particle-surface interaction. Their results are
valid only for particles that are not aerodynami-
cally entrained. Experiments with single particles
dropped on a surface are devoid of aerodynamic
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Fig. 1. Effect of free stream velocity on impact
speed at the surface. The slope of the curve is
given by m. The maximum value of m yields q «
u2.13, (XBL 794-1053)

effects and, thus, the impact speed, a, equals

the free stream speed, U, far from the surface.
This study indicates the role of aerodynamics in
an erosion study. In order to utilize an erosion
model in an aerodynamic system, the particle’s
impact speed which is different from its free stem
speed must be used. The impact speed is determined
from the free stream speed by solving the fluid
mechanical system.

* kW%

‘Brief version of 1BL-8962.

1. J. Laitone, Aerodynamic Effects in the Erosion
Process, Proceedings of the 3rd International
Tribology Conference, Paisley, Scotland, Sept.
10-13, 1979.

2. 1. Finnie, Wear 19, 81 (1972).

3. G. Grant and W, Tabakoff, J. Aircr. 12 (No. 5)
471 (1975).

4. DEVELOPMENT OF A LASER TEST SYSTEM FOR TWO-
PHASE FLOW STUDIES

A, Modavi

The major effort over the past three years to
analytically describe particle trajectories and



velocities of eroding particles in two phase flows
to determine precise particle impacting conditions
on target surfaces has developed models for flow
over various shaped surfaces. The nature of this
flow was used to develop a refined experimental
flow system that can test the predictions of the
models. Verification of the models will consider-
ably enhance the ability to predict erosion rates
of surfaces of different geometries that are con-
taining solid particle-fluid flow systems in coal
conversion systems. The test system is particular-
1y designed to be able to produce data that can

be scaled to full size component flows. It is
unique to the needs of the analytical models
developed to describe flow in pipe bends and
elbows, in sudden expansions and over sharp corners
and about turbine blades, plates and cylinders.

Figure 1 shows the test system. The cold air
flow system provides air velocities of 0 to 30
ft/sec up to 0.5 psia differential pressure in 2x2
inch curved rectangular ducting. The test section
of the ducting is made of optically clear plastics
which allow %aser Doppler measurements to be
carried out.t The Laser Doppler Velocimetry (1DV)
is a nonintrusive velocity measurement technique
which employs a laser light probe (the intersection
of two beams of monochromatic light) to generate a
modulated (Doppler shifted) light scattered off
various particles' flow through the light probe.
This light scattering is detected by photomultiplier
tubes, or other photo detectors, and processed
electronically to translate such signals into velo-
city of the particles.

AR

Fig. 1.
velocineter.
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The diagram at the right side of the figure
illustrates a simple LDV system, the actual LDV
system employed is a more complex dual color back
scattering LIV system. The dual color LDV provides
simultaneous measurements of two components of
velocity and employs the two primary frequencies
of a 2 watt argon ion laser.

A minicomputer is used to provide the record
keeping of the particle counts of up to 20 kHz from
two Disa LDV processors. The minicomputer also
provides the auto-positioning of the LDV optics
by commanding a custom made SYZ motorized table to
move in 1/1000 mm increments.

The data can be instantaneously processed and
displayed/plotted on the computer terminals or can
be stored on the magnetic discs for future proces-
sing. In addition to the LDV processors a real
time signal digitizing capability is available,

w ok #

1. 8, Mason and B. Smith, Erosion of Bends by
Pneumatically Conveyed Suspensions of Abrasive
Particles, Powder Technology, Netherlands, March
1972.

2. F. Durst, et al., Principles and Practice of
Laser Doppler Animometry, Academic Press,

San Francisco, California (1976).

3. D. Holve and S. Self, An Optical Particle-
Sizing Counter for In-situ Measurements, High
Temperature Gas Dynamics Laboratory, Stanford Univ.,
Stanford, California (1978).
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RESEARCH PLANS FOR CALENDAR YEAR 1980

The mechanism of erosion by the formation of
platelets on the surface of a ductile metal will
be further experimentally documented and an analyti-
cal model will be developed based upon the forging-
extrusion mechanism that forms the eroding plate-
lets. Further efforts will be made to define the
stresses and strains that occur upon impact of an
erosive particle by experimental measurements using
the techniques already developed and to utilize
them in an analytical model and in defining what
properties of a target material enhances erosion
resistance., Elevated temperature erosion and com-
bined erosion-corrosion will be studied further.

The effects of coatings of different types and
compositions applied by several different mechanisms
on the erosion and combined erosion-corrosion
behavior of structural metals will be investigated.
The combined erosion-corrosion behavior of thin
scales on stainless steels will be studied to
determine under what environmental conditions each
of the mechanisms is governing and how synergistic
the combined behavior is.

The fluid mechanics of two phase flow will be
studied experimentally to verify model predictions
using laser instrumentation. The analytical work
will concentrate on adopting initial analytical
models to fully turbulent flow conditions. The
behavior of two phase flows where the carrier
vehicle is a lubricating liquid such as an oil will
be analytically described.
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¢. Coal Liguefaction Alloys Test Program*

Alan V. Levy, Investigator

Introduction. The behavior of ductile metals
in both cast and wrought forms in the erosion-
corrosion environments that occur in coal lique-
faction process components from the actions of
elevated temperature coal-solvent slurries are
being studied. New information is being developed
on the role of such variables in the slurry as
solids content, velocity, entrained moisture and
gas content, viscosity, temperature and particle
comminution in promoting or retarding erosion
behavior of metal alloys. Different alloys have
opposite rankings of erosion resistance in dif-
ferent slurries with relatively small differences
in the slurry. Distinct geometry effects on
erosion of pipe elbows have been found that vary
with slurry velocity and solids loading. Non-
dimensional correlation analyses of erosion data
have related slurry and target material properties
with respect to erosion behavior.

1. EROSION BEHAVIOR OF METALS IN COAL SLURRIES+

W, Tsai

The use of the small, two liter capacity slurry
pot tester has developed knowledge of the effect
of several variables on the erosion of structural
metals exposed to non-aqueous coal slurries.* Both
test conditions and sample composition have been
varied. It has been determined that small modifi-
cations in test conditions can have major effects
on the erosion behavior of different materials.
Comparative erosion rates of A-53 mild steel and
30455 have been reversed by small changes in
particle size distribution and initial water
content of the coal. Figure la shows the erosion
of the two steels as a function of drying the coal
prior to mixing the slurry. It is probable that
a thin film of water formed on at least the larger
coal particles, providing an encapsulating energy
absorber that markedly decreased the amount of
erosion that occurred,

Figure 1b shows that the coal particle solids
loading in the slurry has a relatively small
effect on the erosion of an A-53 mild steel over
the range of coal concentrations typically used in
coal liquefaction systems 30-50 wt.%. The effect
of velocity difference is significant and can be
seen in the curves, Based on the type of data
obtained by varying several different test param-
eters, plots have been prepared giving erosion at
known conditions as a function of time. The tan-
gent at time zero to an errosive wear curve is
taken as the characteristic rate of erosion in an
experiment. This value is correlated, through
dimensional analysis consideration with the dimen-
sionless groups characterizing the experiment.

*This work was supported by the Division of Planning

and Systems Engineering, Office of Fossil Energy,
U. S. Department of Energy.
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Fig. 1. (a) Effect of water content in 30 wt.%

coal on erosion of A-53 mild steel (o) and 304SS
(@) in kerosene at 25°C at V = fps. (b) Effect of
particle concentration and velocity on erosion of
A-53 mild steel in kerosene at 25°C using 50 wt.%
coal (o) and 30 wt.% coal (o) slurries.

(XBL 801-49A)

Erosive wear of the metal specimens tested
(A-53 mild steel, 304SS and 316SS) with coal and
silicon carbide particles in kerosene was found to
increase with increasing particle density, con-
centration, velocity and hardness and with de-
creasing target metal yield strength or hardness.
Figure 2 shows the fit of the regressed equation.
Data clustered about 9.5 (for coal) has an average
error of 19.4% while that clustered about 7.25
(for SiC) has an average error of 14,3%.

% %

PBrief version of LBL-10044.

1. R. Gardi, B. Ricks, and T. Audl, "Control of
Erosion-Corrosion in Slurry Pipelines,' 1lst
International Conference on the Internal and
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Sept. 1979.
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Nov. 1977,
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2. EROSION OF PIPING IN A SLURRY LOOP
A, Shaw and A. Levy

The slurry loop system using a recirculating
slurry of 30 and 50 wt% coal in kerosene has been
operated in excess of 2000 hrs in a series of tests
to determine the erosion behavior of mild steel
and stainless steel elbow components at ambient
temperature. Figure 1 shows the reduction in
piping wall thickness of a side loop to the
primary 2'" diam. pipe loop. The smaller diameter
pipe sections of A-53 mild steel were used to
increase the velocity and, hence, the amount of
erosion to be able to obtain measurable wall thick-
ness reductions in a reasonable test duration of
250 hours. The numbers opposite each measurement
location are the number of thousandths of thick-
ness reduction as measured by an ultrasonic thick-
ness gage. It can be seen that the erosiveness of
the slurry flow increased with velocity and as a
function of geometry. For example, the erosion in
the entry 2" diam elbow of the side loop where the
flow velocity was 8-10 fps (points 1, 2, 3) was
considerably less than that of the 2" dia elbow
at the exit section (points 31, 32, 33) where the
flow from the 1" diam pipe (velocity = 35-40 fps)
impinged on the 2'' diam elbow as from a nozzle.

Recirculating Slurry Loop Erosion

of AB3 Mild Steel
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Fig. 1. Erosion thickness loss measurements in a recirculating slurry
loop testing A-53 mild steel elbows in a 30 wt.% coal-kerosene slurry.

(XBL 7910-4249)



In both elbows maximum erosion occurred at the
middle point where the impingement angle was the
greatest.

In a subsequent test, 304 and 316SS had compara-
ble thickness reductions. When the slurry vis-
cosity was increased by increasing the wt.% of coal
in the kerosene from 30 to 50 wt.%, the amount of
erosion for 304 and 316SS was reduced by approxi-
mately half.

RESEARCH PLANS FOR CALENDAR YEAR 1980

The erosion behavior of additional materials,
including some coatings on mild steel substrates
will be determined at several temperatures using a
range of slurry variables. The data will be used
to further develop the erosion rate prediction
model. Extensive use will be made of the jet
impingement tester to direct slurries at flat
surface specimens of several materials in a once-
through mode for the eroding particles. The unit's
slurry capacity has been increased by several times
to permit longer runs to be made. The slurry loop
will continue to operate at ambient and elevated
temperatures in a new flow passage design and
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using specimens which can be disassembled readily
to obtain mechanical thickness measurements of
the amount of erosive wear.
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d. Oil Shale Retort Components”
A. Levy and D. Whittle, Investigators

Introduction. The corrosion of alloy and stain-
less steels and aluminized type coatings exposed
in in-situ oil shale retorting environments is
being investigated. To date 11 simulated in-situ
retorts and 2 underground retorts have been util-
ized to test 12 different steel alloy composi-
tions and one steel coating material. The alloys
have been exposed in these retorts to temperatures
up to 1000°C for time periods up to 80 hours. Both
Antrim and Green River type shales were being re-
torted at the time of the metal sample tests. The
specimens were exposed directly in the shale beds
near the location of monitoring thermocouple wells.
To date, 160 specimens have been tested.

1. CORROSION IN SIMULATED IN-SITU OIL SHALE
RETORTS

A. Levy and E. Elliott

It has been determined that different alloys
corrode in different manners and to different de-
grees in high sulfur (3.2%) antrim shale and in
low sulfur (0.8%) Green River Shale. In tests
with antrim shale in the LETC 10 ton retort, 18%
reduction in metal thickness occurred in 347
stainless steel exposed to temperatures above
1500°F for exposure times of only 40 hours. In
general, the corrosion of 300 series stainless
steels observed in Green River shale exposures
is markedly less than that which occurs when
antrim shale is retorted. Figure 1 shows this
difference on 310SS. Note the magnification
difference in the two photos. However, the lower
chromium content 410 stainless steel corroded more
than 347SS in the low sulfur Green River shale. It
corroded less than 347SS in antrim shale. The
morphology of the scale products and their chem-
ical composition differed from alloy to alloy in
antrim shale.

The higher chromium content alloys formed some
Crp0, as well as considerable iron and chromium
sulfides and iron-chrome sulfide spinels in layers
while the lower chromium content alloys only formed
sulfides. Non-chromium containing alloys under-
went extensive sulfidation. In Green River shale,
the 300 series stainless steels only formed a
protective Cr,0z scale layer and no sulfides.
erally, the Green River shale retort specimens
were exposed to lower temperatures and times than
the antrim shale retort specimens as well as to a
lower sulfur content shale.

Gen-

A marked difference in the corrosive attack also
occurred as the result of exposures to large and
smaller oil content shales. Figure 2 shows

*

This work was supported by the Division of
Planning and Systems Engineering, Office of Fossil
Energy, U. S. Department of Energy.
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Fig. 1. Scales formed on 310SS exposed in simu-
lated antrim (above, 200X) and Green River (below,
3000X) shale retorting operations. {XBB 7912-16283)

specimens of 4108S exposed to g high (36 gal/ton)
Green River shale (upper photo) and a lower (18
gal/ton) shale in the same simulated in-situ retort
run at LLL. The samples exposed to the richer
shale were more heavily attacked and had a porous,
single phase scale. A thinner, dense, two phase
scale formed on the specimens in the leaner shale.

Aluminide coatings formed a protective Al,0
scale on both stainless and low alloy steels and
protected them from attack under all of the retort
conditions and types of shale tested. See Fig. 3
for 1018 mild steel. The underground tests con-
ducted were not productive in establishing cor-
rosion behavior patterns because of lack of control
in their placement and difficulty in their re-
covery.

+B‘rief version of LBL-9906; to be presented at NACE
Corrosion 80, Chicago, IL, March 1980.



Fig. 2.

Scales formed on 410SS exposed in rich
Green River Shale (above, 200X) and lean Green

River Shale (below, 400X). (XBB 7912-16284)

RESEARCH PLANS FOR CALENDAR YEAR 1980

Sufficient knowledge has been obtained from
specimen exposures in simulated in-situ retorts
to develop a test program where specimens will
primarily be exposed in laboratory crucible tests
using Green River and antrim shales with bulk
gas compositions over the shales that simulate
retort conditions. More controlled temperatures
and times representative of the higher temperature,
longer time exposures that will occur in under-
ground retorting operations can be achieved in the
crucible tests.

Additional coating tests will be conducted on
low alloy and stainless steels with the objective
of finding the lowest possible cost combination of
coating and alloy that can withstand underground
retorting environments. Specimens, coated and

Fig. 3.
coating (above, 320X) and with coating (below,

Scales formed on 1018 mild steel without

320X). (XBB 7912-16285)

uncoated, will be placed in underground retort
tests as they become available. Tests will also
be conducted in shale oil product material.

1979 PUBLICATIONS AND REPORTS
Invited Talk
1. A, V. Levy, "Corrosion of Metals in Oil Shale

Retorts,” ASM WESTEC '79, Los Angeles, Calif.,
March, 1979.






