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ABSTRACT

Pool-boller reflux receivers have been considered as
an altetnative to heat pipes for the input of concentrated
solar energy to Stirling-cycle engines in dish-Stirling
electric generation systems. Fool bollers offer simplicity
in design and fabrication. The operation of a full-scale
pool-boller recelver has been demonstrated for short pe-
riods of time. However, to generate cost-effective elec-
tricity, the recelver must operate without significant
maintenance for the entire system life, as much as 20 to
30 years.

Long-term liquid-metal bolling stability and materials
compatibllity with refluxing NaK-78 is not known and
must be determined for the pool boiler recelver. No boil-
ing system has been demonstrated for a significant dura-
tion with the current porous bolling enhancement surface
and materials. At least one theory explaining incipient-
boliing behavior of alkall metals indicates that favorable
start-up behavior should deterlorate over time, Many
factors affact the stabllity and startup behavior of the
bolling system. Therefore, it is necessary to simulate the
full-scale pool boller design as much as possible, includ-
Ing flux levels, materlals, and operating cycles. On-sun
testing Is impractical because of the limited test time
‘avallable.

A test vessel was constructed with a Friction Coat-
Ings fnc. porous bolling enhancement surtace. The bolling
surface consisted of a brazed stalnless steel powder with
about 50% porosity. The vessal was heated with a quartz
lamp array providing about 90 W/cm# peak Incident ther-
mal flux. The vessel was charged with NaK-78, which is
liquid at room temperature. This allows the slimination of
costly electric preheating, ioth on this test and on fuil-
scale recelvers. The vessel was fabricated from Haynes
230 alloy, selected for its high temperature strcngth and
oxidation resistance. The vessel! operated at 750°C
around the clock, with a 1/2-hour shutdown cycle to am-
blent every 8 hours. Temperature data was continually
collected.

The test completed 7500 hours of lamp-on operation
time, and over 1000 startups from ambient. The test was
terminated when a small leak In an Inconel 600 ther-

This work performed by Sandia National Laboratories sup-
ported by the U.S. Department of Energy under contract DE-
ACO04-94AL85000. This paper Is declared a work of the U.S.
Government and Is not subject to copyright protection In the
United States.
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mowell was detected. The test design and data are pre-
sented here. Metallurgical analysis of virgin and tested
materials has begun, and initial results are also pre-
sented,

BACKGROUND

Sandia National Laboratories (SNL), together with
the U.S. Department of Energy (DOE), has identified
dish-Stirling electric systems as having potential to meet
the DOE Solar Thermal Energy Program's long-term
goals for levelized energy cost [1,2]. SNL is cooperating
with Industry to develop and commercialize dish-Stirling
systems. Several of these systems have proposed the
use of reflux recelvers. The liquid-metal reflux receiver
was concelved of as an improvement over directly llumi-
nated tube recelvers [3,4]. in the reflux recelver approach,
{iquid metal is evaporated at the solar absorber and con-
densed at the engine heater tubes, supplying the latent
heat of vaporization to the engine. The liquid at the ab-
sorber may be a pool that fioods the surface (poo! boller)
or a wick saturated with liquid metal that covers the ab-
sorber surface (heat pipe). The operation and advantages
of reflux receivers have been well documented [5].

The feasibliity of the pool-boiler recelver approach
was demonstrated In 1989-1990 [6]. The demonstration
recelver achleved power throughputs exceeding 60 kW, at
efficiencies of about 90%. Based on these results, a sec-
ond-generation pool-boller receiver was designed [7]. A
serles of short-term bench-scale receiver tests was per-
formed to qualify the materials and methods applied to
the new receiver [8]. Based on these restits and ease of
manufacture, a Friction Coatings Inc. powdered-metal
surface was selected for the bolling enhancement sur-
face. In addition, a small amount (1/3 torr) of xenon was
added to the NaK vapor space to promote stable boiling
and smooth startups. This amount was based on previ-
ous on-sun tests as well as extensive bench-scate testing
{6,8]. The second-generation receiver incorporates mate-
rials and methods proposed for long-life, commercial de-
vices and demonstrated in the series of bench-scale
tests. The shell material is Haynes 230, a high strength
nickel-based alloy. The receiver was designed to ASME
Boller and Prassure Vesssl Code intent and was manu-
factured and Inspected using techniques typical in small
production volumes. The receiver was filled with NaK-78,
a liquid at room temperatures, eliminating the need for
electric pre-heaters. The second-generation recelver was
successfully tested on sun [9,10]. ﬁp
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Thermacore Inc. demonstrated stable bolling in a
bench scale of a similar sintered surface over a period of
about 800 hours {11]. The bolling behavior did not appear
to change during this test pariod. Other short-term boliing
studies [12] have shown a change in boiling char-
acteristics due to the reduction of oxides on the bolling
surface. Once the oxides are reduced, the liquid metal
wats the surface and quenchas the nucleation sites,
causing high incipient-bolling superheats. The porous
powdered metal surfaces used in the Thermacore and
present tests contain a large surface area protected by
tortuous paths, and therefore may take a considerable
period of time to be fully reduced and wetted. However,
dish-Stirling systems have an expacted life of 20 to 30
yaars, about 60,000 hours of solar-only operation. Nu-
cleate boiling also Induces small temperature fluctuations
at the nucleation site at the bubble departure frequency
(18], which could possibly lead to thermal fatigue failure
of the enhanced surface. In addition, the Haynes 230 al-
loy and the braze materials in the Friction Coatings sur-
face have not been qualified for operation in alkali metals
at high temperature. Since it would be very difficult to put
a meaningful number of hours on a full-scale test, we
planned a 10,000-hour, around-the-clock, bench-scale
test with the selected materials and methods. The dura-
tion of the test was selected because It is a significant
fraction of the required iife, is attainable in a little over 1
year, and Is more than an order of magnitude longer than
previous expetiments.

JEST DESIGN

The test vessel was designed to be heated with a
six-bulb quartz lamp array, simulating the fiuxes experi-
enced in a full-scale on-sun test. The peak flux at full
powaer is about 90W/cm? with a total power throughput of
1500W,. The test specimen Is a 1-3/4-inch-diameter,
Haynes 230 alloy, welded tube with brazed-on endcaps.
‘The tube wall thickness Is 0.049 inches. Figure 1 shows a
schematic of the test. The tube Is 2 feet long, arranged
vertically, and filled to about 10.75 inches with NaK-78
(approximately 0.75 pounds). The tube is shorter than
previous bench-scale tests in order to promote mixing of
splashed liquid with the xenon, which tends to be swept to
the top end of the pipe. The entrainment of xenon to the
pool is thought to assist In hot restarts and boiling stabil-
ity [8]. In as many areas as possible, the parameters of
this test were designed to simulate the full-scale test[14].
The enhanced bolling surface is a 1 x 4-inch patch of po-
rous 304 Stainless steel. The patch was fabricated from -
60/+80 non-spherical powder by Friction Coatings Inc.
The surface has an estimated effective pore radius of 50
um and an estimated vold fraction of 50%. The patch
covered the high fiux portion of the heated area and was
0.030-inches thick. A strip of zirconium foil, 1-inch by 12-
inches, was placed in the bottom of the test vessel to hot-
getter any oxygen present In the NaK-78. Instrumentation
consisted primarlly of type-K thermocouples brazed to the
surface or Inserted in Inconel 600 alloy thermowells,

Power extraction from the condenser is primarily by
passive radiation to the room. The power throughput es-
timates are based on prior operation of the same test
vessel with the same lamp array but with a gas-gap, cold-
water calorimeter to measure power extraction [8].
Enough Insulation was removed from the condenser (top

end) of the device to maintain the setpoint temperature
with one of the six heater-array bulbs falled. In addition, a
small muffin fan was activated when all lamps are on and
the test vessel was at tamperature. A PID control loop
determines the lamp operating voltage based on the pool
temperature, During startup, the lamp power ramps from
0 to 100% power In less than 3 seconds, simulating a full-
power on-sun startup. ‘

Temperature and pressure data were recorded at 1
sacond intervals during transients and 5 second intervals
during steady operation. Details of the test setup can be
found In references 14 and 15.

Cooling Fan KN
Insulation

Figure 1, Schematic of test vessel hardware setup

INITIAL TEST RESULTS

To simulate the diurnal solar cycle, the test was de-
signed to automatically cycle to *ambient* temperatures
every 8 hours. After extended operation at temperature,
pre-existing metal oxides on the enhanced bolling surface
may be reduced, allowing the NaK to wet the surface. The
cycle to ambleat stops vapor formation and allows the
NakK to fully penetrate the clean nucleation sites. Changes
in the startup behavior would indicate that oxide reduction
affects the boiling process. The cycles also subject the
surface to the low-cycle thermal fatigue associated with
frequent startups. The cool-off period Is set at 30 min-
utes, which results in a restart temperature under 150°C.
The normal temperature setpolint is 750°C pool tempera-
ture. During a cold restart, full lamp power s applied with
the condenser cooling fan turned off. As the setpoint tem-
perature Is approached, the PID controller reduces the
{amp power to about 83% and the condenser fan is
turned on, if all six bulbs are still functional. The system
takes approximately 6.5 minutes to reach the setpoint
temperature under normal conditions. The reduced power
at steady state results in a peak flux of 76 W/cm? and a
power throughput of about 1170 W. Cloud transients are
not simulated in this study.

Figure 2 shows a typical day In the life of the pool
boller, with three 7.5-hour operations at temperature. The
temperature traces of the pool, vapor, and surface ther-




mocouples demonstrate the steady nature of the boiling.
Approximately a §°C temperature drop is sean from the
pooi to the condenser. The surface thermocouples are in
© the peak fiux reglon, so they rear" ~lightly higher than the
actual surface temperature. The "noise" on the pressure
signal is actually the result of pressure waves from the
bolling. During the 30-minute shutdowns, the indicated
pressure is steady.
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‘ Figure 2, A day In the life of the durability-pool-boller test.
Every 8 hours the test Is cycled to "amblent® temperatures fo simulate
the diurnal solar cycle. The poo! and vapor temperatures are about 5

| degrees apart,

The test device operated for about 7500 hours of
lamp-on time with over 1000 cold startups. There was no
detectable change in the system behavior during steady
state opsration or startups. Figure 3 shows cold startups
at midnight on & weekly basis. No significant difference is
sean between the different traces. Several splkee are
seen In the surface and poo! temperatures at startup. The
temperature spikes do not appear to be increasing in fre-
quency or severity as test time progresses and have not
been seen In the on-sun tests of full-scale recelvers. The
spraad in the curves Is primarily due to changes in the
amblent temperature and minor adjustments of test
setup.

The large amount of data generated, over 600 Mb,
Is difficult to evaluate. The dally data was reduced to an
average and standard deviation of each measured vari-

able over a span of 1000 readings (5000 seconds) after
steady state operation was reached. Days with muitipie
heater lamp bulb fallures, when the pool operating tem-
perature could not raintain 750°C, were rejected. Figure
4 shows this data summary.

A small amount of relative drift Is seen in the inter-
nal thermocouples but is within the thermocouple accu-
racy. More importantly, the standard deviation of the
front-surface thermocouples doas not change over the
duration of the test, indicating that steady boiling behavior
is unchanged. In mid-April, the lamp cooling system was
modified and the condenser thermocouple replaced, re-
sulting in a step change in the temperature difference
from the pool to the conderiser. In late August, the device
could not maintain the pool temperature, possibly be-
cause of settling insulation. The condenser area was
slightly reduced to compensate, and this also resufted in
a step-change in the temperature difference. However,
the temperature difference does not change appreciably
over the life of the test, indicating there was no significant
increase in the internal non-condensable gas pressure.

On January 5th, the boller was operating at lower-
than-usual power, and the temperature ditference be-
tween the pool and condenser had increased, indicating
the presence of gas in the pipe. We observed a small
amount of green crust at the top of the condenser ther-
mowell, indicating a leak in the vessel. The pressure

gauge indicated a cold pressure of about .75 psia, com- -

pared to a normal reading of about .65 psia. The data in-
dicated that the leak occurred within the previous 24
hours.

We decided to drain the boiler and M out the re-
sidual NaK. Distillation produces a very clean specimen,
avolding the caustic products assoclated with steam or
alcohol cleaning. However, distiltation requires that the
leak be stopped using a patch with high-temperature ca-
pability. We used a small closed-end stainless-stesl cyl-
inder welded over the area where the thermowell
from the boller. Welding was chosen in order to obtain
the required high-temperature capability. Torch brazing
was rejected because of its larger heat-affected zone and
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Figure 3. Multiple automated cold startupa demonsirate that
the startup behavior does not change with time. This plot inciudes a
weekly sample cold startup for the duration of the test.
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Figure 4, Summary of steady-state data. The averags and
standard deviation of 1000 readings each day on select instruments
are presented here, No significant increase In temperature fluctue-
tions (standard deviation) or temperature difference Is seen through-
out the test,




The tendency of braze-tiller alloys to spread. Such ef-
fects might have obscured the cause of the leak.

. ,
A detailed metallurglcal analysis of the materials
used In the construction of the bench-scale durability-test
pool boller is underway. The results presented below are
preliminary and are primarily related to liquid-metal cor-

" tosion. We shall report results at a later date [16] that ad-
dress the full range of our concerns, which includes:

1. Liquid-metal and air-side corrosion of the boiler
materials,

2. Bolling-related thermal or mechanical fatigue of
the powder-metal coating.

3. Daleterious microstructural changes in the boiler
materials and joints. -

4, Loss of strength or ductility of the boiler mateﬂals

Our approach consists of the following steps:

1. Analysis preliminaries:
a. Pre-test archiving of as-delivered materials and
assemblies for comparisori with the tested boller.
b. Post-test patching of the boller leak.
c. Draining and dlstlllaﬂon-cleaning of the boller
under vacuum.
d. Archiving of the NaK.
2. Analysis:
_ a. Pool-boller dissection and microscopy.
b, Elemental analysis of NaK and NaK- and &lr-
exposed surfaces.
c. Measurement of pool-bolier vessel mechanical
properties

nalysl inarl

The archived, as-delivered materials were drawn
from the same materlal lots used to construct the tested
boller. The archive Includes Haynes Alloy 230 1.75-Inch
tubing, samples of the Friction Coating Inc. powder-metal
coating, a duplicate of one end of the boiler (including
samples of ali the tubing, weldments, and braze joints), a
sample of zirconlum (hot getter) sheet stock, and the
high-purity NaK-78 In Its original shipping container.

The boller was connected to a vacuum mantfold
that included a 800-cc steel can to receive the used NaK.
The manifold and can were evacuated and the boller was
drained into the can through a 150-mesh screen filter.
The boller and manl!gld were purged with argon, evacu-
ated to about 3 x 10™ torr, and then heated to 450°C.
After one week, the temperatures were allowed to retum
to ambient. The patch over the leak was removed by ma-
chining without disturbing the thermowaell. The boiler was
cut in half and the valves were cut off with tubing cutters.
A small amount of NaK was found in the valves, but the
boller appeared to be NaK-free and clean (Figure 5 and
Figure 6). The getter disintegrated into a number of small
pleces (Figure 7). Bubble testing located the leak near the
closed end of the thermowall, just above the braze joint
connecting it to the condenser wali. A photograph of this
area appears in Figure 8.

Analysis

As mentioned earller, the analysis presented here Is
primarily concerned with liquid-metal induced corrosion.
Corrosion by liquid metals can manifest itself in a number

Figure 5. Condenser end of dissected pool baller, showing
free-standing vapor-temperature inermowelis and wali-temperature
thermowelis brazed to the condinser wall. The longer of the two wall-
temparature thermowsiis ls the:dne that leaked.

Figure 8, Pool end of dissected pool boller, showing free-
standing pool-temperaturs thermowells and powdsr-metal coating on
the heated surface.

of ways. Dissolution of alloying or interstitial (e.g. carbon)
elements Is the simplest of these corrosion mechanisms
as It results directly from the solubility of various ele-
ments in the molten metal. Altemately, reactions between
alloy constituents and impurities in the molten metai
(such as oxygen) are often important. In this case, reac-
tion products that may or may not be soluble in the mol-
ten metal can be formed. in the present test, a zirconium-
metal oxygen getter was employed, and we expect that
corrosion of the containment materials by residual oxygen
in the NaK was minimal.

Preliminary resulits of a metallurgical analysis of the
response of the pool boller materials is presented below.
Materials exposed to both the NaK pool and NaK vapor
condensate are being examined as is the NaK itself.

Haynes 230 alloy ~ As-recelved

The pool-boller vessel is constructed of Haynes 230,
a high performance alloy used primarily for elevated-
temperature applications in hostile environments. Haynes
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Figure 7. rin ﬁmcr fragments; this was a 1° x 12" strip
that was corrugated and rolled into a cylinder shape, and fitted Into
the bottom of the boller.

| necked ares caused by cyclic thermal strain, where the lesk occurred.
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230 s a nickel-chromium-tungsten-molybdenum alloy
that contains small additions of iron, cobalt, silicon and
aluminum. it has good microstructural stabllity and ex-
hibits excellent strength retention and resistance to grain
growth after prolonged high-temperature exposure. Table
{ shows the alloy specification and the heat analysis of
the 1.75-Inch-diameter seam-welded tubing. ‘

For the current application, autogenousiy-welded
tubing was suppliad in the solution-heat-treated condition.
This heat treatment was performed In vacuum at 1175-
1245°C (as specified by Haynes). The Rockwell hardness
of the alloy after heat treating was Rb 84. A second-
phase microstructure remains even after solution heat
treatment. A scannirig electron micrograph of the as-
received alloy (polished cross section), shown in Figure 9,
reveals that the material contained a relatively uniform
distribution of second-phase particles.

Energy dispersive spectroscopy (EDS), a semi-
quantitative technique, was used to characterize the
composition of the alloy and its microstructure. The
overall composition of the alloy obtained from an area
scan of the as-received tubing Is shown in Table I. The
results agree favorably with the heat analysis supplied
with the tubing. Also shown in Table | is a spot-mode

TABLE: Elemental analyses of HAYNES 230 (by EDS), wi%
LOCATION Ni [Cr |W _ |Fe [Mo [Co

Spectiication bal | 2024|1553 118 15
Heat analysis | bal 210611408 | 1.45 | 1.26 | 0.20
As-ecelved (are) || 65.75 | 19.99 10.43 | 1.01 | 1.28 | 039

2nd phase* {spot) || 28.82 | 1545 47.73 | 0.78 | 6.59 | 0.00

Regiona 42.1 9.49] 4197 | 1.66 13.76 | 0.00
Regionb 64.61 | 19.03] 12.67 | 2.40 |1.10 | 0.00
*As-received

Haynes 230 s a tradename of Haynes Intemational, Inc., Kokomo, IN.

analysis of a second phase particle that indicates the
precipitates have an elevated tungsten concentration.

Figure 10 is a scanning electron micrograph of the
{D of the as-received tubing. Marks from the tube forming
process are evident in the micrograph. EDS analysis indi-
cates that the particulates on the surface have the same
composition as that indicated in Table | for the second
phase.

Scanning electron micrographs of the inside of the

Haynes 230 pool boller exposed to the 760°C NaK pool
are shown In Figure 11a,b. Figure 11a, a low magnifica-

Figure 9. As-recelved microstructure of Haynes 230 alloy used
in construction of pool boller. Solution heat-trested alloy contains &
uniform distribution of tungsten-rich preciphates.




tion image of the alioy surface, reveals a complex struc-
ture clearly altered from the as-received tubing, At higher
magnification, Figure 11b reveals that the structure con-
sists of particulates uniformly decorating the surface.
EDS analysis has been used to characterize the compo-
sition of these features and the base material. These re-
sults are also shown In Table |. The particulates
(Indicated in the Table as REGION A) have a composition
similar to the second phase particles identified in the
previous section. The prominence of the precipitates in
Figure 11b results from the recession of the matrix,
Reliable solubllity data for the transition metals and
tungsten in liquid NaK are quite limited. However, nickel
and chromium are known to have solubilities of several
parts per million in liquid sodium [17}, so the recession of
-the alloy surface can be attributed to the dissolution of
nickel and chromium in the liquid metal pool. A spot
“analysis of the alloy surface between the precipitates
(REGION B) is given In Table | and reveals that the NaK-
pool-exposed alloy matrix maintains the composition of
the as-received alloy, Grain boundaries can be seen be-
neath the precipitate structure in Figure 11b suggesting
that dissolution of the alloy is more rapid at the grain

Figure 10, a) Internal surface of as-recelived Haynee 230 tubing;
b) Higher-magnification Image reveals presence of W-rich precipitates
at the tube surface,

boundaries than within the grains. Such grain boundasy
“grooving® is another common feature of liquid metal in-
teractions with matals and alloys. Inttial metallographic
cross-sections prepared from samples exposed to the
NaK pool indicate that the amount of recession !s only a
few microns (we used the tungsten-rich particulates as
markers for the original surface). If this recession were
uniform over the interior of the boller, it would amount to
about 0.25 cm? or 2 grams of material. We have not yet
been able to account for this material by analysis of the
NaK or by locating re-deposited alloy constituents on the
Internal surfaces of the boiler. ;
Examination of the surface morphology of the auto-
genous seam weld exposed to the NaK pool indicates that
there were no significant ditferences from the wrought al-
loy surface just described. The recession of the alioy ma-
trix and the degree to which the tungsten-rich precipitates
decorate the surface in the weld zone are both compara-
ble to that shown in Figure 11a,b for the parert metal.

FO0! DOTIOr Sigewall - 0XDOSed 10 INaK CONaNsa

Above the pool surface, the boiler sidewall is ex-
posed to NaK condensate as well as to liquid ejected
from the pool. The condensate will be relatively pure (free

from metallic solutes). It will also be relatively rich in po-

Figure 11. a) Internal surface of pool-boller exposed to the NaK
pool for 7500 hours. Features on the surface are procipitates oxposed
by the recesslon of the alloy matrix; b) Higher magnification revesls
the morphology of the surface structure and the presence of grain
boundary dissolution. Reglons A and B refer to locations of EDS
analysis In Tabls |,
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tassium, because the vapor pressure of potassium is
much higher than the vapor pressure of sodium. As a re-
sult, the extent of dissolution of alloy constituents from
the pool-boller sidewali may depend on whether the loca-
tion Is above or below the pool surface.

Visual examination of the pool boller revealed a dis-
tinct *waterline* delineating the surface exposed to the
NaK pool from the surface in the condensing reglon.
Figure 12 shows the structure of the sidewall of the vessel
in the condenser regicn. The surface has a morphology
intermediate between the as-received material and the
NaK-pool-exposed surface. The tungsten-rich precipitates
are less well defined than those shown in the previous
figures, suggesting that the degree of dissolution of the
matrb¢ Is somewhat less extansive. However, the grain
boundary grooving is more apparent than before simply
because the precipitate structure Is less well defined and
does not mask the graln boundary structure. The com-
position of both the precipitates and of the underlying
matrix are essentially identical to that reported for the
surface exposed to the NaK pool.

As before, the seam weld appears to have been af-
focted to the same-extent as the parent alloy. Lastly, the
Rockwell hardness of the vessel was Rb 92 suggesting
that there were no changes in the mechanical properties
of the material as a resuit of the long-term exposure to
NaK or the prolonged time at temperature. Strength and
ductility of the pool-boller vessels will be directly meas-
ured as part of this metallurgical analysis and reported
later [16].

Powder-metal coating on heated surtace

The heated surface was coated with Type 304L
stalnless-steel -60/+80 powder adhered to the surface
with a braze filler alloy equivalent to Bnl-7, & nickel-
chromium-phosphorous alloy, A visual inspection of the
coating (Figure 6) shows it to be entirely intact and free of
any macroscopic cracking. This is an important prelimi-
nary result, because of ongoing concerns regarding ther-
mal and mechanical fatigue effects of the liquid-metal
bubble cycle. A detailed metallurgical analysis of the
heated surface and its coating is in progress.

Inconel 600 thermowell

inconel 600 (IN60O) 1/8th-inch tubing was used to
fabricate the six thermowells in the pool-boller vessel.
These thermowells were located above and below the
NaK pool. IN60O is a nickel-chromium-iron austenitic al-
loy that has good resistance to oxidation and stress-
corrosion cracking. However, there appears to be litte
published information regarding its resistance to fiquid-
metal attack. The specified composition for the alloy s
glven in Table Il. At tomperatures between 5§50 and
950°C, chromium carbides precipitate out of solid solu-
tion and may sensitize the material to intergranular attack
In aggressive media.

TABLE fi: Compasition of incoriel 600 (wi%)

IN 600 Ni Cr Si Fe | Mn | Cu

Specification § 72* 1417 |05t | 610 | 1.0t 0.50t

*Ni +Co = 72 min,
"Max
{nconel 600 s a product of the Inco Alloys Intemational, Inc., Huntington, WV

Figure 13 shows the surface of a thermowell from
the evaporator end of the boller. it is clear that the alioy
has suffered extensive intergranular dissolution. Similar
attack was apparent on the thermowaells in the condenser.
Although not shown here, these grain boundary features
connect to an extensive network of subsurface grain
boundary cracks. Indeed, it was a through-section crack
in one of these thermowells that resulted in the alir leak,
causing the test to ba terminated. Figure 8 shows the
failed thermowaell. The crack was located at the base of
the necked region evident in the Figure, This thermowaell
was brazed to the sidewall of the pool boller vessel and
thus was rigidly constrained at both ends. The necking
and the associated crack were the direct result of this
constraint. Differences in both the thermal expansion
coefficients and the heating rates of the thermoweli and
the pool-boller vessel gave rise to thermo-mechanical fa-
tigue. The combined effects of fatigue and the chemical
attack of NaK on the alloy was responsible for the failure
of the tube and the subsequent termination of the experi-
ment.

Figure 12. a) Internal surface of pool-boller exposed to NaK
condensate (above the pool). Precipitate structure la less well defined
than In Figure 11 because of less-axtensive alloy recession. Grain-
boundary attack Is more apparent; b) Higher magnification revesls the
marphology of the surface structure.




Figure 13, a) Grain-boundary sttack of IN60O thermowel! ax-
posed to NaK pool; b) Surface and gnln-boundw facetting of IN6OO

Is apparent at high magnification.

CONCLUSIONS

1. A pool-boller durabliity test operated for 7500 hours at
750°C with over 1000 cold startups. The operation
and bolling behavior did not change during this pe-
riod. The test simulated about 1/8 of the life expec-
tancy of a full-scale solar pool boiler receiver using
proposed full-scale materials and methods where
possible.

2. The pool-boller durablliity test was terminated after
approximately 7500 hours due to a leak that devel-
oped In an IN60O thermowell. The leak was the result
of Intergranular dissolution and thermo-mechanical
fatigue. It is emphasized that the use of INB0O in pool
boller designs Is not essential. Even here, had the
thermowell not been constrained at both ends, fallure
due to NaK interactions with IN600 would not have
occurred untit much later. Other alloys, more suitable
for use in this application can be substituted In future
experiments.

3. There was evidence of some interactions of Haynes
230 with the NaK environment. While the precise de-
talls of these Interactions varled with location in the
boiler, the minimal dissolution observed in the worst
cases suggests that the alloy is sultable for use in

further development studies and for longer periods of
operation.

4, Hardness measurements suggest that thare were no
chianges In mechanical properties of the Haynes 230.
Direct measurement of residual mechanical properties
are planned.

6. A preliminary examination of the powder-metal coat-
ing revealed no significant changes as a result of
7600 hours of operation.

6. Metallurgical analysis is continuing and a full detalled
report is planned [16).
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