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Abstract 

87185 

Bench-scale tests were carried out in support of the design of a second-generation 75-kWt reflux 

pool-boiler solar receiver. The receiver will be made from Haynes Alloy 230 and will contain the 

sodium-potassium alloy NaK-78. The bench-scale tests used quartz-lamp-heated boilers to screen 

candidate boiling-stabilization materials and methods at temperatures up to 7500C. Candidates that 

provided stable boiling were tested for hot-restart behavior. Poor stability was obtained with single 

l/4-inch diameter patches of powdered metal hot-press-sintered onto the wetted side of the heat- 

input area. Laser-drilled and electric-discharge-machined cavities in the heated surface also 

performed poorly. Small additions of xenon, and heated-surface tilt out of the vertical dramatically 

improved poor boiling stability; additions of helium or oxygen did not. The most stable boiling 

was obtained when the entire heat-input area was covered by a powdered-metal coating. The effect 

of heated-area size was assessed for one coating: at low incident fluxes, when even this coating 

performed poorly, increasing the heated-area size markedly improved boiling stability. Good hot- 

restart behavior was not observed with any candidate, although results were significantly better 

with added xenon in a boiler shortened from 3 to 2 feet. In addition to the screening tests, flash- 

radiography imaging of metal-vapor bubbles during boiling was attempted. Contrary to the Cole- 

Rohsenow correlation, our bubble-size estimates did not vary with pressure; instead they were 

constant consistent with the only other alkali metal measurements, but about 1/2 their size. 
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1 Introduction

Refluxing Iiquid-metd SOhUreceivers are being developed to serve as the interface between dish

concentrators ~d stirl~g engines. This effo~ is underway at private and government laboratories

here and abroad [1,231.At SandiaNatiOnaJhboratories,refluxreceiverdevelopmentis funded

by the United States Mpartment of Energy’s Solar Thermal Technology Progm.m.

Two types of reflux receivers are being developed: pool boilers and heat pipes. Figure 1 illustrates

the pool-boiler concept. A pool of liquid alkali-metal is heated by solar flux concentrated on an

absorlxx surface. The liquid boils, cooling the absorber. The vapor flows to the Stirling-engine

heater tubes, where it condenses, providing heat to run the engine. The liquid condensate flows

back to the pool, completing the heat-transport cycle. In contrast to the pool-boiler receiver, the

heat-pipe uses a wick instead of the pool to ensure that the absorber is covered with liquid-metal

coolant. In the anticipated operating-temperature range, 700 to 800% the alkali metals sodium and

potassium have vapor pressures conveniently near one atmosphere, which is high enough for

efficient heat rra.nsfer yet is structurally undemanding.

The liquid-metal reflux receiver concept is an attractive alternative to directly-illuminated engine

heater tubes, because it provides an essentially isothermal heat input over the stiace of the engine

heater-head tubes. This results in improved engine lifetime and efficiency. It also decouples the

design of the absorber from the design of the heater tubes, allowing separate optimization. In the

case of hybrid designs, the reflux receiver also decouples the design of the afore-mentioned

surfaces from the design of the gas-fwed surface.

The pool-boiler and heat-pipe concepts each have advantages and disadvantages. The pool-boiler

receiver has few pa.rK and is simple to construct, but some design tools are not yet mature, and it

requires a considerable liquid-metal inventory -- 13 pounds of sodium in the first 75-kWt

demonstration. The design tools that require further development are associated with three boiling-

behavior concerns: boiling instability, the hot-restart problem and the heat-transfer crises of film

boiling and flooding. All three boiling-behavior concerns are discussed in greater detail in Section

2.3. Boiling instability is the random switching between boiling and natural convection, common

in liquid metals. The hot-restart problem refers to the high temperatures often required to resume

momentarily -inte~pt~ boiling, Film boiling and flooding are failures of liquid to return to the

heated surface on 10cal and global scales respwtively. In contrast to the pool-boiler, the heat-pipe

receiver has a more well-developed set of design tools and a small liquid-metal inventory --

-8-



6 pounds of sodium in the first 75-kWt prototype. However, at the 75-kWt level the heat-pipe

receiver xequires a complex wick./artery structure for which the design tools are not yet proven [4].

The first pool-boiler reflux receiver, shown in Figure 2, was operated at Sandia National

Laboratories in the Fall of 1989 and Spring of 1990, at up to 62 kWt throughput power and 8000C

vapor temperature [5,6,7]. From extensive evidence in the literature and horn our own bench-scale

tests, we expected that boiling would not be stable without special control techniques [8,9,10].

Boiling requires the presence of nucleation sites (gas or vapor-filled voids) from which vapor

bubbles can grow. These voids are usually natural microscopic cavities in the heated surface. The

LaPlace bubble equilibrium equation shows that the smaller the nucleation site the higher the wall

superheat required to initiate bubble growth [8]. In unstable boiling it appears that the larger natural

cavities present in a heated surface become “deactivated” -- filled with liquid metal -- and steady

boiling stops. The wall superheat increases in order to drive the less-efficient natural-convection

heat transfer mode. The superheat may increase enough to explosively inflate a bubble at one of the

smaller nucleation sites. This often seems to be followed by reactivation of one or more larger sites

and steady boiling resumes. To achieve stable boiling, our first boiler was built with 35 equally-

spaced “ardflcial cavities” 0.006” in diameter by 0.02” deep electric-discharge-machined (EDM) in

the wetted side of the absorber. According to the boiling-stability theory of Shai and Rohsenow,

these cavities were deep enough to avoid deactivation[8]. Passive control of the hot-restart problem

was achieved by adding a trace of xenon to the boiler headspace, as suggested by Saaski [1 1].

During the testing of the fwst pool-boiler receiver, two important boiling-behavior concerns were at

least partially settled: excellent boiling stability was demonstrated under all conditions, and good

hot-restart behavior was demonstrated at sun elevations up to about 60 degrees. After

approximately 50 hours of testing, the receiver developed a leak during an unusually low-

temperature restart in late May, 1990. Post-test analysis indicated that the leak was most probabl y a

result of heat-transfer crisis (film boiling or flooding) as a result of the unusual restart conditions

[7]. This conclusion was based on comparisons of the actual heat fluxes with estimates of the

critical heat fluxes for each type of crisis.

Since the first pool-boiler receiver demonstration, the reflux receiver program at Sandia has

emphasized moving the pool-boiler receiver concept closer to commercialization. The strategy has

been to (1) determine what changes will improve commercial potential, (2) identify candidate

materials and methods to achieve those changes, (3) screen the candidate materials and methods in

short-term bench-scale tests, (4) design, build and demonstrate a 2nd-generation

receiver based on the outcome of the short-term tests, and (5) demonstrate lifetime

-9-
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long-term bench-scale tests. The present report recaps the outcome of items 1 and 2, and presents

in detail the results of item 3-- the short-term bench-scale screening tests.

2 Materials and Methods for Improved Commercial Potential

We have determined three major changes that will improve the commercial potential of the pool-

boi.ler receive~ (1) reducing the cost, (2) increasing robustness and lifetime, and (3) improving the

design tools. In the following subsections these changes and the materials and methods identified

to effect them are discussed.

2.1 Reducing Cost

Two potential cost reductions were identified. The fwst is the elimination of the electrical preheater

used to melt the sodium in the receiver. Because sodium expands on melting, preheating must be

done with care before going on sun, to avoid damage to the receiver. The preheater, shown in

Figure 3, cost approximately $360. In addition to this initial expense, replacement costs over the

lifetime of the receiver are expected. Other problems associated with preheating include the time

required to melt the sodium, as illustrated in Figure 4, and the cost of the electricity itself. For

many geographical locations, the preheater can be eliminated by replacing the sodium in the

receiver with NaK-78, which freezes at -12.6 oC. The extra cost of the NaK-78 -- less than $123

for 20 pounds [12] --is clearly justifkd.

The second potential cost reduction is the elimination of the 35 electric-discharge-machined (EDM)

cavities. A cross-section of an EDM cavity from the first pool boiler receiver is shown in Figure 5.

As mentioned earlier, the heated surface was mociiiled by the installation of these cavities to ensure

stable boiling, with the cavity dimensions chosen in accordance with the stability theory of Shai

and Rohsenow [8]. The expense of machining these cavities was $100 each, or $3500 total. The

high cost is a function of the slow speed of the EDM process and the cost of the machine. A less-

expensive alternative is pulsed-laser drilling. At Sandia, a technique has been developed to drill

cavities roughly equivalent to the EDM cavities, using a pulsed YAG laser [13]. Because drilling

each hole takes only as long as the time to position the workpiece, we have estimated a cost for 35

cavities of only about $14 including labor and overhead [12]. One objection to cavities is that they

cause stress concentrations in the absorber. Even when the design allows for these stress

concentrations, the perception of a problem may remain and adversely impact commercialization.
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Another economical method to stabilize boiling that avoids the stress-concentration problem of

cavities has been demonstrated by Thermacore, Inc. [141.They US~ a hot-prewintered powder-

metal coating made from -100+140 mesh 304L stainless-steel powder with a boiler tube made from

Inconel 625. How this coating stabilizes boiling is currentlya matterof sp~~ation. ~ adapting the

concept to Sandia’s pool-boiler development program, it was desired to match the thermal-

expansion characteristics of the coating material to those of the boiler w~l, within the constraint of

powder availability. This reduces the thermal stresses at the coatin@w~l interface, and in turn can

lower the requirements on interracial strength and the prospect of fatigue failure at the interface.

The candidate material that was chosen was Inconel 600. Type 304L stainless steel was a second

choice, selected in order to verify the Thermacore nxults. In order to develop adequate interracial

strength, it was found necessay to press the powder metals against the boiler wall during the high-

temperature sintenng run. For a spherical-segment absorber such as is used in current pool-boiler

receiver designs, hot pressing introduces very difficult fixturing problems. These problems are

lessened if the coating is only required as discrete patches. Ifa discrete patch provides at least one

stable nucleation site, analogous to an EDM cavity, then an array of equally-spaced patches should

ensure stable boiling in a pool-boiler receiver. Discrete powder-metal patches was one of several

candidate powder-metal-coating stabilization methods selected for screening.

An alternative powder-metal coating scheme that avoids the requirement of hot pressing is brazed

powders. In this approach, the coating powder is mixed with a braze alloy powder which fuses to

join the coating particles to themselves and to the boiler wall. Because pressing is not required,

continuous coatings over an entire absorber dome may be relatively simple to achieve. A number of

coating samples were supplied to Sandia by Friction Coatings, Inc. for screening. We have

estimated the cost of a powder metal coating at $127 for production rates of 104/year [12].

A final possibility to be considered is that noncondensible gases such as xenon, added to the pool-

boiler vapor space, might stabilize boiling. We have postulated that boiling will cause liquid metal

to be thrown above the pool surface where it may entrain and carry into the pool small bubbles of

gas, and that some of these bubbles may come close enough to the heated surface to serve as

nucleation sites. This mechanism and an alternative are diSCUSSedin Section 2.3.2. Our estimate

for the cost of adding gas is $18 [151.

2.2 Increasing Robustness and Lifetime

Robustness and lifetime are related issues. Here robustness refers to the factors of safety for

mechanical strength and heat transfer. Lifetime refers to the factors of safety for creep, fatigue and
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Conosion failures, as well as to the long-term prospect for stable liquid-metal boiling. The

meas~es planned to improve robustness and lifetime in the 2nd-generation pool-boiler receiver

have been detailed in previous reports [6,7]: (1) replace 316L stainless steel by Haynes Alloy 230;

(2) increase the size (radius of curvature and rim diameter) of the absorber, (3) increase the gap

between the absor~r and the Ear dome; and (4) decrease the thickness of the rear dome. These

changes are basal on heat-transfer and stress analyses, and on recommendations made by a panel

of materials specialists at Sandia.

The increase in absorber size and dome gap will improve the factor of safety against heat-transfer

crises, and will be proven in the full-scale test of the 2nd-generation receiver. The decrease in rear-

dome thickness will reduce stresses near the edge of the absorber, by presenting a less rigid

constraint. The material choice, Haynes Alloy 230, will provide greater strength and thermal

stability, and much-lower air-side and flue-gas corrosion rates. However, the long-term effect of

boiling NaK-78 on Haynes Alloy 230 is not known. This is one reason that bench-scale lifetime

tests are necessary.

2.3 Improving Design Tools

The information necessary for the design of a liquid-metal pool-boiler receiver includes (1) the flux

distribution produced by the concentrator, (2) the heat loss and net-flux distribution on the

absorber, (3) temperature distributions -- most importantly over the absorber surface and through

its thickness, (4) stress distributions -- again most importantly for the absorber, and (5) criteria for

the avoidance of boiling instability, hot-restart failure and heat-transfer crisis. The tools necessary

to predict distributions of gross and net solarflux, temperature, and stress (items 1-4), are well

developed [16,17, 18]. The state of knowledge is much less satisfactory when it comes to the

liquid-metal boiling-behavior issues list~ in item 5. Dwyer has pointed out in his book the large

number of independent v~ables that govern SOmeaspects of boiling behavior, and the consequent

conflicting results report~ from different laboratories [19]. In the current bench-scale tests, the

emphasis has been on screening s~bilization methods for use in a Haynes Alloy 230 boiler

containing Na.K-78. Nevertheless, we have tried to improve our understanding of liquid-metal

boiling behavior by inclu~ng issue-specflc @sts as resources allowed. An outline of liquid-metal

boiling-behavior issues follows.
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2.3.1 Boiling Stability

The tendency of alkali metals to boil unstably as reviewed in the Introduction is well known [20].

Unstable boiling can be described as random cycling between boiling and non-boiling. When

boiling stops, the heated-surface temperature increases in order to drive the remaining less-efficient

heat-transfer modes -- mainly natural convection. The cessation and restart of boiling, and

particularly the processes of nucleation site deactivation and reactivation are poorly understood.

The most extensive work in this area has been by Rohsenow and his students at the Massachusetts

Institute of Technology [21]. They showed that stable boiling can be achieved by suitable

modification of the wetted side of the heated surface. Shai and Rohsenow derived a simple stability

condition for slender cylindrical cavities [8]:

,m++q%[J=) (1)

Here qm is the minimum heat flux for stability, h is a convective heat-transfer coefficient, 4 is the

cavity depth, r is the cavity radius, T.atand P.a,are the vapor temperature and pressure, cr is the

surface tension, and 3 is a function of k, p and c -- respectively the heat conductivity, density and

heat capacity -- of the heated wall when the subscript is w, and of the liquid metal when the

subscript is 1.This expression indicates that for a given boiler, stability improves with increasing

heat flux or temperature (sinceTj,/P,., decreases as & increases). Shai and Rohsenow assumed a

value for h to force this expression to fit their results, but in general h is unknown. The derivation

of Equation 1 assumes thermal equilibrium between the cavity wall and the liquid entering the

cavity, but neglects inertial and viscous effects. Shai and Rohsenow were able to show that the

trends predicted by their stability condition are consistent with the few data available. Nevertheless,

in the paper’s discussion section they agree with a comment that the consistency may be accidental.

The point of this brief review is that there are no reliable tools for the design of a Stable alkali-metal

boiler. Moreover, there is so little experience with stable boiling of alkali metals that there aren’t

even accepted rules of thumb for design. Among the many questions that can be posed are:

1. What guarantees stability of a nucleation site?

2. In a given boiler, how many stable nucleation sites are necessary?

3. Can stable boiling be achieved without stable nucleation sites, i.e., can a critical density
of unstable sites guarantee stability?
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4. What is the effect of heated-surface orientation on stability?

5. What is the effect of heated-surface size?

6. What is the effect of added non-condensable gas?

7. Will there always be active nucleation sites available for startup? What is their nature?

8. Why won’t all the sites that initiate boiling eventually be filled with liquid metal?

9. The large wall superheats typically seen during startup suggest that only small nucleation
sites are initially active. The small superheats seen during sustained stable boiling suggest
that large nucleation sites have been activated. How do the large sites get activated?

2.3.2 Hot Restart Behavior

The “hot restart problem” has been described in previous reports on both bench-scale and full-scale

sodium boilers and a bench-scale NaK boiler [5,10,22]. The problem arises when the heat input is

briefly but repeatedly interrupted, as during cloud transients. In the full-scale tes~ typically on the

third cycle, boiling would not resume until a very large wall superheat -- greater than 100°C -- had

been reached. Often these superheats are greater than those seen in cold starts, for reasons

unknown. Here superheat is defined as the temperature difference between the wall and the vapor

above the pool. In many cases during the full-scale hot-restart tests, high-temperature protection

systems interrupted the heat source before boiling began.

The hot-restart problem has been passively controlled under some conditions [5,7, 14] by adding a

noncondensible gas to the boiler headspace as suggested by Saaski [11]. In the only on-sun test of

this method, good hot-restart behavior was obtained for sun elevations less than about 60 degrees.

We have taken this as evidence that the method works by entrainment of the gas into the liquid-

metal pool. This process is as follows: the gas is swept and compressed into the rear of the

condenser by the flow of metal vapor from the pool to the condenser. A film of liquid metal coats

the condenser surfaces. Entrainment occurs when metal droplets are flung from the pool through

the compressed gas and into the liquid film by the boiling action. During a hot restart, gas bubbles

adjacent to the heated surface serve as nucleation sites. As operation of the receiver is extended to

higher sun elevations, the metal droplets must be thrown a greater vertical distance above the pool

to reach the compnxxl gas. Eventually they can no longer reach the gas cap, and the method fails.

If this hypothesis is correct, the method will be dependent on configuration as well as orientation.

It will also be sensitive to the density of the gas relative to the vapor, since that affects whether or

not the position of the compressed gas, above the vapor, is stable.
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An alternative explanation for the effect of added gas on hot-restart behavior is that the gas

dissolves in the liquid metal during periods of steady boiling, and precipitates out when heating is

interrupted and the receiver cools [14]. If correct, this explanation would suggest choosing a gas

based on volubility rather than entrainment considerations.

The hot-restart problem has also been controlled by an active method which we call “load control”

[5,23]. In this method, the thermal load that cools the condenser is deliberately maximized when

the heat input to the nxeiver is interrupted. This lowers the metal-vapor temperature and pressure,

which forces the boiling to continue (and thus some nucleation sites to remain active) as long as

possible. If the heat input resumes before the last large nucleation site quenches, a well-behaved

restart will occur. The drawback of this approach is that it is an active method, requiring additional

controls logic. It also subjects the receiver to wider temperature variations during cloud transients

than the passive method.

As in the discussion of designing for stability, the point here is that there are no reliable tools for

the design of an alkali-metal boiler that will have good hot restart behavior. Some questions that

can be posed are:

1.

2.

3.

4.

5.

Is there an optimum gas or gas mixture to control hot restarts?

Is there an optimum gas pressure?

What is the effect of orientation?

What is the effect of configuration?

In the added-gas method, what mechanism controls hot restart behavior?

2.3.3 Heat Transfer Crises

In addition to boiling instability and the hot-nxtart problem, there are two crises in heat transfer

that can affect the liquid-metal nflux receiver. They are transition to film boiling, and flooding.

These two phenomena are local and global aspects of the same problem: failure of liquid to return

to the absorber because of the departing vapor flowrate.

Transition to film boiling occurs when the heat flux to the absorber exceeds a critical value (CHF).

The transition may occur from either nucleate boiling or from liquid-phase natural convection [24].

Unfortunately, there have been very few measwements of the CHF for sodium, and only one for
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Na.K-78[25]. These cHF’s (as a function of operating temperature) are the only tools available for

designing to avoid film boiling. Among the unsettled questions are the effect on CHF of (a)

heated-surface orienmtion, (b) added gas, and (c) subcooling [26].

Flooding occurs when at a given temperature the vapor transport of heat in the passage between the

heated surface and the condenser exce~s a critic~ flux. Current design practice is to size the

vapor-flow passage according to Kutiteladze’s correlation of flooding conditions, which is based

on results from ordin~ liquids in vertical cylinders [27,281. Recently, this correlation was

partially validated for NaK in a cylindrically-symmetric bench-scale test [14].

From this outline, it is clear that design tools for the avoidance of heat transfer crises in boiling

liquid metals are less than adequate. This is particularly so for the reflux receiver, with its complex

geometry, varied orientations, and transient operating conditions. The burnout experienced with

the fmt pool-boiler receiver did in fact occur during a transient. The design tools suggest that either

transition to film boiling or flooding may have occurred. The design of the 2nd-generation pool-

boiler receiver provides for lower fluxes and larger vapor-flow passage dimensions. Because

shape and orientation are likely to be important, and scaling laws are unproved, tests to establish

heat flux limits are best done on the full scale device. In contrast to the quartz-lamp-heated bench-

scale boilers, the entire absorber surface can easily be monitored for localized overtemperature,

using a scanning infra-red camera.

3 Test Objectives

The overall test objective was to bench-test qualify heated-surface modifications and/or

noncondensible-gas additions for use with NaK-78 in a Haynes Alloy 230 pool-boiler solar

receiver. Qualification was based on boiling stability and hot-restart behavior at temperatures up to

7500C. A secondary objective was to improve the pool-boiler design tools by modifying tests and

adding tests as appropriate to fwher develop our understanding of boiling liquid-metals behavior.

4 Test Design

4.1 Bench-Scale Boilers

The bench-scale boilers were all of the same basic design shown in Figure 8. The design evolved

out of our earlier sodium bench-scale tests [10]. The present boilers were fabricated from Haynes

Alloy 230. The weld~-se~ tubing had an outside diameter of 1.75 inches and a wall thickness of
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0.049 inches. It was custom made for us by Valley Metals of El Cajon, CA. The end caps were

made from l/8-inch sheet. Thermowells in the end caps were made from l/8-inch x 0.028 -inch-

wa.11Inconel-600 (IN600) tubing, to accommodate 1/16-inch sheathed thermocouples. Tubes with

valves were connected to the boiler bottom cap for vacuum pumping and liquid-metal filling. The

outside diameters of the tubes were 1/2 inch and 1/4 inch respectively.

All of the parts were joined using autogenous welds back-purged with argon. Modifications to the

wetted side of the heated surface for boiling stabilization were made before the bottom cap was

welded to the boiler. Also at that time, flattened Type-K IN600-sheathed thermocouples were

furnace-brazed to the air side of the heated surface. The heated surface was situated as far away as

possible from the weld seam in the 1.75-inch tube. This was done to avoid non-reproducible

nucleation sites that might reside in the weld. A strip of 0.004-inch thick zimonium foil was used

in the boiler as an oxygen getter. The strip, 1 x 12 inches, was corrugated and then rolled into a 1-

inch high cylinder. The cylinder was inserted into the lower end of the boiler before the bottom cap

was welded on.

The boilers were leak checked using a helium mass spectrometer. They were vacuum baked at

6000C for 24 hours and then leak checked again using the vacuum system residual gas analyzer.

With a helium-leak sensitivity of at least 0.5 x 10-8 cc/see, no leaks were detected.

The liquid metals (NaK-78 and in one case sodium) were high-purity grades obtained from Callery

Chemical Company of Callery, PA. They were purchased in 25-pound lots shipped in stainless-

steel containers with an argon cover gas. The sodium was melted and heat soaked as described in a

previous report [10]. Both the sodium and the NaK-78 were pushed by the cover gas from the

shipping container into the benchscale boiler through an all-metal manifold. The cover gas pressure

was maintained by adding high-purity argon to the shipping container as required. To determine

when the desired liquid-metal transfer was complete,

resistance measurements across the boiler diameter.

Gas was added or removed from the boilers using the

the pool level was detected by 4-wire

following method: first, the boiler was

inverted. Then the l/2-inch valve was connected to an all-metal gas-transfer manifold, which in

turn was connected to a turbomolecular vacuum-pump station. With the valve closed, a high

vacuum was established from the pump station to the valve by vacuum baking. Then the closed

valve and the tube connecting it to the boiler end cap were evaporatively cleared of liquid metal by

heating to between 400 and 4500C for 24 hours. The valve was then opened and the gas in the

boiler sampled by a residual gas analyzer at the pump station. The boiler could be re-evacuated
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and/or gas could be metered in through the gas-transfer manifold. The fill gas pressure was

measured using a capacitance-type gauge.

Liquid metal was removed from the boilers on several occasions: twice for boiler modifications,

and once, to replace NaK-78 with sodium. To remove the metal the boiler was again inverted.

Then, the l/4-inch valve was connected to a tee. The side leg of the tee was comected to a l/4-inch

valve leading to a vacuum-pump station. The bottom leg was comected to a l/4-inch valve leading

to an empty liquid-metal waste can. Vacuum was established from the pump station up to the

closed valve on the boiler. Then the valve on the side leg of the tee was closed and the valve on the

bottom leg of the tee was opened to drain the boiler into the waste can. The boiler was heated to

between 450 and 575°C and connections to the waste can were heated to between 225 and 3000C

for 52 hours to evaporate the remaining residue out. The end cap and valves were then cut off. The

boiler was cleaned with water. After the modifications were made, a new getter was inserted and a

new end cap and valve assembly was welded on.

4.1.1 Initial Set of Four Boilers

The surface-mtilcation details of the initial set of four bench-scale boilers were as follows:

1. Unmodifkd (baseline boiler).

2. A laser-drilled cavity approximately 0.008” diameter at the mouth and 0.018” deep
(typical cross-section shown in Figure 6).

3. One l/4-inch patch of hot-press-sintered IN600 - 100/+140 powder (typical cross-section
shown in Figure 7).

4. One l/4-inch patch of hot-pms-sintered 304L stainless-steel - 100/+140 powder.

The development details of these modifications have been presented in a previous report [29].

Schematics of their placement are shown in Figure 9.

4.1.2 Second Set of Four Boilers

After a disappointing outcome from the f~st four surfaces, a second set of bench-scale boilers was

prepared for the same test objectives. These boilers had the following heated-surface modifications:

5. Heat input and surrounding area covered by hot-press-sintered 304L stainless-steel
- 100/+140 powder. This coating was applied by Thermacore, Inc. of Lancaster,
Pennsylvania using a proprietary process.
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6. Heat-input area covered by type-304 stainless-steel powder coating. A typical cross
section is shown in Figure 10. A single boiler had three different coated areas at 1200
azimuthal intervals (powder mesh sizes of -60/+80, -80/+ 100, and - 100/+150
respectively). During testing, each area in turn was centered in front of the lamp
assembly. The coatings were applied by Friction Coating, Inc. of Sterling Heights,
Michigan, using a proprietary process that does not require applied pressure. The
coatings were tested at Sandia for interracial strength using the same methods and criteria
that were applied to items 3 and 4 above.

7. Heated surface with EDM cavities. Two cavities were spaced such that one or the other or
both could be within the heated area. We built this boiler to test with Na.K, which we had
not previously done, as well as to test with sodium to make replicate our earlier
successful on-sun work. A typical cavity is shown in Figure 11.

8. IN600 patch from item 3 above, with an overlay of 56-mesh stainless-steel screen spot-
welded in place. This modification was based on the idea that some damping of liquid
motion next to the heated surface might inhibit nucleation-site quenching.

Schematics of the placement of these modifications are shown in Figure 12.

4.2 Test Apparatus

The bench-scale tests were carried out in the Engine Test Facility of Sandia National Laboratones’

National Solar Thermal Test Facility (NSTI’F). The test apparatus included:

1.

2.

3.

4.

5.

A 6000-Watt quartz-lamp assembly (Figure 13) made by Research, Inc. of Minneapolis,
MN. The lamp assembly is used to heat the liquid metal pool in the boiler.

A water-cooled gas-gap calorimeter to cool the condenser end of the boiler (the gas gap
contains a heliwrdargon mixture that seines as a variable thermal resistance to control the
boiler temperature).

A test stand (Figure 14) to hold the boiler, lamp assembly and calorimeter at various
angles relative to vertical.

Control systems for lamp power and for the calorimeter gas mixture. The lamp-power
control determines the input power to the boiler. The calorimeter gas-control system
determines the boiler temperature requkd to transfer this power to the calorimeter.

A data-acquisition system.

The calorimeter, control system, and data-acquisition system have been described in detail

previously [30]. An overall schematic of the test is shown in Figure 15. Not shown are the

multiple layers of refractory ceramic fiber blanket used to insulate the entire test vessel against

thenm.1 losses to the surroundings.

-19-



4.3 Test Procedure

Our test procedure was tailored to the objectives outlined in Section 3. The following test hierarchy

was adopted : (1st) boiling-stability tests without added gas, (2nd) hot restart tests without added

gas, (3rd) stability tests with added gas, and (4th) hot-restart tests with added gas. Deviations

occurred for a variety of reasons. The main reason was that in some cases stable boiling was not

obtained. In such cases hot-restart testing was not pursued, because without stability, hot restart

tests could not be staged in a repeatable fashion. Other less-common reasons for deviations will be

identilled as they arise in the remainder of this report.

The boiling-stability test sequence that we used is shown in Figure 16. Consistency over the full

range of test conditions and test specimens was not possible. Some surface modifications were not

fully characterized because they were only included to make contact with previous work.

Deviations from the test sequence occurred as a result of unstable boiling, equipment problems,

and resource limits. The sequence also evolved somewhat as the tests proceeded -- for example, to

defiie the limits of stability when boiling behavior was very good, the sequence had to be extended

to less stable conditions (lower power and temperature as predicted by Shai and Rohsenow’s

stability theory). Another change affected tests with heated-surface tilt out of the vertical -- these

were routinely conducted in the beginning, but much less often once the effect of tilt was

established. To keep the size of the test matrix manageable, the amount of gas that was added to the

boilers was usually fixed at a single pressure (0.37 torr). Higher pressures were shown to interfere

with condensation heat transfer.

The test sequence for hot-restarts is shown in Figure 17. Not shown is the provision to repeat any

well-behaved hot restart a minimum of three times. This sequence is patterned after the hot-restart

tests conducted on the fiist on-sun pool-boiler receiver. All of the discussion with regard to

consistency in the preceding paragraph applies as well to the hot restart tests.

5 Results and Discussion

An overview of the complete set of data that is recorded during each test is presented for one

particular stable boiling run as follows:

1. Boiler indicated temperatures -- surface, liquid and vapor -- (Figures 18-21)

2. Calorimeter and lamp-housing cooling-water flow rates (Figure 22)

3. Calorimeter cooling-water inlet and rise in temperature (Figure 23)
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4.

5.

6.

7.

Calorimeter cooling-water temperature change as measured by a thermopile (Figure 23)

Lamp-housing cooling-water and lamp cooling-air outlet temperatures (Figure 24)

Calorimeter argon and helium flow rates (Figure 25)

LamD-array power supply control voltage and three-phase currents -- one Dhase Der lamD
pair 1- (Figu~ 26). Th~ &rents are ap~roximately proportional to the co~trol ~oltage ~-
power was customarily set as “percent of full power” by setting the voltage at the same
percent of 5 volts.

The data rate is varied during the test as required by the test engineer. The rate is typically once

every 5 seconds at startup and during steady operation and once every 30 seconds during cool

down. Figure 27 shows the boiler throughput power computed from the calorimeter data. This

result is computed in real time and recorded along with the data. Most of the data are used by the

control system to determine if the system is operating safely or if a safety-required automatic

shutdown should be executed. Data are recorded to help: (a) characterize boiling behavior, (b)

diagnose the cause of shutdowns, and (c) explain unexpected behavior.

The test results of most interest in the present case are heated-surface and condenser temperatures

shown as a function of time. These adequately characterize both boiling stability and hot restarts.

In the following subsections at least one such set of temperature-time histones is presented for each

test.

!$.1 Initial Four Boilers

Test results from the frost four boilers are presented in Figures 28-41. Results from the boiler with

the laser-drilled hole are presented in Figures 28-31. In Figure 28, the boiler was run in the vertical

position (Oo ), then tilted +300 and +600 out of the vertical, and then returned to Oo. Positive tilt

(e.g. +30°) denotes heating from below. A number of boiling-cessation events are evident, with

heated-surface temperatures rising over 100oC and automatic safety shutdowns occurring. With

the boiler tilted, the stability is better but still not acceptable. Figure 29 shows the dramatic

improvement with 1.5-torr of added xenon. Figure 30 shows equivalent results with the xenon

pressure reduced by a factor of four. In each case there still were cessation-of-boiling events.

Figure 31 shows the effect of xenon on the temperature drop from the pool to the condenser. This

temperature drop increases as the xenon pressure increases. In a dish/Stirling system this loss of

available temperature would cause the engine to operate less efficiently. Figures 29-31 are the basis

for using the lower xenon pressure in most of the other boiler tests.

-21-



Results from the boiler with the IN600-powder-coating patch are presented in Figures 32-34.

Again, boiling was unstable in the vertical position, and improved but not acceptable at +30, +600

or with added xenon . Figure 34 shows the less-stable behavior observed when the xenon was

removed and replaced by helium.

Results from the boiler with the Type-304L stainless-steel powder-coating patch are presented in

Figures 35-38. Once more, boiling was unstable in the vertical position and improved but still

unstable with positive tilt or added xenon. Figure 37 shows substantially the same result with

negative tilt (heating from above). Figure 38 suggests that stability is better with sideways tilt, but

we cannot say that cessation of boiling would not have occurred in a longer test.

Figures 39-41 show the results for the baseline boiler (unmodified heated surface). The trends in

Figures 39-40 are similar to those seen with the surface modifications, and suggest that none of the

modifications affected a significant improvement. The test shown in Figure41 was motivated by

questions raised in earlier work regarding the effect of oxygen contamination [31]. In that work,

we speculated that oxygen contamination might have occurred and might account for an

unexplained improvement in boiling stability. The xenon was pumped out of the baseline boiler

and 50 ppm of oxygen was added. We recognize that the oxygen concentration probably decreased

during the test -- based on published rates [32], we estimate that the zirconium getter reduced the

oxygen concentration to about 25 ppm in the frost 7 minutes at 6500C, and to 10 ppm after 30

minutes. However, the boiling stability shown in Figure 41 is poor throughout the test. A

Comparison of Figures 39 and 41 suggests that 50 ppm of oxygen does not improve boiling

stability.

Hot-restart tests were not attempted with any of the f~st four boilers because boiling stability was

not acceptable.

5.2 Second Four Boilers

Test results from the second four bench-scale boilers are presented in Figures 42-51. The boiler

coated by Thermacore, Inc. was tested fwst. In contrast to the disappointing results from our fwst

four boilers, Thermacore had demonstrated stable boiling in a bench-scale boiler using their coating

[14]. They used induction heating over a larger area that spanned the full circumference of the

boiler tube. After the disappointing results from our fwst four boilers, making contact with the

Thermacore work was a high priority. We were particularly interested in the possibility of hidden

variables that might lead to diffe~nt test results at the two laboratories. Figure 42 shows the results
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from the Thermacore-coated boiler. The stability is very much better than we observed with our

fiist four boilers at the same conditions. Several cessation-of-boiling events are apparent (rapid

excursions of over 10O°C at the start and finish of each run). This is contrary to Thermacore’s

experience. The explanation for these differences was explored in follow-up tests described in

Section 5.3.

Figure 43 shows results with the -80/+100 powder applied by Friction Coatings, Inc..

appear to be equivalent to what we saw with the Thermacore coating. Figures 44 and 45

They

show

additional tests with the -80/+ 100 coating, including both boiling runs and hot restarts in the

vertical position and with +30° tilt. Cessation-of-boiling events can be seen during boiling at the

lower temperatures. All of the hot restarts required large wall superheats to initiate boiling. Boiling

stability was slightly better with the -60/+80 coating and slightly worse with the -100/+1 50 coating

(not shown). We cannot say that these differences are inherent in the coatings -- they may depend

on the order in which the coatings were tested, since the coatings are all in a common pool of liquid

metal and surface chemical changes that may affect the results continue through each test. The

results may also be misleading because of the random nature of the events and the limited test time.

This point is illustrated in Figure 46, which corresponds to a repeat of the test shown in Figure 43:

a solitary boiling-cessation event is seen in Figure 43, illustrating the random nature of the results;

an increased number of events is seen in Figure 46, which could be a result of cumulative test time.

The improvement with 0.37 torr of xenon is presented in Figure 47. There is still some cessation

of boiling during the starting transient, but in contrast to all of the previous tests, the rest of the run

was flawless. Figure 48 shows hot restarts performed with this system, followed by a stable

boiling run extended to even lower temperatures. The addition of xenon improved hot-restart

behavior -- some though not all of the restarts in Figure 48 were accomplished without significant

wall superheat. Boiling stability and hot-restart behavior were not quite as good at +300 and -300

tilt (not shown).

Additional hot restart tests (not shown) we~ performed using the -60/+80 and -100/+150 coatings

with 0.37 tom of added xenon, and using the -80/+100 coating with (a) 0.37 torr of xenon mixed

with 0.37 torr of helium, (b) 10 torr of xenon, and (c) 10 torr of helium. No significant differences

in hot-restart behavior were seen lxtween these various tests, or between these tests and the

previous ones.

The failure to achieve good hot-restart behavior after the addition of noncondensible gas is at odds

with Therrnacore’s bench-scale tests using NaK-78 and our on-sun tests using sodium. To explore

this puzzle we next shortened the Friction Coatings boiler from 36 inches to 24 inches (the pool
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depth was unaffected). The rationale was as follows. The on-sun tests led us to suspect that good

hot-restart behavior was obtined by gas entrained in the liquid metal [7]. Entrainment occurs when

liquid from the POO1is thrown into the gas that has been swept to the rear of the condenser. In our

bench-scale boilers, we hypothesized that the aspect ratio might inhibit this action (in a long thin

tube, only droplets ej~td from the pool within a small solid angle will reach the opposite end).

The results with the shortened tube are shown in Figure 49: most of the restarts are well behaved,

in support of our hypothesis.

The third bench-scale boiler to be tested was the one with two electric-discharge-machined (EDM)

cavities. In its first test, the boiler was positioned so that only the lower cavity was in front of the

lamps. Boiling was very unstable. Analysis of the heated-surface temperatures determined that the

boiler was mechanically ratcheted upward by the accompanying mechanical shocks combined with

frictional constraints. After the boiler was secured to prevent further ratchetting, it was tested with

both cavities in the heat-input zone. Boiling was still very unstable, and mechanical shocks to the

upper end cap eventually caused a leak. The test results, shown in Figure 50, are surprising since

the cavity depth was believed to be deep enough to ensure stability. The bench-scale boiler was

drained, cleaned, repaired, and filled with sodium to make contact with our on-sun tests -- in

which a boiler with EDM cavities and filled with sodium demonstrated very stable boiling. No

improvement in stability was obtained.

The last boiler tested was the one in which a screen mesh had been spot welded over the existing

small IN600 powder-metal patch. The stabilizing effect of the screen, while not complete, is

evident in a comparison of results before and after its addition to the boiler &lgures 32 and51 ).

5.3 Follow-up Tests

Several follow-up tests were run using the Thermacore-coated tube. There were two objectives:

1. Assess the effect of heat-input surface area on boiling stability.

2. Measure the pressure in the boiler during NaK-78 boiling.
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5.3.1 Effect of Area on Boiling Stability

The investigation of the effect of heated-surface area on boiling stability was motivated by the

following observations:

1. Boiling stability seemed to improve with increasing powder-metal-coating area --
progressing from our 1/4” patch to our fully-covered 1” x 4“ heated area to Thermacom’s
fully-covered 2“ x 9.4” heated =a.

2. Boiling in the baseline boiler (no surface moditlcation) improved dramatically with tilt-

3. Boiling in the bench-scale boiler with EDM cavities was not stable, whereas in the
previous on-sun full-scale test with EDM cavities, boiling was stable.

The improvement in stability with increasing area might be explained by intrinsic differences in the

coatings. On the other hand, it could be a consequence of size alone. This could be explained as

follows: suppose a small heated patch is marginally unstable because it has only one nucleation

site, which on average inflates N bubbles before it is deactivated. Now suppose the patch is

enlarged to include two such nucleation sites. When one site deactivates, boiling action from the

other may reactivate it [33]. The sites will simultaneously deactivate on average only once every I@

bubbles -- total cessation of boiling thus occurs much less often, which is to say that stability is

greatly improved.

Taken together, the observations listed above suggest that boiling stability in the full-scale boiler

may have occurred not because of the EDM cavities but rather as a result of factors such as area

and orientation. This would have immediate practical application. It would also imply new

mechanisms for inclusion in any model of boiling stability. The Thermacore-coated tube was

selected for this follow-up test because of its large coated area. We used a seeond lamp assembly to

double the heated area. In the first test the lamps were vertically stacked as illustrated in Figtue 52

(the light shield shown in the illustration was used in a subsequent test). The quartz windows on

the front of the lamp assemblies were located 2 inches from the boiler so that the heated areas

overlapped. In all of the previous tests, the window was 1/4 inch from the boiler. We estimate that

the change in position lowered the peak flux on the boiler from 92 W/cm2 to about 30 W/cm2.

Three boiling runs were conducted sequentially: fmt with the upper lamp assembly alone, second

with both assemblies, and finally with just the lower assembly. The test results are shown in

Figure 53. The three runs should be compared mindful of differences in temperature and heat flux,

since the stability criteria of Shai and Rohsenow depends on both [8]. For example, compare the

12 minutes with only the upper lamp array on, at full power, beginning at 8:50 (unstable), and the

12 minutes with both lamp arrays on at 3/4 power, beginning at 9:30 (stable). This comparison is
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appropriate because (a) the operating temperatures are the same and (b) according to the Shai and

Rohsenow stability theory, the relative stabilities should not have changed even if the power was

increased in the second run. Following this reasoning, the results shown in Figure 53 confirm that

boiling stability improves with heated-surface area.

Will increasing the heated area improve stability if the new and old areas are not contiguous? To

answer this, we divided the overlapping heated areas with a l/2-inch-wide water-cooled shield as

illustrated in Figure 52. For this test the lamp controls were modified so that we could control the

two lamp assemblies independently during a boiling run. We were then able to switch from one to

two lamp assemblies and back, in one continuous run. The results are shown in Figure 54. They

show stable boiling whenever both lamp assemblies were on, regardless of which was turned on

first.

The tests with the vertically-stacked lamp assemblies indicate that boiling stability improves with

increasing heated-surface area. Apparently the new area does not have to be contiguous to the old

one. Left unanswered is how far apart the areas may be and whether or not they must be situated

one above the other to be effective. To address these questions, a test was run with the lamp

assemblies placed on opposite sides of the boiler and the windows 1/4” from the heated surfaces,

as shown in Figure 55. To make the input heat flux about the same with the closer lamp spacing,

the percentage of full power is lower than with the stacked lamps. The additional heated surface

was instrumented with intrinsic Type K thermocouples for this test. The results are shown in

Figure 56. They indicate that mutual enhancement of boiling stability did not occur with the lamps

on opposite sides. In Figure 56, cessation of boiling appears to occur on both heated surfaces

simultaneously in every instance. However, it is likely that boiling initiated on one surface, and the

resulting turbulent cooling prevented boiling initiation on the opposite side. Thus what is seen is

probably the stability characteristic of a single surface. In a hybrid receiver where one surface is

solar heated and a second is gas freed, this kind of behavior could lead to problems akin to a hot

restart as the heat input is shifted from one surface to the other. With the vertically-stacked lamps it

appears that the behavior was dominated by nucleation sites on one surface being activated by

boiling action on the other surface.

5.3.2 Boiler Pressure Measurement

The measurement of boiler pressure during NaK-78 boiling was motivated by concerns raised

when our long-term (10,000 hour) bench-scale test was started. The long-term bench-scale boiler

is nearly identical to the shortened Friction-Coatings-modified boiler described in Section 4.1.2.
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One difference is a strain-gauge pressure transducer connected to a tee in the 1/4” fill tube. It was

added to detect leaks that might occur during long-term unattended operation. The vapor pressure

of NaK-78 at operating temperature is subatmospheric: 10.3 psi at 750°C versus 12.12 local

atmospheric pressure [34]. Thus, a leak is indicated if the measured pressure -- comcted for the

pool hydrostatic head -- exceeds 10.3 psi.

During trial runs of the long-term test, the indicated vapor pressure was much higher than

expected. In fact, it was close to the vapor pressure of potassium over a wide temperature range.

The pressure transducer was not suspected because its calibration had been checked before the test

began. Rechecking the calibration was not attempted -- it would have required removing the

transducer from the sealed liquid-metal system, a very difficult exercise. Because the vapor

pressure was close to that of potassium, we looked for a phenomenological explanation.

Others have measured the vapor pressure of NaK over a range of temperatures and confined that

it follows Raoult’s law [34]. That is, they have confined that the partial pressures in the vapor

mixture are the pure-substance vapor pressures times their respective liquid mole fractions

(P~ti = x~QPN.+XjPK). Applying the ideal-gas law shows that the vapor is potassium enriched

(XL. = x~.pN. / pNaK , XK v = xjPK / PN&)[35]. It follows that the liquid left behind when a bubble

is inflated will be sodium enriched. Because sodium is denser than NaK-78, it will tend to settle to

the bottom of the boiler. Turbulent mixing and mass diffusion oppose this tendency. In our

particular boiler, we could not dismiss the possibility that the large heat throughput would quickly

result in segregation of the sodium from the refluxing cycle to the dead volume below the heat-

input region.

To test for this possibility, we modified the Thermacore-coated boiler. Four-wk resistance probes

were spot-welded to the boiler to detect sodium enrichment in the dead space and potassium

enrichment in the heated zone. Each four-wire set consisted of a pair of wires used to pass a 5-amp

dc current across the boiler diameter, and an adjacent pair to monitor the resulting voltage. A

calibrated strain-gauge pressure transducer was mated to the boiler fill valve. The space between

the valve and the transducer was evacuated and the valve was opened to allow the transducer to

sense boiler pressure. A simple boiling run at full power up to 7500c was executed. The

resistance-probe voltages, smoothed for clarity of presentation, are shown in Figure 57. AlSO

shown are calculated voltages for NaK-78, sodium and potassium. The time-variation of the

calculated voltages is a consequence of the temperature dependence of the liquid-metal electrical

resistivities. The measured voltages are in best agreement with the voltage variation calculated for

NaK-78, suggesting that separation did not occur. More significantly, the indicated pressures are
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in aWeement with the values expected for NaK-78, as shown in Figure 58. This result led to the

discovery that the transducer in the 10,000-hour test had been incorrectly wired after the calibration

check when temporary cables were replaced by permanent ones.

These measurements laid to rest concern that the published values of NaK vapor pressure are

inapplicable in our boiler. Boiler press~e in the 10,000 hour test will be subatmospheric at 7500C

and the pressure tm~ucer Cm be usd to detect a breach as planned.

5.4 Flash Radiography

A secondary objective of the bench-scale screening tests was to improve the pool-boiler design

tools by modifying tests and adding tests as appropriate to further develop our understanding of

boiling liquid-metals behavior. Some activities of this sort were described in Sections 5.3.1 and

5.3.2. In addition, towards the end of our test series we had the opportunity to use flash

radiography for imaging bubbles in a bench-test pool boiler. To our knowledge, such

measurements in alkali metals have been conducted only once before, by Bobrovich et al with

potassium [36].

The information that can be derived from flash-radiography imaging includes bubble size, bubble

spacing, and nucleation-site locations. Combining the bubble spacing with bubble-rise velocity

(which may be available from correlations) gives the bubble frequency. Elements of boiling theory

that predict bubble size and frequency can be checked against the measured values. Also, the heat

transfer cmied by convection can be estimated from bubble size and frequency -- this is a quantity

used by Shai and Rohsenow in their siability model [8]. Finally, the determination of nucleation-

site locations can be useful in developing better stability theones. It can also settle the question of

whether boiling on one heated surface suppresses boiling on a second, a question raised in

Section 5.3.1.

We used the Thermacore-coated tube because it was already mounted in the test stand and could

produce stable boiling. The flash X-ray system was a Hewlett Packard Model 43734A. This

system provides a nominal 25-nanosecond pulse of 450-kV X-rays, resulting in a 20-mR dose per

pulse at 1 meter. The fiim was Dupont NDT 57 industrial radiographic film with Dupont NDT Hi-

PIUSintensifying screens front and rear, in 14” x 17” medical cassettes. The physical arrangement

and dimensions are shown in Figure 59. A remote-control cassette changer was used to make four

exposures before the test. The cassettes

boiling: two at 6500C and two at 700°C.

were replaced and four exposures were made during
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The exposures made during boiling were enhanced by digital image manipulation. Both the pretest

and test images were digitized using a 76-~m square spot size. The images were manipulated using

the Macintosh application “IPLab Spectrum”, by Signal Analytics of Vienna, Virginia. The pretest

image was dimensionally scaled and rotated to match the test image. The images were then

subtracted and contrast-enhanced to yield the results shown in Figures 60-63. As a result of slight

positional mismatches, the subtraction technique did not eliminate fine features such as the wires

holding the insulation blankets in place, or the sheathed thermocouples. It did eliminate larger

features that might be interpreted as bubbles -- for example, voids in the insulation. The images

shown in Figures 60-63 are considerably less clear than they were on the video display. Their

interpretation is admittedly subjective. Our identification of bubbles, shown as white tracings in the

figures, yield bubble diameters on the order of 1.5 cm at both 6500C and 7000C. The vapor

pressures corresponding to these temperatures are 3.6 and 6.2 psia (186 and 320 torr). Figure 64

compares our bubble-diameter estimates with the results of Bobrovich et al and with the correlation

of Cole and Rohsenow as presented in Dw yer’s book [37]. Our estimates are smaller than

Bobrovich’s results and equal or larger than the correlation. Consistent with Bobrovich’s results,

they do not have the correlation’s dependence on pressure. Bobrovich boiled potassium on

smooth-surfaced horizontal rod heaters, while we boiled NaK-78 on the powder-metal-coated

internal surface of a vertical cylinder. Our minimum boiler dimension was about 2/3rds

Bobrovich’s. It is not known if these differences can account for the difference in bubble

diameters. Figure 60 is especially interesting, because it seems to show a lens or mushroom-

shaped bubble in the process of inflating at the lower end of the heated surface, thus locating an

active nucleation site.

The x-ray images suggest that heat transfer through the pool may be dominated by sensible-heat

convection, as follows. The total amount of latent heat in the vapor volume of these images is

rather small: it can be calculated from the latent heat times the estimated total vapor volume divided

by the specific volume of the vapor. The latent heat is roughly 2440 J/gin between 650 and 700°C.

Our estimate is that the total vapor volumes are all on the order of 45 cm3. The specific volume is

about 15200 cm3/gm at 650°C and 8300 cm3/gm at 7000C. Thus the total latent heat in the vapor

volumes is about 7.2 J at 6500C and13.2 J at 7000C. The height of the images is 0.73 ft and the

throughput power at both temperatures was about 1250 Wt, so that for all of the power to be

transported as latent heat, the bubble rise velocity would have to be (1250/7.2)x0.73 = 127 ft/s and

(1250/13.2)x0.73 =69 ft/s respectively. Values very much larger than 1 ft/s are unlikely [38],

indicating that sensible-heat convection may be dominant in the pool (we estimate that this only

requires a liquid-velocity superheat product of 10 ft-oC/s). Because of the importance of this

-29-



possibility both for boiling-stability criteria and for internal dynamics such as flooding, further

study is warranted before a definite conclusion is drawn. In particular, direct confirmation of

bubble velocities by x-ray cinematography is recommended.

6 Summary and Conclusions

Bench-scale screening tests were conducted in support of the design of a 75-kWt solar pool-boiler

receiver made from Haynes Alloy 230 and containing the sodium-potassium alloy NaK-78.

Quartz-lamp-heated boilers were used to screen candidate boiling-stabilization materials and

methods at temperatures up to 7500C. Candidates that provided stable boiling were tested for hot-

restart behavior. A secondary objective was to improve the pool-boiler design tools by modifying

tests and adding tests as appropriate to further develop our understanding of boiling liquid-metals

behavior. Towards this end, the effect of heated-surface area was studied using two lamp

assemblies run separately and together. Also, flash radiography was used to estimate the size of

bubbles formed during boiling.

The following conclusions are drawn:

1.

2.

3.

4.

5.

6.

7.

8.

Unstable boiling occurred with the small surface modifications (1/4” sintered patches,
laser-drilled holes, electric-discharge-machined holes).

Unstable boiling continued to occur with the electric-discharge-machined holes when
sodium was substituted for NaK. This indicates that stable boiling in the fiist full-scale
receiver was a consequence of other factors than (or in addition to) the EDM holes.

The most stable boiling occurred with the larger surface modifications (1” x 4“ Friction
Coatings, Inc. patches and Thermacore coating).

The addition of 1.5 torr of xenon improved stability but interfered with heat transfer at the
condenser. The addition of 0.37 tom of xenon stabilized boiling as well without affecting
heat transfer. The effect of added gas was most pronounced on the least-stable systems.

Neither the addition of 0.37 torr or 10 torr of helium improved stability.

Tilt of the heated surface out of the vertical improved poor stability.

Hot-restart behavior was poor in all cases. It was improved but still unacceptable with the
addition of 0.37 torr of xenon. Higher pressures of xenon and additions of helium up to
10 torr did not lead to further improvement. The fact that the results were better with
xenon than with helium are evidence that hot-restart improvement is dominated by
entrainment rather than precipitation of dissolved gas.

When the boiler was shortened from 36” to 24” the hot-~ start behavior with added gas
improved but was still unacceptable . This result is consistent with the earlier on-sun
experience, and is further evidence that entrainment is the dominant mechanism in hot-
restart improvement.
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9. Boiling stability was improved when the heat~-surface mea Was ~cremed by adding a
second lamp assembly in a vertically-stacked configurauon. ~S was the case even when
the heated-surface area was divided into two adjacent but non-contiguous parts by a
water-cooled light shield.

10. Boiling stability was not improved when the heated-surface area was increased by adding
a second lamp assembly opposite the fiist.

11. With two lamp assemblies on opposite sides of the boiler, it appears that boiling on one
heated surface suppresses boiling on the other. This does not appear to be the case when
the lamps are stacked vertically. This may be important in the design of hybrid receivers.

12. Items 2-4,6 and 9 strongly suggest that stable boiling of alkali metals maybe achievable
in a full-scale receiver without any heated-surface mcxMcations.

13. Flash radiography with digital image subtraction and contrast enhancement was used to
estimate bubble size and shape in bench-scale NaK boilers. The estimated bubble sizes
are equal or larger than theory predicts and independent of pressure, consistent with the
only other measured values.

14. The x-ray images suggest that convective transport of sensible heat maybe the dominant
heat-transfer mode in the liquid-metal pool. This warrants further study, perhaps using x-
ray cinematography.

15. Flash radiography may be useful in determining the location of active nucleation sites and
in answering questions such as whether or not boiling on one surface is suppressing
boiling on a second area.
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Figure 1. Schematic of fmt solar liquid-metal pool-boiler reflux receiver.

Figtue 2. Photograph of first sodium pool-boiler receiver in its mounting ring.
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Figure 3. Photograph of preheater on sodium pool-boiler reeeiver.
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Figure 4. Temperature-time history during preheating to melt sodium in first full-scale POO1boiler.
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Figure 5. Cross section (post-test) of typical EDM cavity used in the sodium pool-boiler rweiver.

10.008”

Figure 6. Cross section of laser-drilled cavity prototype for the present bench test.

I0.03”

Figwe 7. Cross section of hot-press-sintered powdered-metal patch prototype, present bench tests.
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are shown in Figures 9 and 12.
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Figure 10. Cross section of -60/+80 stainless-steel powder coating prototype for the present bench
test (applied by Friction Coating, Inc.).

0.006”

F@ure 11. Cross section of EDM cavity prototype for the bench-scale boiler.
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Figure 13. Quartz lamp assembly. Figure 14. Rotatable test stand
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Figure 16. Boiling-stability test sequence; the controlled temperature (setpoint) was normally
measured at the lower condenser thermocouple.
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Figure 17. Sequence for hot-restart tests; the controlled temperature (setPoint) was normally
measured at the lower condenser thermocouple.
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Figure 18. Heated-surface temperatures during a stable-boiling run; thermocouples are numbered
as shown in Figure 8.
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Figure 19. Pool temperatures during a stable-boiling run; see Figure 8 for thermocouple placement.
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Figure 20. Vapor and condenser temperatures during a stable-boiling run; see Figure 8 for
thermocouple placement (U_cond = upper condenser thermocouple, etc.).
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Figure 21. Boiler-valve (vacuum and fall) temperatures during a stable-boiling run,
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Figure 22. Water-flow rates through lamp assembly (Lmp_Flo) and calorimeter during a stable-
boiling run.
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Calorimeter-water temperatures during a stable-boiling run.
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Figure 24. Lamp coolant exit temperatures during a stable-boiling run.
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Figure 25. Calorimeter argon and helium flows during a stable-boiling run.
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Figure 27. Boiler throughput power during a stable-boiling run.
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Figure 28. Boiling instability observed with the laser-drilled cavity; no added gas. In this and
subsequent plots, the upper trace is a heated-surface temperature, and the lower trace is a
condenser temperature. Notations indicate where various events occurred, such as changes in lamp
power, or safety shutdowns caused by high temperatures (overtemperatures).
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Figure 29. Improved stability with 1.5 torr of xenon (compare with Figure 28.)
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Figure 30. Stability improvement with 0.37 torr of xenon (compare with Figure 28).
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Figure 31. Effect of xenon pressure on pool to lower-condenser temperature difference.
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Figure 32. Boiling instability observed with the l/4’’-diameter IN&Xl coating; no added gas.
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Figure 33. Stability improvement with 0.37 torr of xenon (compare with Figure 32).
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Figure 34. Less-stable behavior with 0.37 torr of helium (compare with Figures 32 and 33).
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Figure 35. Boiling instability observed with the l/4’’-diameter 304L SS coating; no added gas.
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Figure 36. Stability improvement with 0.37 torr of xenon (compare with Figure 35).
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Figure 37. Effect of negative tilt for the 304L SS coating with 0.37 tom of xenon (compare with
Figure 36).

-53-



1000 t 1 1 I 1 1 1

800

G
o

200

0

-1

30° to side ~

12:00 12:20 12:40 13:00 13:20 13:40 14:00

Mountain Standard Time (H:M)

Figure 38. Effect of sideways tilt for the 304L SS coating with 0.37 torr of xenon (compa.m with
Figures 36 and 37).
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Figure 39. Boiling instability observed with the baseline boileq no added gas.
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Figure 40. Stability improvement with 0.37 torr of xenon (compare with Figure 39).
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Figure 41. Instability observed with 50 ppm of 02/no xenon (compare with Figures 39 and 40).
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Figure 42. Stability observed with the Thermacore coating; no added gas.
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Figure 43. Stability observed with the -80/+100 Friction Coatings powden no add~ gas.
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Figure 44. Boiling and hot restarts with the -80/+100 Friction Coatings powder; no added gas.
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Figure 45. Boiling and hot restarts with the -80/+100 Friction Coatings powde~ no added gas.
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Figure 47. Improved stability with 0.37 torr of xenon (compare with Figures 43-4@.
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Figure 48. Improved hot restarts with 0.37 torr of xenon (compare with Figure 44).
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Figure 49. Improved hot restarts with boiler described in Figure 48 shortened to 24” (no 5afetY-
system shutdowns, lower percentage of temperature spikes).

-59-



800 t .,A/11/1111 II

:

0°
0

I I I 1

11:40 11:50 12:00 12:10 12:20 12:30 12:40

Mountain Standard Time (H:M)

Figure 50. Boiling instability observed EDM cavities; no added gas.
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Figure 51. Improved stability timr overlaying l/4’’-diameter IN600 coating with screen; no added
gas (compare with Figure 32).
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Figure 53. Boiling runs with vertically-stacked lamps and Thenmicore coating; no added gas.
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Figure 54. Boiling runs with stacked lamps, light shield and Therrnacore coating; no added gas.
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Figure 56. Boiling runs with lamps on opposite sides of Thermacore-coated boiler no added gas.
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Figure 57. Measured tem~ratme, and resistance measurements compared with model predictions
for NaK-78 and for NaK-78 separated into its constituents.
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Figure 58. Calculated potassium and NaK-78 vapor pressures, the measured pool temperature
used to calulate them, and measured pool pressure, during a boiling run.
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Figure 60. First X-ray image of bubbles in
Thermacom-coated tube at 6500C. Lines show
location of lamps and boiler sides. Lamps serve

as scale: approximately 1-cm diameter.

Figure 61. Second X-ray image of bubbles in
Thermacore-coated tube at 6500C. Lines show
location of lamps and boiler sides. Lamps serve

as scale: approximately 1-cm diameter.

-66-



Figure 62. First X-ray image of bubbles in
Thermacore-coated tube at 7(K)oC. Lines show
location of lamps and boiler sides. Lamps senve

as scale: approximately 1-cm diameter.

Figure 63. Second X-ray image of bubbles in
l’hermacore-coated tube at 7000C. Lines show
location of lamps and boiler sides. Lamps sm’e

as scale: approximately 1-cm diameter.
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