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ABSTRACT 

mGH-TEM PERATURE DffiE CT ABSOR PTION RF.SEAR CH 

Robert J. Copeland 

Solar Energy Research Institute 

Golden, Colorado 

The Solar Energy Research Institute (SERI) is conducting research for high-temperature 

solar thermal receivers. A molten salt can serve as both the receiver heat transport and 

the thermal storage medium. Molten carbonates are the primary candidate salts for 

applications requiring temperatures of 850° C (1562° F} or higher. The receiver absorbs 

concentrated solar radiation directly on a salt film flowing down a wall in a cavity. This 

research has shown that depending on the receiver design, laminar, transition, or turbu

lent flow may be present. The heat transfer characteristics depend on both the optical 

properties and the film thickness. Predictions of molten-salt film thickness indicate a 

substantial variation in film thickness between flow regimes. A device has been con

structed that can be used to verify the predictions and to provide data at low tempera

tures where none currently exist. Mathematical models of the heat transfer process in 

clear and blackened salts have been developed for both laminar and turbulent flow 

regimes. Blackened salts are preferred, but clear salts can also be employed. 

INTRODUCTION 

SERI researchers are investigating a direct absorption receiver and thermal storage 

(DARTS) concept for high-temperature solar thermal applications, particularly the heat 

transfer aspects of the absorption of the solar radiation. The objective is to generate 

data from which commercial scale central receiver systems can be designed. The 

research currently emphasizes modeling of the direct absorption process and measure

ments of liquid film thickness. 

Temperatures on the order of 850° C (1562° F) and higher are needed for (1) fuels and 

chemicals (e.g., methane reforming), (2) electric power production (i.e., with gas cycles), 
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and (3) industrial process heat. Our approach is to employ molten salt as both the 

receiver and thermal storage media; the storage aspects are being researched under 

thermal storage program funding [l]. 

The molten salts being investigated are carbonates, chlorides, and hydroxides. Although 

sodium hydroxide is the cheapest media, it has the highest corrosion rate on containment 

materials; thus it will not be studied further at this time. Chlorides have low corrosion 

rates on ceramics but high rates on metals. Carbonates have low or modest corrosion 

rates on both metals and ceramics; the ternary eutectic of lithium, sodium, and potas

sium carbonate has been selected as the primary salt mixture for DARTS. Alternative 

salts are also being considered as backup to the ternary carbonate but at a reduced level 

of research. 

Figure l illustrates the receiver concept. Low-temperature salt at 450° C is pumped to 

the receiver in the riser. A manifold distributes that salt over the top of the absorber 

surface. The molten salt runs down the absorber surface and is heated by the concen

trated solar flux to a temperature of 850° C or higher. The salt is returned to ground 

level through the dow ncomer. The solar radiation enters the cavity through an uncovered 

opening. Secondary concentrators may be employed outside the cavity to improve 

receiver efficiency. Either the salt is blackened or black absorber surf ace is used with a 

relatively clear salt. 

DmECT ABSORPTION PROCESS 

Figure 2 illustrates a section of the absorber surface with molten salt flowing over it. 

The surface is nearly vertical at gle � X. The solar radiation at a flux Fg;., strikes the

free surf ace of the salt at angle I) and is bent to angle I) in the salt. The flux is par

tially absorbed in the salt film of thickness () • The remaining flux is absorbed on the 

black absorber surface. The molten salt enters with constant temperature T 0 and with 

nearly uniform velocity U0• As the salt flows down the x-dimension, a velocity profile 

U(y) develops across the salt film. The free surf ace of the salt interacts by both radia

tion and convection with other surfaces and the air inside the cavity. That heat 

exchange is illustrated by a convective cooling coefficient h and an ambient temperature 

T characteristic of the cavity. The principal factors affecting the heat transfer areamb 
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(1) flux level, (2) flow regime (laminar or turbulent), (3) salt optical properties, 

(4) absorber surface condition, and (5) salt film thickness. The convective heat transfer 

rate to the air has been calculated and is at least an order of magnitude smaller than any 

of the other factors. 

We have chosen a 50-MW receiver based on the Boeing design [2] to be our baseline size.t 
This size was selected because a number of other receiver designs are available to allow 

comparison, and data generated can be converted to larger and smaller sizes. 

FLOW REGIMES 

Figure 3 illustrates the shape of the absorber surface for the baseline design with an 
2average receiver flux of 500,000 W/m • All three configurations are curved in the

z-direction to maintain constant flux in that direction; the figure illustrates the surfaces 
2as if they were flat. For the nominal case (loo m ) active absorber surface, the flow is 

turbulent in the presence of maximum solar insolation and laminar for minimum solar 

insolation, which occurs as a result of viscosity changes with salt temperature. An all

laminar configuration can also be defined, but as illustrated it has an odd shape and may 

have flow distribution problems. An all turbulent configuration also has an odd shape and 

requires pumping of the salt back to the top of the absorber surface, once after being 
° °heated to 617 C and a second time after being heated to 783 C. Because of its more

desirable geometry, the nominal case (turbulent and laminar flow) was selected for 

detailed analysis. 

Figure 4 presents the calculated thickness of the salt film. At minimum solar insolation 

{a turndown ratio of 10:1 is assumed), the salt film is thin. These data assume laminar 

flow down the entire length, but the flow could become turbulent near the exit. At 

maximum solar flux, the flow is turbulent over the entire absorber surf ace. The film 

thickness is relatively constant at about 2 mm. Thus the film thickness near the exit 

could be as small as 0.25 mm or over 2.0 mm. Since the surface condition of the 

absorber seems to affect the transition from laminar to turbulent flow, we constructed a 

device to investigate those effects. 

Figure 5 illustrates the apparatus constructed to measure flow thickness. A micrometer 

measures the thickness of the water, which is the medium. We have just initiated these 
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experiments, and the results to date indicate that under some flow conditions dry sp.ots 

can develop, which could cause local overheating and damage to the absorber surface. 

Rough, melting surf aces distribute the flow well, avoiding dry spots. Additional tests are 

in progress to measure film thickness and velocity with that apparatus. 

MATHEMATICAL MODEIJNG 

The direct absorption process shown in Figure 2 has been modeled for both laminar and 

turbulent flow regimes [4]. A computer program developed at SERI has been checked 

against previous models generated by Sandia for molten nitrate salt [3]. Good agreement 

was obtained with the earlier work, which was limited to conditions where the salt is 

isothermal in the y-direction. The SERI model is capable of predicting both x-direction 

and y-directiOn temperatures in the salt film. The model contains a number of simplify

ing assumptions, and additional work is in progress to incorporate more of the major 

variables. 

The current model has been employed to calculate temperatures in the salt film for solar 
2fluxes in the range of 100,000 to 1,000,000 W/m • The data are being generated para

metrically because a receiver can be designed for small or large solar fluxes by making 

the absorber surface large or small; similarly the flow regime can be designed to be 

laminar or turbulent by the shape of the absorber surf ace (see Figure 3). 

Figure 6 illustrates the typical data and conditions for laminar flow. Relatively small 

temperature differences are observed (e.g., 25° C maximum between the temperature of 
2the wall and the salt). Note that these data are for a flux of 90,910 W/m . For laminar

2flow and a flux of 1,000,000 W /m , the wall is about 300° C hotter than the salt. Since

receiver efficiencies and salt corrosion of the wall are adversely affected by the high 

wall temperatures, high fluxes and laminar flow conditions should be avoided in the 

design of the receiver. For turbulent flow conditions, the salt transfers heat by conduc

tion and turbulent mixing. The heat transfer rates are much larger than in laminar con

ditions, and relatively small temperature differences between the wall and the salts can 

be obtained with either clear or black salts at high fluxes (i.e., 1,000 ,000 W /m 2).

We also used the model to investigate the temperature distribution in the x-direction (the 

vertical dimension from inlet to exit). The maximum temperature differences between 
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the wall and the salts occur at the exit. The model also shows that very small tempera

ture differences occur in the inlet region, regardless of flux and flow conditions. Based 

on the current data, a flow length of 1 m or longer is needed 'to measure a significant 

temperature gradient. 

FUTURE WORK 

SERI plans to continue the current activities in film thickness measurements and improv

ing the mathematical model. A direct absorption heat transfer experiment is planned to 

validate the mathematical model. Our initial work is directed to the application of 

maximum salt temperatures between 850° and 950° C. Long-range plans include research 

on application of temperatures up to 1100° C. 
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Figure 5. Apparatus for Measuring Flow 
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