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OPTICAL PROPERTIES OF A SOLAR~-ABSORBING MOLTEN SALT
HEAT TRANSFER FLUID

W. D. Drotning

ABSTRACT

The optical absorption properties of a high temperature molten salt heat transfer
fluid were measured from 0.35 pym to 2.5 um using both hemispherical transmission and
reflection techniques, This fluid has application as a direct-absorbing working fluid
in a high temperature central receiver solar energy facility., The absorption spectrum
of the pure molten fluid--~a eutectic mixture of KNO3, NaNO,, and NaNO3, known as
Hitec (Du Pont tradename)--displays a fundamental absorption edge near 410 nm, which
was found to shift té longer waﬁelength linearly with temperature. Throughout the
remainder of the visible spectrum, the fluid is transparent. To enhance its solar
absorption, particulate metallic oxides of Co or Cu were introduced into the fluid,
Absorption spectra of these-oxide particle suspensions in the molten salt were
determined as a function of dopant concentration ranging from O to 0.1 wt% metal

nitrate added to the Hitec. These measurements were carriéd out at 200°C under flow
conditions to cause a homogeneous suspension of particles. Special transmission and

reflection flow cells were designed'and econstructed to handle 200°C fluids. The
suspended particles cause an additional optical'absorption throughout the wvisible
spectrum which is characteristic of the particular metallic oxide and closely follows
8 Beer-Lambert concentration dependence, The solar averaged absorption in a fixed
layer thickness was calculated for various concentrations of the fluid-oxide mixtures.
The fluid without oxide particles sbsorbs approximately 8% of the solar spectrum per
cm of path length. Addition of 0.1 wt% of Co(NO3)2-6H20 increases this absorption to
approximately 90% per cm. Of the oxides studied, Co30u particle suspensions offer
betlter solur sbsorption characteristics than Cul. Eftects of particulate scattering

on the measurements are discussed,
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I. Introduction

With recent interest in utilizing solar insolation as a significant source of
inexhaustible, clean energy, several schemes have emerged for large-scale electric.
power production from solar energy., Among these is the optical cévity system,
commonly referred to as the "power tower" concept, first described by Baum et gl.l
and more recently by Hildebrandt and Vant-Hullg. In this concept, a mirror array is
used to fucus sunlight through a windowless apertﬁre into the bottom of a cylindrical
cavity located at the top of a tower., In the cavity, the incident solar flux is
converted to thermal energy and transported to a heat transfer fluid which is used
in a high temperature electrical power generation system;

An advanced version of the central rceeiver concept ie being studied at Sandia
Laboratories3, wherein the solar flux is ebsorbed directly into & heat transfer fluid
flowing'down the inside wall of the optical cavity. This method of energy transfer
has several advantages over a.receiver using water/steam in tubes, includihg lower
surface tempefature with conéeqﬁent reduction of radiative and convective heat
losses; avoidance of thermal stress and heat transfer 1imitatidns; decreased problems
of hot spots caused by high flux concentrations in the cavity; simpler control,
lower weighf, and lower cost; and a better thermodynamic match with thermal storage,
In addition, & higher pressure, higher temperatﬁre steam turbine can be utilized, '
resulting in considerably higher overall system efficiency than can be achieved by
the current systems using water/steam receivers3,

An essential parameter in the analysis of energy transfer and efficiency within
the optical cavity is the opticél density of the directly-absorbing heat transfer
fluidh’s. In this study, we report the experimental results of optical studies on
the solar sbsorption characteristics of such a fluid, To enhance the solar absorp-
tivity, dopants are introduced into the fluid, Most studies of the optical proper-
ties of doped fused salt systems deal with the spectroscopy éf transition métal
ions in solution6’7. However, the use of a molten salt as a heat-transfer fluid
in a solar central receiverlfacility requires 1) long-term dopant stability at high
teﬁpe;atures (~ 5000C) in a.highky-qxidizing environment, and 2) broad-band solar
absorption; both criteria eliminate the use of homogeneous soiutions to darken the
heat transfer fluid. Instead; the doping technique studied here utilizes particulate
metallic oxides suspended in the fluid. The oxide particles offer both broad-band
spectral absorption and relatively high absorption coefficients throughout their
absorption, as well as thermal stability at high temperatures.



II. Sample Characterization

The primary molten salt used in this study is the eutectic mixture of KNO3,
NaNO,, and NaNO3, in proportions 53-40-7 wt% (m.p. 1&200).8 This sa}ﬁ was m;xed
from reagent-grade components and formed by heating in air to 400°C., While molten
the salt is a pale yellow color. (This eutectic salt mixture will be referred to as
"Hitec", a Du Pont tradename, throughout this report. Commercial-grade Hitec, as
received from Du Pont, produces a thick foam on the surface of the melt, as well as
some evidence of a brown scum. This material was judged too contaminated for
optical measurements,) ‘ ‘ o

Because of long-term decomposition of nitrite to nitrate in the Hiteg-melt at
elevated temperatures9, the binary eutectic nitrate salt was studied, as ﬁell. The
composition is 58 w% KNOy-h2 wt% NalO,; the melting point is 2020¢, 10
nitrate melt does not absorb visible radiation.

The technique used to darken the molten salt is to addAa émall amount (~ .05 wt%)
of hydrated transition metal nitrate to the Hitec melt. At 300-MOO°C,.the metal ions
react rapidky with the melt (probably the nitrite) forming a suspension of black
metallic oxide particles. Preliminary studies3 using this technique showed Co and Cu

oxides remained in suspension the longest of thése studied, and would therefore be

~ The binary

the most suitable in the proposed applicsation. Hence, theée transition metal oxides
were studied here, No differences in the resulting optical spectra were observed
using nitrates or chlorides (e.g., Cu(NO3)2t3HéO or CuCl,); the hydrated metal ni-
trates, either Cu(NO3)2-3H20 or Co(NO3)2-6H20, were used in this study. The oxide
concentration in the melt is reported in terms of the Wt% of metal nitrate added to
the melt. | , '

To dope the binary nitrate eutectic similgrly, 0.5 wt% NaNO2 was added to csause
formation of the metallic oxide, since no oxide was formed at 400°C in the nitrate
eutectic alone. .

The particulate ﬁetallic oxides were separated from the salt for.anélysié,hy )
dissolving the aoped (frozen) saelt in distilled H,0. This solution was repeatedly
centrifuged, decanted, and diluted until the dissolved salt was removed. The
remaining oxide powder was analyzed by X;ray diffraction for composition and by
scanning electron microscopy (SEM) for partiéle size’estimation. The X-ray analysis
showed Co30) was formed from Co(NO3)2—6H20 in Hitec, while Cu0 was fprﬁed by addition
of cupric nitrate to Hitec. The SEM anelysis yielded particle sizes of 0.05-0.15 m
for the Cu0 particles,'and 9.03-0.10 m forldo3oh, These particles ténd fo cluster
together in the melt, however, so that much largef oxide chunks form and eventually
settle to the bottom of the melt. Continuous stirring of the fluid is therefore
required to maintain the suspension. The exact.particlg sizes while in suspension

(flowing) may differ from the SEM analysis. Left unstirred, the Cog0), particles

remeined suspended longer than CuO (~ .1 hpur/vs. minutes3) probablj due. to the smaller

size of the Co30h particles,



III. Optical Measurement Techniques

The experimental techniques used in this study had several common features,
First,'all measurements were made at melt temperatures of 200 + 5°C, except wherev
noted., Most measurements were made using & Beckman DK-2 spectroreflectometer with a

"6" dismeter integrating sphere detector coated with BaSO), paint. Inlet (transmission)
and exit (reflection) ports were nominally 2 cm diameter holes. The spectral range
observed was 0.3542.5 pm, using a combination of detectors; this wevelength range
spans approximately 99% of the solar spectrum of air mass two. The use of an inte-
grating sphere in the detection system allows hemispherical (21 steradians) detection
of traensmitted or reflected radiation, depending on the mode of operation.

To maintain a suspension of oxide particles in the fluid under study, it was
necessary to continuously pump the fluid vertically past the optieal measurement
port. To do this, special flow cells (transmission and reflection) were constructed,
capable of hsndling 200°C fluids. An Eastern Industries Model B-1 liquid c1rculating
pump with a 316 stainless steel impeiler and housing was used.‘ The entire plumbing
cifcuit, including reservoir, copper tubing, and pump, was wrapped with electric rope
heaters. TFluid temperature was monitored using & type J thermocouple; the heater
circuits were confrolied by & temperature regulator. A motor speed control was used
to adjust the flow rate of the liquid ‘through the system, typical operating flows

were on the order of 10 ml per second

1) Transmission Measurements.

The primary optical arrangement used in this study is shown schematically in
Fig. 1(a). This geomotry is uscd to moapurc the oo cellcd normal hemiopherical
transmission, 7 (0°; 2m), using radiation normally-incident on the sample, and
collecting transmitted radiation over the forward hemisphere (27 steradians).
Radiation transmitted into the entire forward hemisphere can be divided into two
components,"normel (i.e., radiation detected over a small solid angle in the direc-
tion of the incident beam), and diffuse (everything else). Experimentally, the
normel component was determined by the size of‘the exit port of the integrating
sphere, this component subtends an included angle of 7.6°, representing 0.2% of
the area of the forward hemisphere, '

' Special transmission cells were designed and constructed to allow the high
temperature fluid to fiow past the optical beam in a thin layer as near as possible
to the ihtegrating sphere. The transmission flow cell is shown in Fig. 2, Internal
pathlengths of 3 and 6 mm were used for reference and sample cells, respectively;
when a reference cell was ﬁSed. Both entrance and exit flow ports were located on
one side‘of the cell, allowing the other side to be placed flush against the inte-
grating sphere detector during the measurements. The cell was constructed of Pyrex

optical windows and tubing. The pump and plumbing seals limited temperatures to
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Schematic optical measurement geometries.

a) Normel incidence--hemispherical transmission;

b) Near-normal incidence--hemispherical reflectance;

¢) Normel incidence--transmission into a solid angle around
normal,
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Figure 2, Transmission flow cell for high temperature fluids. Dimensions
in direction of light beam are for reference and sample cells,
respectively.



below 300°C, Thermal transfer to the integrating sphere detection system (béth
conductive and radiative) also becomes significant at about 300°C, and further limits
the temperature range.

A1l transmission measurements were calibrated to a spectral curve of 100%
transmission through the system, measured using no cells in either reference or

sample beam.

2) Reflection Measurements.

In principle, the optical absorption coefficient of an absorbing material may
be obtained from elther reflection or transmission measurements. While the trans-
mission technique is more direct from an analyticel standpoint, the reflection
technique was also used in this study for two reasons. (1) The reflection mode of
measurement more closely resembles the actual central receiver configuration of &
fluid layer flowing over an opagque substrate, This measurement technique allows
the possibility of varying the metallic reflecting substrate in order to determine
the reflectance of specific layer-substrate interfaces. (2) Both transmission and
reflection measurements are desirsble, since light scattering by suspended particles
may affect the apparent absorption'differentky in the two measurement modes. (For -
example, backscattered radiation is collected in the reflection mode, and lost in
the transmission mode, ) '

The reflection measurements were made using the optical arrangement shown
schematically in Fig. 1(b). The measured quantity is p(5°; 27 ), that is, the
overall reflectance, detected hemispherically, from a sample illuminated with
approximately normally-incident radiation. (The slight deviation from normal
incidence allows contaimment of the specularly-reflected component in the integrating
sphere detector.) ‘

A reflection cell was designed to allow the measurement of the hemlispherical
reflectance from a 200°C fluid flowing across a reflecting metallic substrate. A
cross-section of this cell is shown in Fig. 3. A copper block formed the body of
the cell and was heated with inserted cartridge heaters. The copper piston (diameter
5.08 cm) supported the reflector substrate, and could be moved within the block to
vary the fluid lasyer dimension pérpendicular to the face of the substrate. The
metallic reflector substrate (2.5ﬁ em x 3.81 cm x ;16 cm, 316 SS) was a specular
reflector over the solar spectrum, During the optical measurement, the fluid
flowed continuously between the quartz window and the substrate, passing the
reflectance port of the integrating sphere detector. A mechanical wiper was used
to wipe away particles which settled on the ‘substrate during the course of &
measurement. Typical fluid layer thicknesses used were 0.18 cm and 0.30 cm.
(Reflection measurements for two layer thicknesses are necessary to unfold the data,)

The liquid seals used in the reflection cell limit its temperature to 250°C.
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The reflection measurements were referenced to thé reflectance of a BaSOh
powder. In turn, the Basoh powder reflectance was measured against a Vitrolite glass
whose absolute reflectance was given by an NBS calibration. The net result is that
the reflection measurements were corrected to sbsolute values, traceable to NBS

standards.

3) Scattering Distribution.

The intensity distribution of scattered radiation in the forward hemisphere

was measured using the transmission flow cell and .a special optical arrangement,
shown schematically in Fig. 1l(c). A collimated beam of monochromatic radiation

(A = 0.6746 |m, Kr laser) was normally incident on the doped fluid suspension
cifculating through the flow cell. Transmitted radiation was measured by a 4"
diameter ihtegrating sphere detector with a fixed aperture (1.27 cm diameter), as

a8 function of. the distance y between sample cell and aperture, The aperture size

and distance y define an included angle in the forward direction over which radiation
is detected. The resulting curve of percent transmission vs. included»angle 29 may
be differentiated to yield the trensmission beam profile at various 8 (assumed

axially symmetric about the incident beam directioh).

Iv. Analysis of Data

The material under study is an absorbing-scattering fluld composed of a
suspension of metallic oxide particles in a fluid layer, Many theories which
describe absorbing-scattering media are phenomenologiﬁal and either describe single-
scattering cases or multiple-scattering in tightly-packed particle layers.ll For
the case of multiple-scattering in an extended, partially-transparent layer (the
problem considered here), available treatments become extremely complex. Frequently,
a number of paremeters are involved in a complete description.ll Besides being very
difficult to determine experimentally, a large number of descriptive parameters are
not clearly useful in any operational sense,

We analyze the optical date on the fluid under study in terms of an absorbing
layer of known thickness x, and absorption coefficient q, which depends on type and
concentration of dopant, as well as wavelength. In first order, we include scattering
in the treatment by using hemispherical detection of either transmitted or reflected
radiation, The absorption coefficient thus obtained is an operational one, and is
useful in determining the actual energy transferred to the fluid without a knowledge
of the details of the scattering»procesé. The validity of this analysis will be
discussed in a later section. ' '

An additional assumption used here is that the index of refraction n is solely
due to the molten salt, and can be deduced from the literature, The refractive
index of* the binary eutectic KNO3—NaNO3 (53-47 mole %) was measured by Jindal,12
and found to be n = 1L.4740 - (1.6 x 10'1*) T(°C) in the range 258-356°C, Others®>



10

havexfound that binary molten salts have refractive indices linearly dependent on the
éomposition of the mixture, varying between the component material values. This can
be expected to hold for'ternary mixtures, as well. Using Bloom and Rhodes' compo-

13 ‘

nent values, one would expect an index of refraction for molten Hitec of approxi-
mately n = 1.476 - (1o'h) T(°C) at the Na D line, or n =~ 1,456 at 200°C.
For a layer of thickness x and wavelength-dependent sbsorption coefficient

al{r,c), the percentage of transmission through the layer is determined byA
T(a) = X)X (1)

where ¢ is the dopant concentration. When two éells are used in a double-beam
transmission measuremeﬁt, T(A) is ﬁeasured directly,>since interface reflections
common fo both‘sample énd reference celis are equlvulent, and eSSehtl&lly cancel
each other. The 1aye; thickness x is then the difference in pathlength of the two
cells, and (1) ylelds a(),c) directly. ‘ 4
For a transmission measurement using no reference cell, one obtains the external,
transmittance, which includes not only the exponentisal attenuation given by Eq. (1),
but also the transmission losses due to interface reflections. The index n of
Pyrex is 1.47h at the Na D line. Thus, the glass/Hitec interface reflection is

an . —5 . '
R < — > 3.8 x 10 s | (2)

which 1s negligibly small. The air/glass interfaces each contribute a reflectance

11

of R = 0,037. A valid approximation relates the externel (measured) transmission to
the internal (sample) transmission by

Text =T Tint (l-LR) ’ ) (3)

correct to first order in R. Using (3), the measured values are converted to
internal transmission vs. wavelength, and g(\,c) is again found from (1).

The absorption coefficient q(),c) is determined less directly from the reflec-
tion measurements. The optically-measured region of the reflectance cell is’
schematically represented in Fig. 4(a). Light is incident on an optical window (in

"this case, fused silica) and is then transmitted through the fluid layer and

reflected from the substrate surface. The refractive index of flused silica at 200°C

4 for the Na D line, giving a window/fluid reflection of -

is approximately 1,461
~3x 10'6, again negligible. By treating the absorbing-scattering fluid as a
simple absorbing layer, as discussed above, the model in Fig. 4(2) is reduced to-
that shown in Fig. 4(b), consisting of an sbsorbing layer of thickness x, and
reflectlons at two interfaces, R1 and R2

Assuming no attenuation in the window, and normelly-incidént radiation, the

overall reflectance o of the configuration in Fig., 4(b) is found from the familiar
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bouncing-ray technique, discussed in several texts . The result is
Ry(1-R )% 1°
p =R+, (4)
1l- RlR2 T

where T is given by (1). From reflection spectra pa(x) and pb(x) at two layer

thicknesses x = a and x = b, the absorption coefficient is given by

) - i (o) ()| - 7

The air/window interface reflection R, is measured independently. The fluid/substrate

pa-Rl 2a 0
Rp = <WR—:::> . : | (6)

reflectance is given by

[

From the spectral sbsorption coefficient a(A,c), found either by transmission
or reflection, it is useful to éalculate the energy ebsorption in a fluid layer of
thickness x, averaged over the solar spectrum of air mass m, This quantity is
defined by ‘

A (x,¢) S50 [l'e'a(x’c)x] &=, (7)
w' €= j'sm(x) a

where Sm(k) is the spectral distribution of the solar intensity through an air mass
n'®. The quantity in (n, [1- e Xse)x
optical beam of wavelength A by a fluid layer ot thickness x, and does not include

], represents the energy attenuation of an

reflections at the fluid interfaces.
Values of Am(x,c) were numerdically integrated on a digital éénputer according
to Eq. (7). Approximately 2% of the solar spectrum was not used in the numerical
integration, due to lack of data on a{()) in the infrared beyond 2.5 im, and in the
region of the molten salt uv cutoff, roughly 0.4l ;m to 0.425 um., Below O.4L ym,
-1 Y
b

in the Hitec uv absorption band, a(A) ~ 103 cm so that the contribution to

Am(x,c) at these wavelengths is a maximum, i.e., (1 - e-ax)‘afl, for x > 1072 cm,



v. Results and Discussion

1) Spectral Absorption Properties.

Absorption spectra were measured for,Co3Oh and CuO in Hitec as a function of the
concentration of dopant added (hydrated transition metal nitrate). No observed
spectral differences were seen using CuCl, as the starting salt instead of copper
nitrate, and no significant differences were seen between the sbsorption spectra
determined from transmission or reflection measurements. Several methods of intro-
duction of the dopant to the melt were tried; in all cases, the metal ion was rapidly
oxidized and formed particles in suspension. Doping of Hitec was also achieved using
nitrate or chloride salts of nickel, chromium, and iron; oxide particles again were
formed, but settling of the particles occurred rapidly, and these materials were not
examined further.

Typical transmission spectra are shown in Figs. 5, 6, and 7, for two concen-
trations of cobalt nitrate and one of copper nitrate in Hitec at 20U%C, snhowing
both hemispherical and diffuse spectra (percent transmission vs. wavelength). The
solar-averaged {m = 1) transmission is also reported.’ '

Typical absorption spectra cealculated from transmission méasurements are shown
in Fig, 8 for Co30), and CuO in Hitec, &s well as for pure Hitec. The undoped molten
salt is essentielly transparent throughout the solar spectrum, with the exceptions'
of the strong sbsorption in the near uv which causes the pale yellow color of the
melt, and two spectral bumps in the infrared. The latter (small band near 2.0 pm
and a band with a ~ 1.5 cm_l near 2,5 ym) appear to be caused by dissolved H20 in
the melt, ’

The introduction of the oxide dopants into the salt melt increases thé absorp-
tion, particularly in the visible (both Cu0 and C°3Oh appear black). 1In the case
of Co30h, there is a strong absorption throughout the visible to about 0.85 um, and
an additionol abcorption band from 1.2 to 1.6 ym. For i, only A single hand
appears, extending through the visible to about 0.8 pm.

The reflection measurements also yield the spectral dependence of R2, the
fluid/substrate interface reflectance, given by Eq. (6). The R,(\) spectra showed
a wavelength dependence similar to that measured for the air/substrate reflectance,
though reduced in value consistent witﬂ less refractive index (real part) mismatch
in the fluid/substrate case versus the air/substrate case.

In addition to tﬁe X-réy analysis of the Qxidevstoichiometry, 8 spectroscopic
analysis was made and is shown in Fig. 9. These spectra show the logvof the
remission function f(R) calculated from hemispherical reflection measurements of
packed oxide powders at room temperature. The remission function11

2

#(r) - {IF (8)

13
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for Coo0) in Hllec ut 200°C. Uxide formed by addition of 0.021 wt%
Co(NO ?2-6H20 to Hitec. Cell pathlength was 6.9 mm. . Solar-averaged
percent transmission <T> is shown for each spectrum., The diffuse
transmission spectrum is the hemispherical transmission minus that
transmitted in a narrow cone (included angle 7.6°) around the normal.
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Figure 7. Percent transmission versus wavelength for Cu0O in Hitec at
200°C, formed by addition of 0.032 wt% Cu(NO3)2-3H20 to Hitec.
See additional notes to Fig. 5.
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Figure 8.
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copper nitrate in Hitec; (3) is 0,061 wt% cobalt nitrate in Hitec.
(Concentrations shown are intentionally unequal for graphical

purposes. )
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is related to the absorption coefficient o; the curves in Fig. 9 can be thought of
as absorption spectra for opaque, absorbing powders, These spectra show &bsorption
bands similar to those appearing in the.doped melts. The sharp cutoffs near 0.8 um
are fundamental absorption edges for these oxides.

Figure 10 shows the same absorption spectpa as in Fig. 8, but plotted on an
abscissa linear in percentage solar spectrum, and thus non-linear in wavelength,
This solar-weighted plot dramatically shows the enhancement to the solar ebsorption
caused by oxide particle doping of the molten salt, as well as the insignificance
of the H20 absorption. i

The strength of the optlcal absorptlon varies with concentratlon of dopant as
well as with wavelength, For liquid solutions in which a particular concentration
of dopant is responsible for the optical attenuation, one can define an extinction
coefficient € which depends only on the type of dopant and the wavelength of radia-
tion, but not on the concentration c¢ of dopant in solution.. In this case, one has

the Beer-Lambert relation

a(e) = e)e + () | (9)

where qs(x) is the absorption due to the solvent. We can apply this relationship
to the case of absorbing particles suspended in a fluid.
Figure 11l shows the absorption coefficient of Co30u in Hitec at two wavelengths
as & function of the amount of cobalt nitrate added to the melt. The lines are
shown to indicate a Beer-Lambert dependence as in (9). Date from both transmission
and reflection are included, In spite of the data scatter, the Beer-Lambert
relation appears to describe the concentration dependence, except for & slight
non-linear effect at the high dopant levels.
To characterize a given type and concentration of dopant, the solar-averaged
quantity A (1l cm,c) was calculated for each spectrum, as defined in (7). The
resulting value of Ap(l em,c), between O and 100%, indicates the percent of the
solar spectrum (m = 2) which is absorbed in a fluid layer 1 cm thick. (This holds
for normally-incident radiation, and does not include reflective losses at the A
" air/fluid interface in an actual application.) Values of A2(1 cm,c) are shown in
Figs. 12 and 13 for Cog30) and CuO, respectively. These graphs show A,(1 cm,c) vs.
amount ¢ of metal nitrate added to the Hitec melt. For pure Hitec, A5(1 cm,0) =
8.3% at 200°C. Results from both transmission and reflection are shown, and appear
to show no discrepancies between the two bLypes of measurements. For = 0,08 wt%
cobalt nitrate in Hitec, the solar-averaged ebsorption is > 90% per cm of fluid.
For equivalent wt% dopant added, the CuO absorbs slightly less, consistent with the
differences in spectral structure, as shown in Figs, 8-10,

lAlso shown in Fig. 12 are data for the doped binary eutectic KNO3-NaNO3.
(These velues are for melts at 325°C,) The binary nitrate is clear in the melt;
its uv cutoff is approximately 0.05 _m lower than the Hitec cutoff. As a result,
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A2(1 cm,0) for the pure binary is aboutv3%. Since the pure molten salts (Hitec or
binary nitrate) differ only slightly in their overall solar absorption and these
velues are small, one expects little difference in A2(1 cm,c) between doped Hitec
and the doped binary eutectic. This is shown in Fig. 12.

The curves in Figs. 12 and 13 show the behavior of A2(l cm,c) vs. dopant

concentration using the Beer-Lambert relation, Eq. (9). A single sbsorption spectrum
was used to generate the curve. The agreement between the data and the curves
suggests that the Beer-Lambert relation reasonably describes the concentration

dependence of absorption for this case of absorbing particles in a fluid.

2) Temperature Dependence.

The measuromcnto prcviously discussed were made nesr 200°C, except as noted.
Since the anticipated temperature of the doped Hitec as & heat transfer fluid in a
solar central receiver is near 500°C, one would like to know whether significant
changes in solar absorption occur over this temperature range.

The shift of the Hitec absorption edge with temperature was measured using a
Cary 1 mm pathlength infrasil spectrometer cell and a conventional Beckman DK-2
transmission spectrometer. The absorption edge, for measurement purposes, was
arbitrarily defined as the wavelength at which the external tran;mission through
the cell and liquid was 5% of the incident beam., The results, shown in Fig. 1k,
indicate that the absorption edge wavelength shifts approximately linearly to
longer wavelength with increasing temperature over the range 200-500°C, typical

of molten salts.18

The increase in Ae(l cm,0) for pure Hitec over this temperature
range is approximately 1..5%.

Fluld temperatures in excess ol 300°C were experimentally prohibited for
spectral transmission and reflection measurements using the flow cells. Instead,
the transmission through a fixed thickness of doped fluid was measured over the
range 2oo-hoo°c, using an un-monochromated tungsten light source and a silicon
photodetector. No differences in measured transmission were seen which would corre-
spond to changes in A2(1 cm,c) of more than 2%,

Based on these two experiments, no significant (> 3%) differences in A2(1 cm,c)

are expected between the data in Figs.-l2 and 13 at 200°C and similar data at 500°C,

3) Light Scattering.

Diffuse transmission measurements (i.e., hemispherical minus normal) were made

to indicate the extent of light scattering due to the suspended oxide particles,
Typical diffuse transmission spectra are shown in Figs. 5, 6, and 7 for various
dopants and concentrations, and indicate the need for the hemispherical measurements
in characferizing the actual absorption. The diffuse spectra show the oxide
sbsorption bands, and an increase in transmission with decreasing wavelength, relative

to the hemispherical transmission, This latter observation indicates Rayleigh
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scattering is present, as expected by the SEM particle size estimates. A common
criterion11 for Reayleigh scattering is X < 0.8, where X EETTQ/X end D is the particle
diameter... (For Co3oh, for example, the ranges of particle sizes and wavelengths
gives 0.05 < X < 0.8.) Comparison of the diffuse spectra in Figs. 5 and 6 shows that
the scattered (diffuse) component increases with increasing dopant concentration
(particle density). Approximately 40% of the solar-averaged transmission is diffuge
for 0,021 wt% cobalt nitrate in Hitec, while 66% is diffuse for 0.061 wt% dopant.

The measurement of the profile of the forward-trensmitted beam is described
above, Figure 15 shows the intensity distribution in the forward hemisphere for
pure Hitec and for Cos0) particles in Hitec (formed from 0,020 wt% cobalt nitrate).
The distribution for Cu0 was also measured, and was essentially the same sas for
Co3

mission vs, total included angle, where each curve is normalized to the hemispherical

0),. These distributions were ohtalned by differentiating the curves of trans-

transmission value (at 6 = 90°). In addition to causing sbsorption, the presence
of oxide particles simply broadens the forward beam transmitted through the fluid.
An estimate of the amount of light scattering by the particles into the
backward hemisphere was made by measuring the hemispherical reflection from a
transmission cell containing either pure or doped Hitec. The hemispherical reflec-
tion from the cell and pure Hitec was consistent with reflection
(specular) at the two air/glass interfaces (the glass/Hitec interfaces contribute
negligible reflection). Addition of Co30h particles (0.030 wt% cobalt nitraté) in
the fluid resulted in no increase in reflected light. Where the doped Hitec is
non-absorbing, the reflection was again due to the two air/glass interfaces, In
the regions of the Co30u absorption bands, the reflected intensity was reduced by
an amount entirely consistent with absorption by the oxide in the fluid layer.
Therefore, light écattering into the'backward hemisphere by oxide particles appears
to be negligible. This exblains the agréeﬁent between measured absorption coeffi-
clents as determined from hemispherical transmission and reflection measurements,
The above results indicate that, in a hemispherical transmission experiment,
incident radiation is either absorbed in the fluid, or transmitted into the forward
hemisphere (i.e., detected), assuming negligible edge losses'in the cell, As a
result, the hemispherical transmission measurements yield an absorption coefficient ¢
which accurately-indicates the energy sbsorption in the fluid layer.

4) Discussion of Errors.

The uncertainty of the calculated sbsorption coefficient due to the propagation
of random errors (perticularly the uncertainty in the spectrometer measurements)

was calculated for both transmission and reflection measurements. For the latter,

- the standard deviation of G was on the order of 8-15%. For transmission measurements,

the percentage standard deviation decreases with increasing q; typical values are q ™

0.2 ca” L + 12% and o ~ 2,0 em™L + L%, The resultant uncertainty in the solar-averaged
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absorption Am(x,c) due to uncertainties in g is less than these values. The percent-
age error in Am(x,c) of course depends on the megnitude of q over the whole solar
spectrum; typically, values of 4-8% would be representative for the percentage
uncertainty in Am(x,c).

Uncertainty in o due to systematic errors in the measurement of the fluid
layer thickness were eliminated in the two-cell transmission technique, since the
difference in sample and reference layer thicknesses 1s used, not the absolute
value of each, Likewise for reflection, the calculation of o depends on the
difference of the two fluid layer thicknesses, as in equation (5).

The systematic error due to the ports in the integrating sphere can be shown
+0o he negligible.

Another possible source of systematic error in a is due to light scattering
outside the detected region, For transmission measurements, this region includes
the backward hemisphefe, and the plane at 90° to the incident light beém (celli
edges). Backward scattering was found to be negligible; similarly, light scattered
out the cell edges is expected to be small, based‘on the anguler distribution
profiles, and occurs similarly for both reference and sample cells. For the
reflection case, some light is scattered along the plane of the fluid layer
(undetected), depending on the layer thickness. The general agreement between
transmission and reflection results in this work supports the conclusion that the

effects of scattering on the results are negligible,

VI. Summary

The optical absorption characteristics over the solar spertrmm of an optiecally-
doped high temperature heat transfer fluid were measured using a variety of hemi-
Spherical detection techniques. The dopants were suspensions of partially-absorbing
metallic oxide particles ih a éutectic molten salt fluid. The oxide of cobalt
Cogou was found to have better spectral sbsorption chéracteristicé than Cu0 particles
for asbsorption of solar radiastion. Over a range of dopent (up to ~ 0.1 wt% of
hydrated metal nitrate added to the fluid), the spectral absorption coefficient of
the dopant-rluid mixture was approximately linear with concentration of dopant.
Solar-averagéd values for the energy absorption in a fixed fluid layer were
calculated for a yaiiety of dopant concentrations. For alcm layer, doping the
fluid enhances the solar-absorption from 8% (pure fluid) to ~ 90% for dopant
concentrations of 0.1 wt%. The solar-averaged absorption wﬁs foﬁnd to vary
predictably with dopant concentration, based on a Beer-Lambert dependence of
absorption coefficient on concentration., Variations in solar-absorption values
due to temperature variations were shown to be negligible over the 200-400°C range.
The forward light scattering by the suspended particles was shown to be sufficient
to necessitate hemispherical detection techniques. For & beam transmitted through

a dopant-fluid layer, light scattering increased with decreasing wavelength, and



was found to broaden the transmitted beam profile in the forward direction. However,

scattering in the backward hemisphere was found to be negligible.
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