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ABSTRACT

The flow of air and particles and the heat transfer inside a solar heated, open cavity containing
a falling cloud of 100-1000 micron solid particles have been studied. Two-way momentum and
thermal coupling between the particles and the air is included in the analysis along with the effects
of radiative transport within the particle cloud, among the cavity surfaces, and between the cloud
and the surfaces. The flow field is assumed to be two dimensional with steady mean quantities.
The PSI-Cell (particle source in cell) computer code is used to describe the gas-particle interaction
The method of discrete ordinates is used to obtain the radiative transfer within the cloud.

The results include the velocity and temperature profiles of the particles and the air. In addi-
tion, the thermal performance of the solid particle solar receiver has been determined as a function
of the following particle parameters: size, mass flow rate, absorptivity, and infrared scattering
albedo. Other parameters which have been varied include the incident solar flux (both magnitude
and distribution) and receiver size. A forced flow, applied across the cavity aperture, has also been
investigated as a means of decreasing convective heat loss from the cavity.

Comparison of the results from the model has been made with an experiment performed at the
radiant heat facility in Albuquerque. The model has also been used to predict the entrainment of
air and the decrease in particle drag which has been observed when measurements were made of

particle velocity in a cloud of particles in free fall.
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FOREWORD

The research and development described in this document was conducted within the
U.S. Department of Energy’s (DOE) Solar Thermal Technology Program. The goal of
the Solar Thermal Technology Program is to advance the engineering and scientific un-
derstanding of solar thermal technology, and to establish the technology base from which
private industry can develop solar thermal power production options for introduction into
the competitive energy market.

Solar thermal technology concentrates solar radiation by means of tracking mirrors
or lenses onto a receiver where the solar energy is absorbed as heat and converted into
electricity or incorporated into products as process heat. The two primary solar thermal
technologies, central receiver and distributed receivers, employ various point and line-focus
optics to concentrate sunlight. Current central receiver systems use fields of heliostats
(two-axis tracking mirrors) to focus the sun’s radiant energy onto a single tower-mounted
receiver. Parabolic dishes up to 17 meters in diameter track the sun in two axes and use
mirrors or Fresnel lenses to focus radiant energy onto a receiver. Troughs and bowls are
line-focus tracking reflectors that concentrate sunlight onto receiver tubes along their focal
lines. Concentrating collector modules can be used alone or in a multi-module system.
The concentrated radiant energy absorbed by the solar thermal receiver is transported to
the conversion process by a circulating working fluid. Receiver temperatures range from
100°C in low-temperature troughs to over 1500°C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance and improve
promising system concepts through the research and development of solar thermal mate-
rials, components, and subsystems, and the testing and performance evaluation of subsys-
tems and systems. These efforts are carried out through the technical direction of DOE
and its network of national laboratories who work with private industry. Together they
established a comprehensive, goal directed program to improve performance and provide
technically proven options for eventual incorporation into the Nation’s energy supply.

To be successful in contributing to an adequate national energy supply at reasonable
cost, solar thermal energy must eventually be economically competitive with a variety of
other energy sources. Components and system-level performance targets have developed
as quantitative program goals. The performance targets are used in planning research and
development activities, measuring progress, assessing alternative technology options, and
making optimal component developments. These targets will be pursued vigorously to
insure a successful program.
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I. INTRODUCTION

Solid particles have been under consideration at Sandia National Laboratories, Liver-
more, as the working medium for a solar central receiver since the initial study was made
by Martin and Vitko (1982). Falcone et al. (1982) provided a subsequent, favorable as-
sessment of this concept in which particles in a size range from 100 to 1000 microns are
transported from the ground to a solar receiver at the top of a tower. The particles then
fall as a cloud or curtain through the receiver where they are irradiated directly by solar
energy passing through the aperture of a cavity receiver. A conceptual design of a solid
particle solar central receiver is shown in Figure 1. The solar energy is directed to the
receiver by heliostats (mirrors) on the ground. Various materials have been considered for
the solid particles including sand, Masterbeads (primarily aluminum oxide) made by the
Norton Co., and silicon carbide. Proposed receiver designs consist of a cavity that is 5 to
10 meters tall with a single, side facing aperture.

Advantages of using a solid particle receiver over systems using conventional fluids
such as water/steam are: (1) the particles absorb the concentrated solar flux directly,
eliminating the need for a fluid conduit, (2) higher temperatures are possible, and (3) the
particles can also serve as the storage medium, eliminating the need for additional piping
and heat exchanger equipment.

In order to predict the temperature of the particles and the efficiency of energy ab-
sorption of the receiver, the following phenomena are addressed in the present work:

(1) radiation transport within the particle cloud and among the solid surfaces including
the transport between the cloud and solid surfaces,

(2) two-phase flow of the air and the particles within the receiver, and

(3) convection heat transfer between the particles and the air and from the receiver sur-
faces.

Experimental Studies

In the experimental work of Hruby and Burolla (1984) concerning the flow of both
heated and unheated particles from a hopper into ambient air, the particle volume frac-
tion was small (less than 0.1 percent). and particle-particle collisions were infrequent except
for a region near the hopper. This type of gas-particle flow is termed dilute, meaning that
particle-particle collisions are not important. The gas-particle flow is expected to be di-
lute in the solid particle solar central receiver which contains particles in free fall. It is
emphasized that characterizing the flow as dilute does not imply that coupling between
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the phases is negligible. Air entrainment was shown to be important in the above experi-
mental work in that velocities of the particles were significantly higher than the terminal
values corresponding to an isolated particle falling in a quiescent environment. A sepa-
rate experiment by Hruby et al. (1984) in which a radiant flux heated falling particles
showed that the buoyant air resulted in an increase in the particle residence time (the time
a particle remains within the radiant flux field). These experimental studies involving a
cloud of particles falling in various thermal environments have shown that particle velocity,
temperature, and residence time in such flows can only be predicted by including two-way
momentum and thermal coupling (each phase providing significant source terms for the
other phase) in the analysis.

14
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Figure 1. Conceptual design of a solid particle solar central receiver.
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II. ANALYSIS

A model of dilute gas-particle flows with heat and mass transfer has been developed by
Crowe et al. (1977). The model (PSI-Cell, i.e., Particle Source in Cell) has been applied
to simulations of spray drying (Crowe, 1980), electrostatic precipitators (Eschbach and
Stock, 1979), cyclone separators (Crowe and Pratt, 1974), and combustion (El-Bainhawy
and Whitelaw, 1980). This report discusses the extension of the code to solid particle
solar central receiver modeling by including gas buoyancy and radiation transport both
within the particle cloud and among the cloud, the solid walls, and the aperture of the
receiver. Briefly, the model consists of a steady, two dimensional, elliptic, Eulerian de-
scription of the gas flow field coupled with a Lagrangian description of the particle flow
field. The gas flow field is determined using TEACHT (Gosman and Pun, 1973), which
solves the conservation equations on staggered control volumes with the pressure, density,
and temperature evaluated at control volume centers and the velocities evaluated at the
control volume faces. A two equation (k-¢) model of turbulence is included with constants
established for a forced flow (Launder and Spalding, 1972). Convection and diffusion of a
dependent variable are combined into a single term, which when integrated over the control
volume, represents the flux of that variable across the faces of the control volume. These
terms are evaluated using hybrid differencing (Spalding, 1972). This differencing scheme
is a combination of central differencing and upwind differencing, switching from central to
upwind when the absolute value of the cell Reynolds number is greater than two.

Gas Equations

The integrated forms of the conservation equations for mass, momentum, and energy
are given by:

(pu);, - Ay + (pv)y - Az =0 (1)
(9u>c ( au)"
puu — feff - =— | Ay+ | pvu —peg — | Az = (P, — P)-Ay
( e 81: w e ay . w e
du |® dv "
—pg-Az-A Rt YN 220 A z
PG AT Ay tpte 5| AY e 5| T+ Sp (2)
av\° ov\"
<puv — Meff _v) - Ay + (pvv — Heff _v) -Az = (Py — Pp)- Az
oz /), dy /,
du|® ov |"
c—| Ay + .— A S.Y
+ Ueff Ay lw Y~ Ueff 3y |s T+ S (3)
k oT]" k oT|"
puT—<—> —} <Ay + va—(— C = -AJ::S,,T (4)
¢p)eg 9T], /g 9V,
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where e, w, n, s indicate that the corresponding terms are to be evaluated at the east, west,
north, and south faces of the control volume, and Axr and Ay are the control volume
dimensions in the r and y directions, respectively. The dissipation term in the energy
equation is small and has been neglected. The source terms, S,%, Sp¥,and S,,T, refer to the
momentum and energy added to the gaseous phase by the particles. Additional equations
and relationships for the gas flow solution are:

(1) pressure is determined using the SIMPLER procedure described by Patankar (1980)
which is formulated to insure local continuity,

(2) differential equations for turbulent kinetic energy, «, and dissipation, € , are solved,

(3) effective viscosity and conductivity are given by

Heff = M + Hiurb (5)

Meurb = cupk®/€, ¢y = 0.09 (6)
ke

—= = flef (7)
Cp

Equation (7) is the result of assuming that the effective Prandtl number is unity.

(4) an ideal gas equation of state is used and Sutherland law relationships for the depen-
dence of viscosity and thermal conductivity on temperature are prescribed.

Particle Equations

The particle momentum and energy equations are given by:

7rd,,3 Duy 7rd,,3

Pp 6 Di 3mdppuA(u — up) — pp - r g (8)
rd,® Du

Pp - ——6—”— . 3{3 = 3ndpuA(v — vp) (9)
mdy® DT,

PpCrpart * 6P ’ Dtp = Nukndp(T — Tp) + Qrad (10)

The determination and implementation of @;,q is discussed separately. The particle veloc-
ity, position (trajectory), and temperature are calculated by integrating equations (8)-(10)
from a prescribed starting location assuming initial particle velocity and temperature.
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Gas Source Terms

The force in the z direction on the gas in the computational cell due to the particles
is given by:
Sp* = F,* Y N;At; (11)
1

where F,* is the aerodynamic force on the gas due to a particle, Ni is the particle number
flow rate along the it* trajectory, and At; is the particle transit time across the cell for the
ith trajectory. The sum is applied over all trajectories passing through the computational
cell for which the source term is being evaluated. A similar expression holds for the y
direction source term. The energy equation source term for the gas is given by:

SpT = (Qp/cp) ZNiAti (12)
t
where Qp is the convection heat transfer rate from a particle to the air. Single particle
drag coefficients and Nusselt number correlations are used:

_Cp  mdy? p

Fp* 5 Pz e~ |- (up — u) (13)

A=Cp/Cpg, ;  =1+015 Re®%%7 . valid for Re < 10° (Wallis, 1969) (14)

p = Nukrd,- (T, — T) (15)
Nu = 2+ 0.6VRe- Pr'/® (Bird et al., 1960) (16)

Radiation Model

The radiation model used in this study considers the interaction of an incident radiation
field with the falling particle cloud and receiver rear wall. The model accounts for the
directional nature of the radiation field, particle scattering, thermal emission and the
wavelength dependence of the particle optical properties. The equation which governs the
radiation field within the particle cloud at any elevation is (Siegel and Howell, 1981):

I
cosf - d—y’)(y',ﬂ,d)) = —(ox + k2) L (¥, 8, 8) + kaTp A (Tp)
U 0
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where the quantity I)(y',8,¢) is the monochromatic intensity at y' in the direction (8, ¢),
and the subscript ) denotes wavelength. The depth, 3/, into the particle cloud at any
elevation is measured from the edge of the cloud that is receiving the incident solar flux.
The geometry for the radiative transpert within the particle cloud is shown in Figure 2.

The intensity is the fundamental quantity that governs the radiation field within the
particle cloud. The absorption coefficient, k,, scattering coefficient, o), and phase function,
pa(0',¢' — 0,¢), are monochromatic optical properties which depend on the size, complex
refractive index, and concentration of the particles in the cloud. The absorption and
scattering coefficients characterize the attenuation per unit pathlength along a traversing
beam of radiation due to the respective effects of scattering and absorption. The phase
function represents the probability that a beam moving in the direction (8, ¢') and confined
to a solid angle dfY', will be scattered into a solid angle d) about the direction (6, ¢).

To simplify the presentation, the dimensionless parameters w) = 0)/f8) and dry =
Brdy', are introduced where the extinction coefficient, 8), is the sum (o) + k)). The
quantity 7 is termed the optical thickness, and the total optical thickness of the cloud is
defined as

d
g = / Brdy (18)
0

where d is the thickness of the particle cloud at a particular elevation. The total optical
thickness, 7 g , is a measure of the ability of the particle cloud to attenuate radiation of
a given wavelength. The quantity w) is the single scattering albedo and is a measure of
the relative importance of scattering to absorption in the interaction of radiation with a
single particle. The albedo ranges from a value of zero for a purely absorbing particle,
to a value of one for a particle that only scatters radiation. If the optical properties and
lateral temperature profile for the solid carriers are known, then the radiative transfer
equation can be solved subject to boundary conditions at the front and rear of the particle
cloud to determine the intensity Iy(y',0,¢). Knowing I,, the forward (for) and backward
(bac) components of the local spectral radiative heat flux can then be determined from
the following expressions:

2n
,\for / / Z(y', 0 , §)cosBsinfdbdo (19)

2
F,\ bac (¥ / / I\(y',0, ¢)cosbBsinfdidod (20)
The total spectral radiative flux, F), is the sum
F,\(y') = FA,for + FA,bac (21)

The total radiative flux is then determined by integrating the monochromatic flux over the
entire spectrum; that is

F(y) = / B (22)
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Figure 2. Radiative transfer geometry.
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The method of discrete ordinates is an accurate solution technique which has been
applied to radiative transfer problems; it is the approach used in this study. The details of
the method are given elsewhere (Houf and Greif, 1985) and will not be repeated here. For
the purposes of this study, the scattering distribution, py(8',¢' — 8, ¢), was represented
by a function of the form

100

p(¢) = 1+ Y _(2k + 1)g* Py (cos¢) (23)
k=1

where the P, are Legendre polynomials of order k, and £ is the angle between the incident
(¢',4') and scattered beams (#,¢). The value g is an asymmetry factor which varies from
-1 (strictly backward scattering) to 1 (strictly forward scattering). A value of g equal to 0,
which corresponds to an isotropic scattering distribution, is used in this study. Calculations
over the range ¢ = —0.5 to ¢ = 0.5 show a variation of 15 percent in the absorbed solar
radiation for a typical set of conditions (Houf and Greif, 1985).

Solution Method

The numerical solution is iterative and consists of the following steps:

1. The air flow field within the receiver is first determined for a specified solar heat flux
in the absence of particles.

2. Particles are then introduced from a point source at the top of the receiver. Particle
velocity, temperature, and position are determined by integrating equations (8)-(10).

3. The horizontal thickness, d, of the particle cloud at each elevation corresponding to
a computational cell boundary for a scalar quantity in the gas is determined from
the locations of the front and rear trajectories. Average particle number density, n,
and an average particle temperature are determined at these horizontal locations (the
radiation transfer within the particle cloud may also be determined for variable particle
temperature but this feature is not used in the present study).

4. The radiative transport equation is solved for each horizontal slice (of vertical extent
Az) of the particle cloud; the incident irradiation at the front edge of the cloud and
the reflectivity of the back wall are specified.

5. Particle temperatures are then recalculated with radiation source terms obtained from
the solution of the radiative transport equation (step 4), where Q4 for a particle
between y' and y' + Ay’ is calculated from:

Qraq = F(y') _nl-:‘gyy"+ Ay')] (24)

Iteration between this step and the preceding one is continued until there is a relatively
small change in particle temperature. Gas source terms are then accumulated.

22



6. The conservation equations for the gas are now solved including the source terms due to
the particles. Boundary conditions for the energy equation for the gas are obtained by
making wall element energy balances including radiation, convection, and a specified
amount of conduction through the wall along with the Reynolds analogy for the specifi-
cation of the heat transfer coefficient. These wall energy balances are embedded within
a radiation enclosure calculation consisting of thermal radiation transport among all
the receiver surfaces and with the front of the particle cloud. From this enclosure
calculation, a new irradiation on the front of the particle cloud is then determined.

7. Steps 2 to 6 are repeated until convergence criteria based on the total residuals of the
mass, momentum, and energy equations of the gas are obtained. For each equation
the total residual is determined as the sum of the absolute value of the local residuals
over all control volumes. Since the equations are in dimensional form, the convergence
criteria are also dimensional. The values used are 0.01 kg /s for the total mass residual,
1.0 Nt for the total momentum residual, and 4.0 kg-K /s for the total energy residual.
Dividing these convergence criteria by the number of control volumes and normalizing
by the magnitude of a characteristic term in the equations gives a measure of the rel-
ative error. For the above convergence criteria, this error is 4x107° for the continuity
equation, 4x10723 for the momentum equation, and 10~ for the energy equation. Neg-
ligible changes in the dependent variables occurred at a monitoring location when the
above values were satisfied simultaneously.
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III. NOMINAL CAVITY CALCULATIONS AND DISCUSSION

Geometry and Boundary Conditions

The base case solid particle receiver geometry used in modeling is shown in Figure 3.
The receiver consists of a two dimensional, rectangular cavity that is 5 m deep and 6.7
m high. An aperture to allow for the incident solar flux is 4.1 m high, and an opening
of 1.1 m at the top is used for the introduction of the particles. Air enters the cavity
through the aperture at 293 K. The particle mass flow is introduced as a point source at
the top of the cavity ( £ = 6.7 m, y = 1.25 m), with the mass flow-rate divided into ten
equal parts. Since the model is two dimensional, the mass flow rate is given with units of
kg/(s - meter width of cavity). The particles are given an initial downward speed of 0.3
m/s and an initial temperature of 293 K. An initial spray cone of 0.6 radian is applied.
These initial conditions for the particle velocity were inferred from the spread rates of
particles falling from a hopper into ambient air in the experimental work of Hruby and
Burolla (1984). Zero gradient conditions for the dependent variables are set at the top
outflow opening. A hydrostatic pressure gradient is imposed between the aperture and
the top opening (AP = poogL). A provision is made for applying a back pressure at the
top opening by modifying the hydrostatic pressure at this position with the constant, K,
where AP = KpogL. Values of K less than 1.0 are used to simulate the effects of a
pressure drop caused by heat exchanger or particle distribution equipment placed over the
top opening. Zero pressure correction and a direct application of the continuity equation
are used across the fluid inlet and outlet areas in order to obtain velocities across these
planes.

Typical computer time on a Cray-1 varied from 5 to 10 minutes. The original version
of the code used the SIMPLE (Patankar, 1980) algorithm to satisfy continuity and to
compute the pressure field. By incorporating SIMPLER (Patankar, 1980), which allows
for an additional equation for the pressure field, the number of iterations required to reach
a converged solution was reduced by a factor of 8, and the computational time was reduced
by a factor of 4.

Nominal Parameter Values

The following nominal parameter values were used in the calculations: 0.92 MW /m?
incident solar energy (uniformly applied to the front of the cloud), 5.4 kg/s particle mass
flow rate, 650 micron diameter, spherical, bauxite particles, particle density of 3130 kg/m?3
and temperature dependent specific heat, initial particle temperature and downward ve-
locity of 293 K and 0.3 m/s, a two band radiation calculation with a solar band from 0.2
to 1.5 microns and an infrared band from 1.5 to 30 microns, particle scattering albedo
of 0.12 in the solar band and 0.4 in the infrared band (Stahl et al., 1985), and cavity
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wall reflectivity of 0.2 for both bands. Cavity wall temperatures were determined from a
radiation enclosure calculation within the cavity.

Air and Particle Fields

Figures 4a and 4b show the calculated air flow field with and without particles, re-
spectively, for the conditions described above. The air flows in the aperture, turns upward
at the hot back wall of the cavity, and flows out of the opening at the top. A significant
increase in upward air movement occurs as a result of the buoyancy generated by the
convective heat transfer from the particles. In the lower section of the cavity, entrainment
of cold air into the falling particle cloud is shown by the downward motion of the air.
Isotherms in the interior of the cavity are shown in Figures 5a and 5b, with and without
particles, respectively. The convection from the particles to the air is evident in the lower
portion of the cavity where the cold inflowing air interacts with the hot falling particles.

Particle temperatures for the extreme (front and back) trajectories are shown in Figure
6 as a function of vertical position within the cavity. For this mass flow rate of 5.4 kg/s,
the optical thickness, 7, 4, of the particle cloud varies from a value of 3 near the particle
inlet at the top of the cavity to 0.5 at the bottom of the cavity. A temperature difference
of approximately 400 K from the front to the rear particle trajectory results over much of
the fall height of the particles. In a study of the radiative transfer within the particle cloud
at a fixed wavelength, Houf and Greif (1985) showed that as the optical thickness of the
particle cloud increases, the ratio of radiative absorption between the front and the back
of the particle cloud increases. Furthermore, the fraction of incident solar energy absorbed
increases. Particle vertical velocities for the front and rear trajectories are shown in Figure
7 (negative velocity corresponds to downward motion). At a given elevation there is very
little variation in velocity. The change in slope of the vertical velocity along the front
trajectory (traj. 1) which occurs approximately 3 m from the top opening is a result of
the large grid spacing. As the particles approach the cavity bottom they attain a terminal
velocity slightly greater than 7 m/s. The terminal velocity for an isolated particle falling
in a stationary ambient medium at atmospheric pressure and with a temperature of 500
K (average conditions in the cavity) is less than 6 m/s, which indicates that the particles
are entraining air as they fall through the cavity.

Mesh Refinement and Wall Function Application

The results described above were computed on a uniform, coarse mesh using 20 grid
lines in the vertical (z) direction and 16 grid lines in the horizontal (y) direction. The
values of Az and Ay were 0.37 m and 0.36 m, respectively. Wall functions developed for
turbulent forced flows near bounding surfaces (Launder and Spalding, 1972) were used to
provide a wall shear stress source term for the gas at the first computational control volume
away from the wall. Instead of making calculations in the viscous sublayer, wall functions
were used because the large number of grid points required to resolve the boundary layers
to this level has an adverse impact on the convergence properties of the code (Alpert, 1984;
Launder, 1984). It is also noted that the {k-¢) turbulence model being used would have
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Figure 4a. Air flow field without particles. The maximum air velocity is 2.5 m/s.
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required modifications to account for viscous and wall damping effects in the near wall
region. Although the k-¢ turbulence model of Jones and Launder (1972) has been used by
Plumb and Kennedy (1977) and Humphrey et al. (1985) (with modifications for buoyant
effects) in calculating the turbulent natural convection boundary layer adjacent to a ver-
tical, isothermal flat plate in a quiescent, unstratified ambient medium, the appropriate
modifications in recirculating regions of a buoyant cavity flow have not been established.

For the uniform, coarse mesh of 16 by 20 grid lines, the distance from the wall to the
first grid point is greater than the thickness of a turbulent natural convection boundary
layer adjacent to a vertical, isothermal flat plate in an undisturbed ambient medium. The
derivation of the wall function restricts its use to the logarithmic region of a turbulent
wall flow. The logarithmic region of a forced turbulent boundary layer extends from a
dimensionless distance, y*, of 35 to 350 (White, 1974). Assumptions used in deriving the
wall function are that the layer next to the wall is one of constant shear stress and that
the production and dissipation of turbulent kinetic energy are in balance (convection and
diffusion of turbulent kinetic energy are neglected). These assumptions imply that the
point in question be relatively near the wall. However, the location of the first control
volume next to the wall should be outside the viscous sublayer.

In addition to the uniform, coarse mesh calculations discussed above, the system of
equations was also solved using a highly nonuniform grid (47 by 53 grid lines) such that all
control volumes adjacent to walls had values of y* less than 100. Although the convergence
criteria based on the total residuals of the mass, momentum, and energy equations which
were attained for the coarse grid could not be fully achieved on this fine grid, the iterations
were continued until the results for the velocity and temperature profiles showed little
change (less than 0.5 percent). The resulting velocity field in the cavity without particles
is shown in Figure 8 and can be compared to the corresponding coarse grid velocity field
in Figure 4a. A larger recirculation zone can be seen below the lower lip of the cavity for
the fine grid case. Also, the fine grid result shows some outflow from the cavity aperture
which was absent in Figure 4a. With respect to the parameters of interest for the solid
particle receiver, particle exit temperatures for the two cases differ by less than 20 K and
the calculated cavity efficiency agrees to within 2 percent. Hence, the uniform coarse mesh
was used in subsequent calculations.

Effects of Turbulence

The k-¢ turbulence model used in this analysis has been developed for forced flows in
the absence of particles. Various researchers have modified this model to include the effects
of buoyancy. However, Mason and Seban (1974) calculated a turbulent natural convection
boundary layer adjacent to an isothermal vertical flat plate using the turbulent kinetic
energy equation for a forced flow along with a prescribed length scale. The results obtained
were in reasonable agreement with experimental profiles of the velocity and temperature.
Abdelmeguid and Spalding (1979) used the k-¢ model with constants established for a
forced flow to calculate the flow and heat transfer in a vertical pipe with buoyancy effects.
They also obtained reasonable agreement with experimental results for the mean velocity
and temperature profiles.
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Little information is available on the effect of the particles on the turbulence of the
air. Injection of particles within a turbulent boundary layer has been shown to cause
a reduction in wall drag. Results of various boundary layer investigations have been
summarized by Rudinger (1980). However, in the present study, the particles are not
confined to wall boundary layer regions. Soo (1967) has shown that particles have little
effect on the turbulence of the air up to mass loadings, mp/m,;. , of at least 0.06. It is
not clear what effect particles would have on the air turbulence for a mass loading close
to unity which would be typical in a solid particle receiver. >

As noted earlier, ten particle trajectories were used in the preceding calculations. The
computed results were found to be insensitive to the number of trajectories used over a
range from 5 to 20. The computed horizontal thickness of the particle cloud, d, was several
centimeters and this thickness did not vary significantly over the fall height of the particles
from the top to the bottom of the cavity. The particle motion as described by equations
(8) and (9) is affected by the turbulence in the air only through the mean air velocity.
There is no effect on the particle motion due to the random turbulent fluctuations. A
method of determining particle dispersion in a turbulent flow field was described by Chen
and Crowe (1984), who used a Monte Carlo approach to model the randomness of the
turbulent gas field as seen by the particles. Briefly, the method consists of integrating the
particle motion equations (8) and (9), with the gas velocity replaced with an average and
a fluctuating part. The fluctuating gas velocity (with zero mean) is determined from the
turbulence kinetic energy of the gas flow field, using a random number generator. The
particle motion is affected by a particular fluctuating gas velocity for a time that is the
minimum of either the characteristic eddy time of the gas turbulence or the time for the
particle to pass through the eddy. A large number of particles is selected to provide a
meaningful description of the dispersion of the particle cloud.

The Monte Carlo method was incorporated into the solid particle receiver computer
code and 1000 trajectories were calculated. The results were consistent with those obtained
using a deterministic approach, suggesting that for the present conditions, the particle
motion is not altered significantly by the turbulent fluctuations of the air.
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IV. PARAMETRIC EVALUATION OF RECEIVER

Effect of Varying Particle Parameters

Parameters were varied independently to determine their effect on cavity efficiency
and particle exit temperature. Figure 9 shows the effect of varying the mass flow rate
of the particles on the average exit temperature of the particles and on the efficiency of
the cavity, defined as the ratio of the sensible energy gain of the particles to the incident
solar energy. Increasing the particle mass flow results in an increase in cavity efficiency
with a decrease in particle temperature. For a fixed incident flux, an energy balance shows
that an increase in the mass flow rate leads to a decrease in the maximum temperature
difference.*

Reducing the particle size is expected to increase both the cavity efficiency and particle
temperature, since smaller particles result in a greater optical thickness (for a specified
mass flow rate) and also remain in the flux field longer due to their smaller fall velocities.
This does occur as shown in Figure 10, but the effect is not large. The convective heat
transfer from the particles to the air increases as the particle size is reduced, and this effect
partially offsets the gain in efficiency and limits the increase in the particle temperature
as noted above. In Figure 11, the convective loss fraction, defined as the ratio of the total
convective heat transfer between the particles and the air to the incident solar energy, is
shown as a function of particle size.

The effect of using selectively absorbing particles was investigated by assigning one
value of the particle scattering albedo, defined as the ratio of scattering to the sum of
absorption and scattering, for the incident solar energy and another value for the reradiated
energy from the cavity walls. By using a larger value of the scattering albedo for the
infrared energy, the particles emit less energy and thus might be expected to retain a
larger amount of the absorbed solar energy. However, as shown in Figure 12, both cavity
efficiency and particle temperature decrease as the infrared scattering albedo increases.
This is a result of the decreased absorption of the (large amount of) infrared energy
emitted from the cavity walls which is incident on the particle cloud.

Figure 13 shows the effect of varying particle absorptivity, defined here as one minus
the single scattering albedo defined earlier, on the cavity efficiency and on the average exit
temperature of the particles. The results shown in this figure were calculated assuming that
the radiative properties of the particles were independent of wavelength (gray particles).
An additional parameter study involving radiative properties was performed in which the
reflectivity of the cavity walls was varied from 0.2 to 0.9. There was negligible change in
the efficiency of the cavity and the average exit temperature of the particles for this range

* Strictly, this would be valid for a fixed absorbed energy.
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of reflectivity.

Effect of Varying Receiver Geometry

The thermal performance of this two dimensional model of a solid particle receiver as a
function of the size of the heliostat field was investigated for field sizes of 10* m? and 10° m?2.
Table 1 is a listing of receiver and aperture dimensions along with total incident energy
and average flux level for the two field sizes. Baseline values of aperture and receiver size
and incident energy were obtained from the report of DeLaquil and Anderson (1984). In
the present work, all incident energy passing through the aperture of the receiver was
assumed to be incident on the particle cloud. An effective width of the particle cloud
was determined based on the receiver depth and an included angle that varied between
120° and 140°, as discussed in DeLaquil and Anderson (1984). This effective width of the
particle cloud was used to determine the average flux of Table 1 and to convert the total
mass flow rate of the particles, described below, to units of kg/(s - meter width of particle
cloud). Variations of aperture and receiver size which might be achieved by the use of a
terminal concentrator (a refocusing device situated near the receiver itself) are also listed
in Table 1. Calculated results of cavity efficiency, average exit temperature of the particles,
and distribution of the thermal losses, for the cases of Table 1, are given in Table 2. For all
cases, the average flux level was applied uniformly at the front edge of the particle cloud
over the entire fall height within the receiver. The particle mass flow rate for each case
was chosen to yield a nominal receiver efficiency of 70 percent and a nominal temperature
rise of the particles of 800 K:

0.7(incident
= (incident energy) (25)
800cp,q,;

The radiative loss fraction is defined as the ratio of the amount of radiant energy
leaving the cavity to the incident solar energy. According to De Laquil and Anderson
(1984), approximately 11 to 12 percent of the incident energy listed in Table 1 would be
lost due to spillage. The highest calculated receiver efficiency was 86 percent and was for
a case representing the effects of adding a terminal concentrator to a receiver designed
for a 10° m? heliostat field. For this case, the receiver dimensions were reduced by a
factor of 30 percent, resulting in a higher average solar flux incident on the particle cloud.
In general, higher incident solar fluxes and smaller receiver dimensions result in higher
efficiencies and higher particle temperatures. As the receiver size decreases, the convective
loss fraction decreases. An exception to this observation occurs for the last case of Table
2. In that case, the particle mass flow rate was significantly higher than other cases of
Table 2, due to the shallower receiver, and significant air entrainment was noted for this
case. In all cases, the convective heat transfer is primarily from the particles, with the
walls contributing a smaller amount. Another conclusion which can be drawn from the
results in Table 2 is that the radiative loss fraction decreases as the ratio of interior receiver
perimeter (twice the sum of the receiver height and depth minus the aperture height) to
aperture height increases, with the exception being the last case of Table 2. This last case
has the smallest radiative loss fraction due to the large mass flow rate of particles and the
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Table 1. Cavity dimensions and incident power levels for two heliostat field sizes.

Field ' Aperture

Receiver Receiver Incident Average
Size Size, W x H Depth . Height Energy Flux
(m?) (m x m) (m) (m) (MW) (MW/m?) |
104" 3.0 x 2.6 1.6 2.6 7.7 0.79
104 2.1x 1.8 1.6 1.8 7.7 1.28
105 7.0 x 5.8 5.0 9.5 75.0 0.65
10° 5.0 x 4.1 5.0 9.5 75.0 0.65
10° 5.0 x 4.1 5.0 6.7 75.0 0.92
10° 5.0 x 4.1 3.5 6.7 75.0 1.53

* Base case receiver from DeLaquil and Anderson (1984)
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Table 2. Cavity efficiency, average exit temperature of particles, and distribution

of heat losses as a function of heliostat field size and cavity size.

Field Average Tpexit
Size Flux n Qrad loss Qcav loss
(m?) (MW /m?) ‘ (K) Qinc Qinc
104" 0.79 0.59 930 0.29 0.11
104 1.28 0.70 1032 0.22 0.08
l 105" 0.65 0.59 932 0.11 0.28 i
108 0.65 0.64 973 0.09 0.26 :
10° 0.92 0.70 1032 0.10 0.19 |
10° 1.53 0.86 1175 0.07 0.07

* Base case receiver from DeLaquil and Anderson (1984)



increased absorption of radiation in the falling cloud.

The effect of the distribution of the incident solar flux on the efficiency of the receiver
and on the temperature of the particles was examined. The results from a uniform solar
flux distribution were compared with those obtained from applying the same total incident
power in a variable distribution consisting of a linear variation of the solar flux over the
top and bottom quarters of the cavity with a constant flux applied over the central half of
the cavity. Both cavity efficiency and average exit temperature of the particles increased
slightly (2 percent and 30 K, respectively) for the variable flux distribution.

Receiver Modifications for Reducing Convective Losses

The efficiency of the cavity and the temperature of the particles could be increased
if the hot, buoyant air generated within the cavity due to convection from the particles
and cavity walls was used to preheat the particles or was contained within the cavity.
Calculations were made with different values of the back pressure parameter, K, to obtain
different pressure drops at the top outlet opening. Values of K less than one would occur
if a heat exchanger to preheat the particles or any other device causing a restriction to
the outflow of air, such as a hopper of particles, was situated over the inlet region. At
the same time a forced flow outside the cavity aperture was permitted to simulate an air
window across the open cavity aperture. Figures 14a and 14b show the resuiting air flow
field and temperature field, respectively, which occur when a back pressure parameter,
K = 0.75, is applied at the top outlet of the cavity, and a forced flow with free stream
velocity of 3.0 m/s is directed vertically upward outside the cavity aperture. Another
method of controlling convective air currents would be to replace the open aperture with
a solid window transparent to solar radiation. Figures 15a and 15b show the air flow
field and the temperature field, respectively, which result when a solid window that is
transparent to radiation at all wavelengths is used in place of the open aperture. Table
3 contains the results for cavity efficiency, convective loss fraction, radiative loss fraction
and average exit particle temperature which are obtained by varying the back pressure
parameter and forced flow velocity. The results obtained using a transparent window are
also shown in this table. A small convective loss occurs for the transparent window case
due to the presence of an opening in the top of the cavity.

The efficiency and particle temperature do increase by applying the above modifications
to the cavity design in order to reduce the convection loss. However, a cavity efficiency of
about 80 percent seems to be reached for the cavity design under consideration. This is
due to increasing thermal radiation losses as higher particle and cavity wall temperatures
are attained. Heat losses from the receiver by conduction through the walls are omitted
from Table 3; conduction through the cavity walls is estimated to be approximately one
percent of the incident solar energy. The fourth entry in Table 3 has losses which are
greater than (1—r7) . This difference results from inaccuracies due to the combined effects
of the necessarily limited resolution provided by the numerical grid and the iterative nature
of the solution.
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Figure 14a. Air flow field with particles with a forced flow velocity of 3 m/s applied in the
positive x direction outside the cavity and the back pressure parameter, K, set to 0.75 at

the top opening. The maximum air velocity in the cavity is 6 m/s.
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Figure 14b. Air isotherms with particles with a forced flow velocity of 3 m/s and back
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Figure 15a. Air flow field with particles with a transparent window across the aperture of
the cavity. An opening is permitted at the top of the cavity. The maximum air velocity

in the cavity is 6 m/s.
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Figure 15b. Air isotherms with particles with a transparent window across the aperture
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Table 3. Cavity efficiency, average exit temperature of particles, and heat losses
by convection and radiation for various modifications to the baseline cavity (SPR base).

SPR Air Window  Air Window  Air Window Trans.
base 3 m/s 3 m/s 3 m/s Window
K=1.0 K=1.0 K = 0.75 closed top open top
n 0.71 0.74 0.76 0.80 0.81
Tpesit 1032 K 1059 K 1089 K 1118 K 1131 K
Qenv loss 0.19 0.15 0.12 0.10 0.04
Qinc
@rad loss 0.09 0.10 0.11 0.11 0.13
Qinc

TS/TS




V. COMPARISON WITH EXPERIMENTAL RESULTS

Comparison with the Radiant Heat Facility Test

An experiment was performed at the radiant heat facility at Sandia, Albuquerque, by
Hruby et al. (1984) in which the temperature and velocity of irradiated, falling clouds of
particles were measured. The geometry for the experiment was limited due to the nature
of the radiant heat source to a channel 10 meters high, 0.3 m wide, and 0.15 m deep.
The radiation source consisted of banks of tungsten filament infrared lamps, arranged to
provide a uniform heat source over the 10 meter fall height of the particles. Fused silica
plates formed the front wall of the channel and separated the lamps from the particles.
Radiant flux measurements were made using circular foil heat flux gauges. The particles
were dropped from a hopper located just above the top of the channel. An LDV system was
used to measure particle velocity. Particle temperature was measured using an insulated
cup which contained a thermocouple.

Calculations were made assuming that dependent variables and properties did not vary
over the width of the channel. A uniform mesh with Az = 0.55 m in the vertical direction
and Ay = 0.01 m in the horizontal direction was used. The front wall of the channel was
assumed to be semi-transparent, whereas the back wall was opaque with a reflectivity of
0.5. Radiative properties of the walls and the particles were assumed to be independent of
wavelength. Calculations were made using the properties of silicon carbide particles with a
particle diameter of 650 microns. The single scattering albedo of the particles was assumed
to be 0.2. The intensity of the radiation incident upon the semi-transparent front wall of
the channel was chosen so that the calculated irradiation at the back wall of the channel
matched the value measured in the experiment. Comparisons of channel efficiency (defined
in the same manner as for the cavity) and average exit temperature of the particles are
made for run number 502 (Hruby et al., 1984) and are shown in Table 4. Efficiency of the
channel is low due to the large area of the semi-transparent front wall relative to the area of
the interior walls. The various model entries in Table 4 correspond to different conditions
for the transmissivity of the front wall of the channel and for the back pressure imposed
at the top of the channel. The back pressure parameter, K, was varied because this has a
significant effect on the air velocities in the channel and these velocities were not measured.
The calculated efficiency of the cavity and the average exit temperature of the particles,
however, are fairly insensitive to both the back pressure parameter and the transmissivity
of the front wall. The average exit temperature of the particles was calculated at the
bottom of the 10 meter channel whereas the particle temperature was measured in a catch
bin below the exit of the channel. Thus, the measured particle temperature of 1125 K
would be expected to be lower than the calculated values. Profiles of particle temperature
shown in Figure 16 indicate that calculated temperatures (for the model with 7 = 0.8)
exceed measured values by as much as 50-200 K inside the channel. The measured particle
temperatures shown in Figure 16 have been averaged over several experiments and the
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Table 4. Efficiency of energy absorption and average exit temperature of particles.
Comparison of calculations and measurements for the channel geometry
of the radiant heat test.

radiant heat model model model
experiment 7=0.8 7=0.4 7T=04 7 =0.1
no. 502* K = 0.7 K = 0.7 K = 0.65 K = 0.65
7 0.116 0.117 0.122 0.125 0.126
Tp it 1125 K 1117 K 1183 K 1200 K 1204 K

(in catch bin)

* Hruby et al.

(1984)
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Figure 16. Calculated and measured particle temperature for the channel geometry of the
radiant heat test as a function of distance from the hopper.
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uncertainty in these measurements was not quantified.

Figure 17 shows the calculated (for the model with 7 = 0.8) and the measured ver-
tical velocity of the particles as a function of distance from the top of the channel. The
agreement is quite good for a fall distance less than 4 meters. Beyond this distance, the
calculated values change very slightly while the measured value decreases by a factor of
two. From the measured velocity profile, Hruby et al. (1984) concluded that this drop in
velocity was due to convective air currents generated by particle heating of the air in the
lower section of the channel. They also assumed that the hot rising air transferred energy
to the particles in the upper portion of the channel and hence exerted less drag force on
the particles in this region. The calculated profiles of air velocity and temperature show
this to be the case; in fact, for most of the cases in Table 4, there is a net convective heat
transfer from the air to the particles, with convective heat transfer from the walls to the air
supplying the necessary energy for the air to maintain an upward movement in the chan-
nel. Calculations yield vertical air velocities = 1.5 m/s in the lower half of the channel.
Vertical air velocities decrease with height in the channel and are 50 percent lower near
the top outlet of the channel. Similarly, the temperature of the air midway between the
channel walls is 1200 K in the lower half of the channel, whereas the temperature of the air
leaving the channel is 600 K. The calculated air velocities, however, are not large enough
to cause the reduction in particle velocity that is measured. Air velocities of 4-5 m/s would
be required to achieve the measured reduction in vertical velocity of the particles.

Comparison with Cold Flow Drop Tests

As previously discussed, measurements of particle velocity in falling clouds of particles
indicated a significant reduction in drag from what would be experienced by a single
particle in free fall (Hruby and Burolla, 1984). Initial attempts to model this gas-particle
flow as a one dimensional two-phase flow were unsuccessful in predicting the fall velocity of
the particles, and the reason was attributed to two dimensional effects. Using the PSI-Cell
code, Crowe (1984) predicted air and particle velocities in a two dimensional, axisymmetric
gas-particle flow. Measurements of particle velocity (Steeper, 1985) using LDV in a falling
cloud of particles are compared in Figure 18 with calculations obtained using the PSI-
Cell code. The calculations shown in this figure are for particles with a diameter of 650
microns and a material density of 3130 kg/m3. The predictions of particle velocity using
the PSI-Cell model are spread over a band, where the upper limit of particle velocity
represents a particle located near the center of the cloud and the lower limit represents
a particle near the outer edge of the cloud. The agreement between measurements and
calculations is reasonably good, although the prediction of particle velocity gives slightly
larger values at greater distances from the hopper. The particles used in the experiment
have a nominal size of 650 microns with a size distribution that is unknown. The sensitivity
of the calculations to particle size was examined, and the vertical velocity of 550 micron
particles at a distance of 3 meters from the hopper was found to vary from 5.8 m/s at
the center of the cloud to 5.3 m/s at the edge of the cloud. The calculated diameter of
the particle cloud was approximately 20 cm at a distance of 3 meters from the hopper.
Error bars for the experimental data are not shown on Figure 18 but an uncertainty
in vertical velocity of + 0.3 m/s for the larger velocities has been estimated by Steeper
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(1985). Calculations of particle velocity obtained using both a one dimensional two-phase
flow model (Hruby and Falcone, 1985) and the standard isolated sphere model (with drag
coefficient given by equation (14)) are also shown in Figure 18. These calculations were
made for a particle diameter of 650 microns.

Profiles of particle temperature and velocity obtained from the model and the exper-
imental determination of these quantities show similar trends for the radiant heat test.
Although discrepancies exist, it is unclear whether these discrepancies are due to model
deficiencies, uncertainty in boundary conditions, or uncertainty in experimental measure-
ments. Agreement between the measured and predicted particle velocities in cold flow drop
tests is reasonably good. The momentum coupling that occurs when a cloud of particles
is dropped from a hopper into quiescent air is predicted by the model.
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SUMMARY

A study has been made of the gas-particle flow and heat transfer in a steady, two

dimensional, solid particle solar central receiver. The elliptic equations for conservation of
mass, momentum, and energy of air are solved, allowing for the temperature dependence
of the physical properties. The PSI-Cell model provides a Lagrangian description of the
particle flow and allows for two-way coupling of momentum and heat transfer between
the particles and the air. Radiation transport within the particle cloud is determined by
solving the radiative transport equation on a monochromatic basis, including the effects
of anisotropic scattering. Radiation transport with the cavity walls and the front surface
of the particle cloud is also included. A parameter study has resulted in the following
conclusions.

1.

Increases in cavity efficiency are accompanied by lower particle temperatures when
mass flow rate is increased.

. Smaller particles (in conjunction with a fixed mass flow rate) result in larger optical

depths, longer residence times, and higher convective losses.

. Larger infrared scattering albedo (reduced particle emission) results in lower particle

temperatures and lower cavity efficiencies. This is due to reduced absorption of the
infrared radiation from the high temperature walls.

. Convective losses from the particles represent a significant fraction of the incident

solar energy unless techniques for controlling these losses, such as air windows (or
transparent windows) are used.

Optical thickness (horizontally into the particle cloud) varies by almost an order of
magnitude from the top to the bottom of the cavity due to dilution resulting from
particle acceleration in the vertical direction. This effect is minimized for smaller
receivers.

Parameter studies have shown that larger incident solar fluxes coupled with smaller
receivers result in improved receiver efficiency and higher particle temperature.
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Cp =

F A for

F A,bac

Qrad

NOMENCLATURE

drag coefficient
total radiative heat flux, W/m?

spectral radiative heat flux,
W/(m? - micron)

forward spectral radiative heat flux,
W/(m? - micron)

backward spectral radiative heat flux,
W/(m? - micron)

drag force exerted on a single particle, N

monochromatic radiative intensity,
W/(m? - micron - sr)

Planck’s function, W/(m? - micron - sr)
back pressure parameter

vertical distance from top of cavity
to bottom of cavity aperture, m

particle number flow rate

Nusselt number = hdp/k

pressure, N/m?

Legendre polynomial of order k
Prandtl number

heat transfer from a particle to air, W

radiation source term in particle
energy equation, W

particle Reynolds number

= pdp |up — 1] /p

gas r,y momentum equation source term
due to particles, N

gas energy equation source term due to particles,
kg K/s

temperature, K
specific heat of air, J/(kg - K)
specific heat of particle, J/(kg - K)

thickness of particle cloud, m
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8,0 =
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KA

o) =

T =

Tad =

particle diameter, m or microns

acceleration due to gravity, m/s?
asymmetry factor for the phase function

heat transfer coefficient, W/(m? - K)
thermal conductivity, W/(m - K)
particle mass flow rate, kg/s

particle number density, particles/m3
phase function

time, s

particle transit time across a computational

cell along the ith trajectory, s
vertical velocity, m/s

horizontal velocity, m/s

vertical position coordinate, m
horizontal position coordinate, m

horizontal position coordinate into the
particle cloud, m

dimensionless distance from a wall = y
where 7, is the wall shear stress

vertical grid spacing, m
horizontal grid spacing, m
extinction coefficient, m™!

turbulent dissipation, m? /s3

polar angle of coordinate system
azimuthal angle of coordinate system
relative scattering angle

turbulent kinetic energy, m?/s?

absorption coefficient, m™!

scattering coefficient, m™!

density, kg /m3

ratio of CD/CDStokes

viscosity, kg/(m - s)

optical depth

total optical thickness of particle cloud

solid angle, sr

Twp /K2
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wy = single scattering albedo

subscripts
b = blackbody
eff = effective viscosity or conductivity
i = for the ith trajectory
= particle phase
turb = turbulent quantity
A = wavelength dependence
oo = evaluated at ambient conditions
superscripts

1 = initial particle conditions
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