SAND78-8276
Unlimited Release

Natural Convection Heat Transfer From
an External Receiver

Sandia Laboratories
energy report




Issued by Sandia Laborstories, operated for the United States Departmaent
of Energy by Sandia Corporation.

m
NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the
United States Department of Energy, nor any of their employees,
nor any of their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or use-
fulness of any information, apparatus, product or process dis-
closed, or represents that its use would not infringe privately
owned rights,



SAND78~-8276

Unlimited Release
Printed December 1979

NATURAL CONVECTION HEAT TRANSFER
FROM AN EXTERNAL RECEIVER

Dennis Siebers
Thermal Sciences Division 8124
Sandia Laboratories, Livermore

ABSTRACT

A numerical solution of turbulent, two-dimensional, natural convection
heat transfer for a high temperature, vertical surface is presented in this
work. This is relevant to heat transfer from the receiver of a solar central
receiver power plant on a calm day (no wind). It is the lower bound of convec-
tive loss from an external receiver. Application of wall suction to the
receiver surface is also examined as a means of reducing convective loss.

Several conclusions can be drawn from the results. First, natural
convection heat transfer caused by high operating temperatures and long
vertical surfaces is an important heat loss mechanism from a receiver.
Second, heat transfer correlations based on experimental work at much lower
temperatures and Grashof numbers {( 1012{ do not apply to high temper-
ature and high Grashof number (1013 - 1014) natural convection on a
receiver. This model, based on realistic physical assumptions, estimates
heat transfer rates 50 to 100 percent higher for temperatures and Grashof
numbers in the range of interest than the empirical models developed at lower
temperatures and Grashof numbers currently used by many receiver designers.
Third, analytically derived correlations based on the assumption of constant
properties across a boundary layer are not appropriate for the high tempera-
ture natural convection heat transfer on receivers. The model demonstrates
that large temperature differences between the wall and free stream signifi-
cantly effect the heat transfer as a result of the large property variations
across the boundary layer. Finally, boundary layer suction results show
suction can be used to reduce convective heat loss from a receiver especially



if some of the energy in the air extracted through the wall can be used to
preheat the working fluid in the receiver. '

In the Appendix an éna]ysis of the economic impact of energy loss
from a receiver is presented. It demonstrates the importance of receiver
performance with regard to solar central receiver plant cost.
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NOMENCLATURE

constant in the relation for turbulent viscosity

annualized fixed charge

damping constant in van Driest damping function

constant in the relation for turbulent energy dissipation

balance of plant capital cost (plant cost less heliostat field cost
and receiver cost) '

 levelized busbar energy cost

specific heat of fluid

heliostat field cost

rated plant capacity in kilowatts

ratio of the average 1oad for a year to rated plant capacity.
total capital investment in plant

factor for interest charged during construction period on capital
investment money.

damping function to suppress mixing length in the region immediately
adjacent to a wall

levelized annual fuel cost

local gravitational constant to determine free-convection body force
proportionality constant, Newton's second law

Grashof number (g8 (T, -T,)x*/v%)

fluctuation in stagnation enthalpy

static enthalpy of fluid

stagnation enthalpy of fluid (I + U2/29C J)

conversion constant, mechanical energy to thermal energy
diffusion term, turbulent kinetic energy equation '

thermal conductivity of fluid

annual energy output of plant in kilowatt hours

mixing length ‘



Fe

suction rate at the wall

receiver efficiency, ratio of energy transferred to working fluid to

energy incident on receiver.

Nusselt number . _
levelized annual operations and maintenance cost
thermodynamic pressure '

Prandtl number

turbulent Prandtl number (ey/ey)

turbulent kinetic energy

heat transfer rate ,

radius of curvature of receiver surface
receiver capital cost

turbulent Schmidt number (ew/eq)

velocity component in x-direction

shear velocity YgcTo/Pp

fluctuation in U component of velocity
velocity component in y-direction

fluctuation in V component of velocity
distance along surface

distance -normal to surface

dimensionless y distance, y Ut/Vg

volume coefficient of expansion

boundary Tayer thickness where U/U_, = 0.99
eddy diffusivity for heat

eddy diffusivity for momentum

eddy diffusivity for turbulent kinetic energy
Karman constant, mixing length model

outer length scale constant mixing length model
kinematic viscosity of fluid

density of fluid

combined laminar and turbulent shear stress



Subscripts
bl boundary layer

m maximum value

3} wall value

S wall suction value
o free stream value
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NATURAL CONVECTION HEAT TRANSFER
FROM AN EXTERNAL RECEIVER

Introduction

The solar central receiver concept is being extensively studied as a
possible means of supplying large quantities of energy at high temperatures
for process heat or for electric power generation needs. The concept is
based on a redirection .of the incoming collimated solar radiation by a
heliostat field onto a focal point on a tower. A receiver located at the
focal point absorbs the solar energy and transfers it to a working fluid as
thermal energy. The thermal energy is then used for process heat or generat-
ing electricity. '

Two types of receivers, cavity and external, have been designed. The
cavity receiver has an aperture through which the solar energy is directed.
The energy is then absorbed on the interior surface. The external receiver
has the solar energy absorbing surface on the exterior, directly exposed to
the environment. '

Efficient absorbtion and transfer of the solar energy to the working
fluid by'the receiver is critical to the central receiver concept. Plant
performance, plant capital cost, and the cost of the energy produced are
significantly affected by the receiver efficiency (see Appendix). Therefore,
a detailed understanding of the heat transfer processes occurring in the
receiver is important. These heat transfer processes include absorption of
incoming solar radiation, emission of thermal radiation by the receiver
surface to the atmosphere, convection from receiver surface to the atmos-
'phere, convection of energy to the working fluid, and conduction in the
receiver walls.

The -focus of this work is convective heat transfer from an external
receiver to the atmosphere, which represents an energy loss from the receiver.
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Preliminary estimations of convective heat loss for current receiver designs
indicate that it varies between a few percent at design point conditions
(high solar flux, low wind, and lower bound on uncertainty in convective heat
transfer), to as much as thirty percent at off-design conditions (low solar
flux, high wind, and upper Bound on uncertainty in convective heat transfer).
The magnitude of energy lost by convection from a receiver depends on.receiver
operating conditions such as the incident solar flux, the receiver temperature,
and the atmospheric wind speed. .

Since convection can account for a large part of the energy lost from a
receiver, accurate estimations of convective heat losses are necessary.
Currently, this is not possible. The turbulent three-dimensional mixed
convective flow around a receiver with Grashof numbers based on the height of
the receiver from 1013 through 1014 and with Reynolds numbers based on
the width of the receiver from 106 through 107 has not been examined.

This is the result of the characteristics of the receiver and the air flow ,
around it that make the problem difficult to examine experimentally or
numerically. Some of these characteristics are the high operating temper-
atures (500 to 1200 C) the large receiver dimensions (10 to 30 m in any
direction), the rough surface on the receivers created by tubes welded
together to form the heat transfer surface through which the working fluid
flows, the three-dimensional nature of the air flow caused by strong bouyant
forces and the three-dimensional shape of the receiver, and the turbulence in
the free stream and the boundary layer. _

Because of the complexity of the overall three-dimensional convection
heat transfer from a receiver, a much simpler two-dimensional prdb]em wds_
examined as a first step: turbulent natural convection heat transfer from a
high temperature vertical flat surface.t This represents the convective
heat transfer from an external receiver on a calm day with no wind, which is
the lower bound of convective loss. It is is also related to heat transfer
from the large vertical surfaces in cavities.

This report presents a numerical solution that problem and compares |
it with previous related work. First, the central receiver concept and the

tThe curvature of the receiver in the cross flow direction can be neglected
since the boundary layer thickness is small compared to the radius of curva-
ture (&8/R < .01)
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importance and complexity of convection heat transfer from receivers are .
briefly introduced. This is followed by the physical model, the method of
solution, and the results and discussion of the study of turbulent natural-
convection from a vertical surface. The appendix contains a discussion of
the effects of receiver efficiency on the capital cost and the cost of energy
produced for a solar power plant.

Model

This section contains a brief description of the mathematical model for
high Grashof number, natural convection heat transfer from a vertical plate.
The model is a simplified form of the fluid mechanic and heat transfer model
presented in Reference 1, which is a document describing the computer code,
STAN-5. That code numerically solves two-dimensional internal and external
boundary layer flows with variable properties. The reader should refer to
Reference 1 for more detailed information on the general physical model which
STAN-5 numerically solves and the assumptions used to develop that model.

The following simplified continuity, momentum, and energy equations
comprise the two-dimensional model for natural convection from a vertical
surface solved with STAN-5:

Continuity,
3_ 9_ = (1)
Momentum,
al . au _ daP 3 | a3l ——r
pUﬁ+pVW—-gcdx+ay[uay-puv]-pg . (2)
Energy,
_ | )
al*  yaI* _3 ka3l 5 pv_3_ U
U Sx oV =5y =5y I3y~ ° TRV 4 a.J %y (=) (3)
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Derivation of these equations -has been presented in several basic texts 2-4 and
will not be repeated here. -
The boundary conditions for the equations are the following:

at y=0, U=V=20 and ~ I* = [* .

W
o (4)
at y » =, U=Vv=9 and I* = I*_,
When uniform suction is applied to the wall, the boundary conditions are
at y = 0, u=0,V-= Vw and I* f I*w;
(5)t

It
-
]
(=

aty +=, U Cand  I*=I%_ L
The case‘pf strip suction was also examined and will be described later.
The turbulent momentum transport term, U'v' in Eq. (2), is modeled using

the concept of eddy diffusivity: -
ETLITAIEP _32 (6)
u'v 5* By

The turbulent energy transport term, i*'v' in Eq. (3), is modeled

by the concepts of a turbulent Prandt]l number and an eddy diffusivity for

energy.

Pr‘t = /ey . (7)

The momentum eddy diffusivity is determined differently in the inner and outer
regions of the boundary layer. Near the wall a Prandtl mixing-length model
(PML) is used,

ey = 32 l%%l’ (8)

with a mixing length proportional to the distance from the wall,

t For suction Vy, will be a negative value
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L=y . (9

To model the viscous sublayer immediately adjacent to the wall, the Van
Driest damping function is applied to the mixing length,

£ =y (10)

where
yr < AY, D

1.0 - exp [~y"'(YO/Y)/A+] :
| {11)

yt > A*, D=1.0.

In the outer wall region, eddy diffusivity is determined by a one-equation
turbulence kinetic energy model(TKE). The equation for turbulent kinetic
energy is

2 2 J
U a(gax/2) b oV a(agy/z) - -,ﬁ]ﬂ?“% P P (12)

The production of kinetic energy is modeled by

——r 3l _ U, 2
-pU' Vv 3y p Ep (W] . (13)
the dissipation by
3/2
D= b (q2/2) 2 1, (14)
and the diffusion by
2
g = ol +eg) BL (15)
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The eddy diffusivity for momentum and for kinetic energy are calculated from
.the turbulence kinetic energy by the following relationships:

1/2

ey = ak [q2/2) (16)

and

ch = eM/eq . _ (17)
The mixing length in the outer region is proportional to the boundary layer

size.
L = A8 (18)

The recommended value for Scq in Reference 1 is 1.7. The constants
k, A¥, a, b, and A in Egs. {9)-(16) were chosen as 0.41, 25.0, 0.5, 0.125, and
0.09, respectively.ls12 A turbulent Prandtl number of 0.85 was used in the
outer region of the boundary layer (y* > 15.0), and 1.7 in the inner region (y*
< 15). This model for Pry is discussed in Reference 1,

Two important modifications were made to STAN-5 so the equations for
the natural convection could be solved. These were needed because the code
was set up to solve forced convection or mixed convection heat transfer
problems, not pure natural convection problems. The first change was to add
a transition criterion for transition from laminar to turbulent flow in
natural convection. The criterion chosen was patterned after the momentum
Reynolds number criterion used in STAN-5 for transition in forced convection.
A momentum-type Reynolds number for a natural convection boundary layer was
calculated based on the boundary layer thickness and the maximum velocity in
the boundary layer. A value of 870 was selected for this Reynolds number.
This results in transition on a vertical plate at the location noted experi-
mentally for isothermal plates in air. That position corresponds to a
Grashof number of about 7 x 109. This criterion for transition was chosen
mainly because little or no information was found in the literature on
transition in natural convection.

. The other change made involved the location of the line dividing the
regions where the PML and TKE models are used. As originally written, STAN-5
used the PML model for y* < 2A* and the TKE model for y* > 2A*. This

16



dividing 1ine could not be used for free convection since 2A* is outside of
the point of peak velocity in the natural convection boundary layer at
moderate Grashof numbers, 109 - 1013, resulting in an eddy viscosity of
zero at the peak velocity. This is caused in the PML model by the zero mean
velocity gradient at the peak velocity. Instead of using y* = 2A* as the
dividing line, it was put at a value of y+ equal to one fourth of the
distance between the wall and the point of peak velocity in the boundary
layer. This dividing Tine was used until it exceeded 2A*, after which a
value of 2A* was used. This occurs when the local Grashof number reaches

a value of about 1013, The model results in a laminar sublayer that is
smaller than would exist in a forced convection flow after transition to
turbulence and that grows to a normal forced convection sublayer at Grashof
numbers greater than 1013,

The justification for this change came from two prev1ous works. The
first work, by Lock and Trotter5, cast serious doubt on the idea that the
laminar sublayer in a natural convect1on.boundary layer on a vertical surface
for modest Grashof numbers (Gr < 1010) is similar to the forced convection -
laminar sublayer. This work'shows that large scale turbulence structures
penetrated‘very close to the wall and the laminar sublayer if it exiéts,
must be smaller than for forced convection. This indicates the TKE mode]I
could be used closer to the wall than Reference 1 stated was appropr:ate in
STAN-5. The restriction not allowing the TKE model to be used close to the
wall in STAN-5, existed because no provisions were made for modifying the
length scales of turbulence production and dissipation in Eqs. (11) énd>(12) in
the'sublayér near the wall for forced convection. But based on the work of
Lock and Trotter this is probably not necessary at moderate Grashof numbers for ‘
natural convection, since the sublayer appears to be smaller, and therefore
the TKE model can be used closer to the wall without modification.

The other work lending justification to the model is by Kato et al.
Their work shows that the boundary layer structure approaches that of forced
convection for Grashof numbers greater than 1013, Between transition to
turbulence and a Grashof number of 1013, the normal laminar sublayer
assumption, u* = y* for y* < 4, is not appropriate. The closer the
1ocaT Grashof number is to the transition value, the smaller the region in
which ut = y* appfiés, which means the smaller the laminar sublayer.

6
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Method of Solution

The method of solution used in STAN-5 is to recast the continuity
momentum and energy equations into stream function coordinates using the
von Mises transformation. The resulting equations are finite differenced.
A fully implicit scheme is used for the main dependent variables -- velocity,
enthalpy, etc. The fluid properties and turbulence properties are handled
explicitly. For the details of the solution Reference 1 should be consulted..

Results and Discussion

The results of the numerical study are presenfed in Figures 1 through 7.
The first three figures compare the numerical predictions of STAN-5 to other
experimental, analytical, and numerical results for natural convection heat
transfer at moderate Grashof numbers on vertical, uniform-temperature plétes.
The next two figures pfesent STAN-5 predictions of heat transfer at high
Grashof numbers in the range of interest for receivers of the sblar central
receiver concept. The final two figuresrpresent results showing the effects
of wall suction on free convection'héat transfer from a vertical'plate. This
form of boundary control could be a means of reducing convective losses from
receivers. L o '

The heat transfer is presented in terms of either local or average
Nusselt number divided by the cube root of Prandtl number versus local or
average Grashof number. The reference temperature used is the average of the
wall and free stream temperatures.

Figure 1 compares the numerical predictions of heat transfer by STAN=5
to the experimental works of Saunders7 and Warner and Ar‘paci8 for "
moderate Grashof numbers. The experimental conditions were closely simulated
in the numerical calculations. The results show that in both the laminar (Gr ¢
5x109) and turbulent (Gr > 5 x 109) ranges the numerical predictions of Tocal
heat transfer agree reasonable well with best fit curves for the various
experimental results. Figure 2 is a comparison of the STAN-5 numer-ical
predictions of heat transfer with the analytical works of Ostrach?, Bay]ey10
and Eckert and qackson11 and the numerical predictions of Mason and Sebanl2
and Lin and Churchill1l3, The agreement of these works with STAN-5 is
similar to that with the experimental results shown in Figure 2, with a
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scatter of about 30% in the various data in both figures. Figure 3

presents a comparison of STAN-5 predictions of peak velocity in the boundary
layer, expreésed as Upx/y , and the boundary layer size, expressed as §/x,
with a numerical and an analytical prediction of those same quantities. The
peak velocity from STAN-5 agrees very well with the numerical prediction of
Mason and Sebanlz. The trends in boundary layer size agree well also,

but the magnitudes are different. This is believed to be the result of
differing definitions of boundary layer size or differing entraihment calcu-
lations at the edge of the boundary layer in the two works, but this could
not be determined for sure. The analytical results of Ostrach9 agree in
the laminar range. In the turbulent range the results agree-in trend only
with the analytical results of Eckert and Jacksonll,

Figures 1 through 3 demonstrate that the model used in this work f6r,'
predicting heat transfer from a vertical smooth surface by natural convec-
tion is reasonable. Predictions agree with other experimental, analytical,
and numerical results in the literature in both trend and magnitude of heat
transfer and other important parameters. S

The next two figures show one of the main interests of this work, a
prediction of heat tranfer for the high temperatures and the high Grashof
numbers that occur on a receiver. Figure 4 is a plot of local Nusselt versus
local Grashof number predicted by STAN-5 for surfaces at 30 C and 530 C.

Also shown are extrapalations of the analytical correlations of Eckert and
Jackson11 and BaIele and the experimental correlation given in

McAdams14 for lower Grashof numbers. The figure hoints out several

facts. First, high temperature has a strong effect on the heat transfer in
the boundary layer. There is about a 50% difference in heat transfer between
the low and high temperature predictions of STAN-5. Second, extrapolation of
McAdams' experimental correlation from the range of Grashof numbers in which
the experiments were conducted appears to be conservative in predicting heat
loss from a receiver at high temperatures. This correlation, the one most
commonly used for predicting the natural convective component of heat loss
from receivers by various designers, would result in heat transfer estimates
50 to 100 percent lower than the high temperature STAN-5 prediction in the
Grashof number range of interest, 1013 - 1014, Pinally, the analytical results
of Eckert and Jackson11 fall somewhere inbetween the high and low temperature
STAN-5 results. Figure 5 shows the average Nusselt versus average Grashof
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number compared with other works. The results are similar to those in Figure 4.
Also shown is the theoretical prediction of average heat transfer developed
by Le Fevr'e.l'5 This analytical expression applies as Grashof number
approaches infinity. These results agree reasonably well with STAN-5's high
temperature average heat transfer prediction.

These last two figures show that McAdams' correlation, based on
experimental results at low Grashof number (< 1012), may be conservative by
a factor of 1.5 to 2.0. Also, the high temperatures that the receivers
operate at have a significant effect on the heat transfer. This is probably
the result of property variations across the boundary layer at high tempera-
tures. The effect appears to be greater than the high-temperature effect
noted in forced convection. In forced convection the increase in heat
transfer caused by temperature is approximately (T¢/T;)0-14, The natural
convection high and low temperature cases in Figures 4 and 5 differ by (T¢/T,)0-22,
This added effect should be expected, since the temperature difference is the
driving force for fluid motion in natural convective flow, unlike forced
convection. As a result, any enhancement of heat transfer because of a
temperature effect on properties would have a secondary effect of enhancing
heat transfer by increasing the driving force (more hot fluid rising). This
large effect also means that the assumption of constant properties across a
boundary layer used to develop the analytiéa] expressions for natural convec-
tion is not valid for natural convection with large temperature differences.

The next two figures phesent the results of the study of the effect of
wall suction on natural convection heat transfer from a vertical plate. They
show the heat loss from the wall and the energy extracted through the wall
versus the suction rate at the wall. The heat loss at the wall, Q, is
defined as the sum of the energy lost into the boundary Tayer, Qb]’ and
the enthalpy of the fluid extracted through the wall, Qg, which is assumed
to be at the wall temperature. The heat transfer rates Qy and Qg are
normalized with respect to Qy with no suction applied. A wall at 530 C,
100 feet high, and ambient air at 30 C, were assumed for this study. These
are representative of various receiver designs currently proposed.

Figure 6 is for uniform suction. The curve labeled zero is a plot
of wall heat loss versus suction rate assuming all the fluid extracted
through the wall is disgarded and not used. If this is done the figure shows
that heat loss from a receiver by natural convection will increase with
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increasing suction rate until a suction of around 0.0018 Tbm/ft2/ sec is
reached. After this the heat Tost from the wall becomes very nearly equal

to the energy extracted through the wall. What has happened is that more and
more of the boundary layer on the plate remains laminar as the suction rate
increases. At values of suction rate greater than 0.0019, the boundary layer
is laminar over the entire plate. The heat loss to this laminar boundary
layer is very small. The main heat lost from the wall is the energy ex-
tracted through the wall in the suction air, . The figure shows there is a
range of suction rates for which the heat Tost from the wall is less than if
no suction were applied. This range is between an m of 0.0019 to

0.0024. At an m of 0.0019 there is about 25% less heat transfer from

the wall than with no suction. For the range of suction rates where the
boundary layer is lamihar, the boundary layer approaches an asymptotic state
discussed in the literature.16’17 The heat transfer predicted in this

state agrees with analytical solutions presented in the literature.

On Figure 6 are two more curves labeled 40 and 80. These two curves
represent the energy lost from a receivér if either 40 or 80 percent of the
energy in the air extracted through the wall is used to preheat the working
fluid flowing through the receiver wall before it enters the receiver. The
curves show that the range of suction rates that ‘can be app]1ed to reduce the
convection heat loss from a receiver increases as more of the energy in the ‘
suction fluid is used. As a matter of fact, if all the energy extracted
through the wall in the suction fluid could be used to preheat the working
fluid and the suction rate were high enough to insure laminar flow in the
boundary layer, only the very small amount of energy carried away>by the
laminar boundary layer would be lost.

Since it might not be possible to apply uniform suction to a receiver,
the case of strip suction was examined. These results are shown in Figure 7.
The configuration studied was a vertical plate with the same temperature and
length described for Figure 6, but with horizontal strips of suction rather
than uniform suction. Suction strips of various widths and uniform distances
apart were used. The representative curves shown are for suction strips of
one foot width every three feet vertically, one foot width every ten feet
vertically, and three foot width every ten feet vertically. The suction rate
plotted in Figure 7 is an average suction rate. This is the suction rate
obtained by taking the total fluid extracted through all the strips of
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suction and averaging it over the entire plate area. In other words, this is
the uniform suction which would have to be applied to the entire plate to
extract the same amount of fluid through the wall as the strips of suction
would.

The cases falling on the dashed line in Figure 7 are all those where
the suction strips were further apart than the vertical distance required for
the boundary layer to become turbulent (3' - 4'). This dashed 1ine also
happens to be the curve for heat loss from a wall if the boundary tayer were
constrained to be turbulent at all times. The strip suction cases fell on
this 1line because, when no suction is applied before the boundary layer
transitions to turbulent flow, a very high suction rate has to be applied to
relaminarize the flow. A suction rate for this case is far to the right on
the dashed curve in Figure 7 where, even for turbulent flow, the curves for
Qs and Qy merge. For the case where a one-foot suction strip was applied
every three feet, the flow could be made laminar over the entire length of
the plate for values of average suction greater than 0.0024. There is no
explanation for this average suction being greater than the minimum suction
required to keep the flow laminar in the uniform suction case. Also shown in
Figure 7 is the uniform suction case for comparison to strip suctijon.

Conclusion

Natural convection heat transfer caused by high operating temperatures
and lang vertical surfaces is important to receivers for the solar central
receiver concept. The heat transfer correlations currently used to predict
this high temperature, high Grashof number (1013 - 1014) natural convec-
tion heat transfer are based on experimental work at much lTower temperatures
and Grashof numbers (< 1012)., The predictions using the model for natural
convection heat transfer presented in this work cast serious doubt on the
extrapolation of those experimental correlations to high temperatures and
high Grashof numbers. The model, which is based on realistic physical
assumptions, estimates heat transfer rates 50 to 100 percent higher for
temperatures and Grashof numbers in the range of interest to receijvers. For
higher Grashof numbers the difference becomes even greater. This has serious
consequences for the plant performance and cost estimates made with existing
correlations.
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The model also demonstrates that large temperature differences between
the wall and free stream significantly effect the heat transfer .as a result
of the large ‘property variations across the boundary layer. This means
that correlations anlaytically derived assuming constant properties across a
boundary layer and experimentally derived correlations at low temperatures
are not appropriate for the high temperature natural convection heat transfer
on receivers. ' B

The boundary layer suction results show suction can be used to reduce
convective heat Toss from a receiver especially if some of the energy in the
air extracted through the wall can be used to preheat the working fluid in
the receiver. If the air extracted through the receiver wall is used as the
working fluid, the convective heat losses can potentially be reduced to zero. .
Strip suction rather than uniform suction over the entire receiver can also
be used. However if this is done, the results indicate some of the energy in
the suction air must be used. Otherwise, the convection heat l1oss from the
receiver would be greater for all suction rates.

" Recommendations

In trying to develop a model for the natural convection boundary layer,
the need for basic information on the structure of the turbulent natural
convection boundary and on transition to turbulence in the natural convection
boundary layer was discovered. This information is necessary for verification
of the model used in this study or to help develop an improved model.
Experiments and analysis should be carried out to help define a model for
transition to turbulence in natural convection and for turbulence in flows up
to Grashof numbers of about 1014,

The concept of suction applied to a boundary layer should be examined
experimentally and numerically in more detail than this work did. A realistic
model of suction, taking into consideration the cost penalties of energy
losses from a receiver on overall plant costs, can have a potentially large
economic payoff for the solar central receiver. It can potentially provide
the means for solving the convective loss problem from receivers by eliminat-
ing convective losses. '
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APPENDIX--EFFECT OF RECEIVER EFFICIENCY ON SOLAR CENTRAL
RECEIVER CAPITAL AND ENERGY COSTS

Models expressing the sensitivity of the plant capital cost and energy
cost to receiver efficiency are developed for a solar-thermal power plant.
Before presenting those models a brief summary of the methodology used to
calculate energy costs will be presented. A complete description of the
methodology can be found in Reference 18. It is the method used by Sandia
Laboratories in their evaluation of Solar Large Power Systems.19

The approach used to calculate energy costs in Reference 18 is to
determine an energy “"price" necessary to charge in order that all costs of
purchasing, installing, and operating a solar-electric energy system are
recovered in the life of a plant. In other words, it is the cost per unit of
electrical energy produced that must be Tevied by a utility if the system is
to break even. The costs to be recovered include, among other items, taxes
and return on investments of bondholders and creditors, but exclude transmis-
sion and distribution costs.

The exact method used to calculate the energy cost {cost per unit of
energy or busbar energy cost)} is an annualized fixed charge approach. The
resulting busbar energy cost is a levelized cost or average busbar cost which
must be charged for the lifetime of the power plant. The relationship for
calculating the Tevelized busbar energy cost is

L]

BBEC = AC/KWH; (Al)

AC is the charge which must be recovered annualy for the plant to
break even; KWH is the annual energy output of the plant in kilowatt hours.
These terms are calculated as follows:

AC =TFCR - CI « d + OM + FL, (A2)
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KWH = CF « CAP - 8760, (A3)
where

CI

C+RI+B. = ' (M)

The annualized fixed charge rate is the fraction of the capital investment
which must be recovered annually for the lifetime of the plant. It is a ..
condensation of all utility description data into a single term. The termd .
is the factor for capital investment cost increase due to interest gharged
during the construction period. A1l costs are expressed in mills and the
number 8760 is the number of hours in a year.. Equations (Al)-(A4) give BBEC :
in mills per kilowatt hour, the standard units for BBEC. 7'
Assuming Eqs. (Al)-(A4)} are valid, then relationships between receiver
efficiency and capital cost and receiver efficiency and energy cost can be
generated. To derive these relationships the following assumptions are
made; _
1. The power plant 1life is thirty years.
2. 0Only collector costs (through field size) and no others costs,
are affected by receiver efficiency. _
3. The collector field cost is inversely proportional to receiver
efficiency,

Cp = -0, (45)

where ClOO is the theoretical collector field cost for a plant with
a 100 percent efficient receiver.

4. A1l heliostats in the field have the same performance.

5. The receiver thermal output and downstream power plant subsystems,
turbine, storage, etc., are held constant; only the collector field
size variess

The first assumption is a common assumption for electrchQenerating 1

power plants. Assumption 2 is true for small perturbations in receiver w
efficiency (5%-10%). The third and fourth assumptions are conservative
(under predict sensitivity), since any improvement in receiver efficiency
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would result in subtracting heliostats from the outer edge of the field,
where the heljostats are Tess efficient in directing energy to the receiver.
This means more heliostats would be removed for a receiver efficiency gain
when looking at the local mirror field properties than the average field
properties as this analysis does. An alternative to Assumption 5 is to hold
the receiver input (the collector field size) and everything downstream,
turbine, storage, etc., constant and let the receiver output vary. This
analysis produces similar results with more difficulty and will not be
presented here.

With these assumptions and Eqs. (Al)-(A5) the desired relationships can be
developed. The sensitivity of energy cost to receiver efficiency is simply
the derivative of Eq. (Al) with respect to efficiency,

dBBEC _ . (erm . d . 1
- == QR+ d - Cygq /KiH) r (A6)

If this is rearranged, the sensitivity of capita] cost to receiver efficiency
is developed,

df. _ KWH  d BBEC _ _
dn  FCR-d dn

1
100

C (A7)

This equation also gives the maximum amount of capital which can be spent for
a given plant to improve its receiver efficiency a certain amount and still
produce power for the same cost.

Another energy cost relationship which can be developed from Eq. (A6) is
the added cost or savings to the public over the thirty year plant life due
to a change in receiver efficiency. This is developed by multiplying Eq.
(A6) by the annual energy output of the plant and a present worth factor to
give the dollar cost or savings for the thirty year plant life:

d$e .

-Eﬁ=—(F_CR'C100‘d'PN)—2" (F\S)
n

iy ¥ 4



If an FCR of 0.18, a d of 1.2, and P4 of 19.6, are assumed, then Eq. (A8)
becomes
d$e 1

= - 8,2 4 Cipp t — " (A9)
an 100 ° 5 |

Figure Al is a plot of Eq. (A9) assuming a receiver efficiency of 90%..
Three different heliostat costs are used, which range from the most optimis-
tic of $70/m to a very high cost of $180/mZ2. The graph indicates the
receiver has a significant cost impact. It also shows the potential savings
which can be obtained by improving receiver efficiency. For example, the
commercial plant design as recommeded in Reference 19 is shown in Figure Al.

This is a plant with a collector field cost of 107 million dollars.
d$
The _H% at the design efficiency of the receiver is $5.2 x 108/unit

efficiency. If the efficiency were improved 1.0 percent the savings would be
0.01 times this number or $5.2 x 106 over the thirty year plant life
assuming onTy minor changes in the receiver cost are needed to achieve that
efficiency gain.

The cost analysis graphically shows the potential savings which can be
achieved through design of more efficient feceivers. In addition to that it
demonstrates the potential cost of an error in evaluating the receiver
efficiency. The results indicate significant effort shouid be placed on
improving our receiver efficiency evaluating capability, as well as on
research aimed at finding methods of improving receiver efficiency.

T Other fixed charge rates, etc., could be used, but these correspond to a
reasonable economy, one that has a discount rate of 11% and an inflation
rate of about 8% for an effective discount rate of 3% or an FCR = 0.18.
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Figure Al. Sensitivity of Energy Cost of Receiver Efficiency.
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