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One Dimensional Model of a Solar-Thermal Thruster Using a
Porous Absorber/Heat Exchanger*

Michael R. Holmes
Phillips Laboratory, Edwards Air Force Base California

October 15, 1993

Abstract
This paper presents a one dimensicnal model of a solar-thermal thruster using a porcus disk as a
concentrated-sunlight absorber and heat e.\:ch.angc-r. This type of thruster is one of several high Tsp
thruster concepts being studied by the Phillips Laberatery to transfer payloads from low earth orbit to

geosynchrenous orbit. Solar propulsive techniques should deliver close {o 1000 sce of Isp using a very |

low molecular weight propellant, hydrogen. The purpese of this model is to determine the dependency
of thrugt, specific impulse, and energy conversion efficiency npon a variely of parameters including salar
concentration, and propeilant mass flow rate. Thismodel incorperates a primary concentreter, a window
to admit concentrated light and keep propellant from escaping to the vacuum, a secondary nonimaging
concentrator, a porous disk as an absorber/heat exchanger, and a nozzle. The model assumes that the
light intensity anywhere within the perous absorber/heat exchanger obeys the diffusion equation with
radiant energy being exchanged with the porous material’s thermezl energy. The propellant is an idezl gas
which undergoes throttling and collects heat convectively as it passes through the porous absorber/heat
exchanger. The specific impulse and thrust zre calenlated nsing simple one dimensional nozzle theory and
the propellant temperature delivered by the heat exchanger. Future extensions to this model will include
hydrogen properties derived from its partition function, correction for nondiffusive radiation transfer in
the porous media, and extension of the model to {wo dimensions. A number of absorber/heat exchanger
experiments are planned for the next year. These will flow propellant through porous carbon-carbon
. disks of various pore densities 2t a variety of flow rates. The results will')guide model improvements.

Introduction

The use of sunlight as a propulsion energy source is atiractive because it allows a wider choice of
propellant. This is because the propellant is not constrained to be a byproduct of a chemiczl reaction.
Hydrogen mzy be used, with no oxidizer, so that the Jep is maximized ). Thermodynamics allows tem-
peratures epproaching that of the solar surface (about 5800K)2. Therefore, the propellant temperature
is mited only by the material properties which heat and contain the propellant. Refractory metals
and varjous forms of carbon have melting points well above 3500 . Therefore, it is possible for a solar
thruster Lo have an Jsp of over 1000 sce.

There are Lwo basic puramelers (o a solar concentration system. The first is the total light collection
area which is proportional to the input power. The sccond is the geometric concentration ratio R, which
is the ratio of the collection area to the zrea of the focused spot. The primary goal of this paper is to
show how the propulsion system perforis given a particular choice of the above two pararneters.

Figure 1 shows a schematic drawing of the saler thruster as considered here. Propellant flows in
behind the window and proceeds to the right through the nozzle. Along the way, the propellant is heated
in the zbsorber/heat exchanger which for this paper is a porous disk. The window s required to keep the

*This paper s cleared for pulilic release,

3. Lang, K., “The Salar Propulien Concept is Alive and Well ot the Astronanties Laboratory”, JANNAT Propulsion
Mtg., Clevedand Ohio, 1080,

2\Winston, Roland, “Nenimaging Opties™, Sedintific dwnericen 264, March 1001,
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Figure 1: Schematic drawing of solar thruster model.

propellant pressurized. The window spacer spaces the window back from the primary concentrator focal
point at the front of the cecondary concentrator. This minimizes heating of the window. The window
spacer also chields external hardware, bounces sorme stray rays into the secondary concentrator, and
provides some heat to the propellant if the spacer is regeneratively cocled. The secondary concentrator
increases the solar flux thereby allowing the aperture area of the absorber /heat exchanger to be reduced.
This in turn decreases radiative Josses and increases the maximum absorber temperature possible. The
secondary concentrator works by maximizing the number of straight paths that connect the cavity to the
colar surface. The cavily is 2 region where sunlight is allowed to expand to'a larger area and be absorbed
by the absorber/heat exchanger. This expansion allows the surface area of the porous material to be
increased thereby increasing heat transfer to the propellant and increasing light absorption. The plenum
and nozzle perform the same function as for a conventionzl rocket. -

From the point of view of the Sun, the concentrator of an ideal solar thruster is filled with a view of only
the entrance aperture of the secondary concentrator. This aperture will appear to glow at a temperature
characteristic of the cavity and absorber/heat exchanger. From the point of view of anywhere within the
cavity, the cavity aperture is filled with sunlight. For a rezl thruster of course there will be losses. The
view from within the absorber/heat exchanger might include some cold space due to mirror surface slope
errors for example. The window will reflect a small fraction of incident light from either direction. The
secondary concentrator will not reflect all incident light. This is only a partial list of the energy Josses.
However, for this paper, only the ideal thruster is considered to bring out the basic relationships between
\ thrust, Isp, concentration ratio, and collection area.

The Model

In the thruster model presented here, the window is not considered. In a real thruster the main effect
of a window is fo reflect 2 fraction of the incident light. At the same time, light from the inside will also
reflect back in or be ahsorbed depending on the wavelength, The window is expected to lower the thrust
slightly and possibly increase the Jsp. The general behavior of the thruster should not change due o
(his omission in the model. The window spacer is a cone that converges with the incoming radiation to
the aperture of the cccondary concentrator. Its main function is to space the window back from the focal
point to minimize the window temmperature and resnlting thermal stresses. Tt also shiclds nearby thruster
components fromn stray light.

The sccondary concentritor lias a concentration ratio defined as the ratio of the exit #rea to the
entrance area. The total systemn concentration ratio e is the ratio for the sccondary times the ratio for



the primary mirror. In this modcl, the concentration at the exit aperture of the secondary concentrator
is a given parameter. The particulars of the design of this component are not considered here. It is only
assumned that is possible to make the secondary concentrator. In fact, it could be left completely cut of
any actual thruster at {he cost of Jower temperature and reradiation losses as will be shiown.

The function of the cavily is to make (he absorber/heat exchanger to appear as much like a black
body as possible. It also increases the surface arca of the absorber by increasing its diamcter making it
both a better absorber and heat exchanger.

The absorber/heat exchanger, which is a porous disk, is where almost all of the nmumerical werk cceurs.
It is assumed that the thruster will operate in a steady state fashion with all partial derivatives with
respect to tine equal to zero. Solar energy enters the perous disk from (he same side @s the propellant.
Radiation transfer in the disk is assumed to be a diffusion process with radiative energy traveling in
both directions. The propellant travels in enly one direction <o that energy carried by the propellant
travels only towards the nozzle. The diffusion equation for radiation transfer consists of two first order
differential equations.

. cdT3
qr = —cad R
azx
dijz .
: Tt aTa = Ty) =0

R is the net radiative energy Aux. It is the intensity of light going to the right minus that going to the
left. § is a parameter related to the mean free path of light through the porous materizl. In this case it is
set {o poresize. ¢is the emissivity of the materizl that the porous material is mmade of and ¢ is the Stefan-
Boltzmann constant. The a term in the second equation is an energy s¢ink due to the transfer of radiative
energy to the propellant via the porous material. The R subscripts in this paper designate radiation field
parameters and the H subscripts designate propellant paramefers. The temperature of porous material
iteelf is not directly considered in this paper because we know so little of its properties (this is discussed
further below). \We are looking for behavior that is independent of the material properties here.
There zre four equations describing the propellant behavior.

1dp 1ldv .
pdz + vdz 0 el
(Ig';{ , d 3 2 AV ;
o+ (e pvTu) + 5pvt = =0 2ressi i
e _
dz
p—pRTy =0

The first three are statements of conservation of mass, of energy, and of momentum respectively. The
fourth equation is the state equation for an idex] gas. These equations represent an initial value 1);ob!enl
while the two radiative equations represent a. boundary value type problem.

The whole set of six equations are coupled by the a(Tr — Tx) terms. This is the term that transfers
. radiative energy to heat energy in the propellant. In this term I have lumped together the radiative
energy transferred to the porous media and the thernmal energy transferred to the propellant. This two
step process is considered as a one step process. This is done because the transfer of energy is ultimately
between the radiation field and the propellant. The perous media is just a intermediary. Also we do not
know the cptica] or conduction properties of the porous media very precisely so that a more sophisticated
transfer model will not help at this thne.

The problem represented by the above six cquations is broken down into two problems. The boundary
value problem is solved first using an initisl guess at the propellant temperatures. The initial value
problem is then solved given the radiation field temperatures. This two step process is repeated until a
solution s converged npon or wntil it is clear no solution will be found. This is basically a relaxation
method. The two radiative cquations are solved by solving the N cquations that result when the problem
is discretized. The other four equations are solvel using tlie Euler mncthod.
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Figure 2: Propellant/Radiation temperatures and heat Jow rates as a function of axial position. R, = 650.
Power= 25k1¥. 1 = 0.1gm/sec

Since the combined six equations form a boundary value type problem, boundary values must be
specified. The boundary condition at the nozzle side of the absorber/heat exchanger is relatively easy.
Conditions at this boundary should not be changing much. If they are, then the chosen porous disk is
too thin to function properly. Therefore, the condition for all variables at this boundary is that -g.% =90

_where ¢ is any model variable. At the cavity side the boundary conditions for the propellant variables
are essentially initial conditions.

The radiztion entering the cavity aperture will have an intensity J. that can be characterized by a
temperature T cuch that Jo = oT} . If the absorber cavity were actually a gray body zt equilibrium
temperature T¢, then the energy entering would balance the energy exiting. When propellant is flowing,
the absorber/heat exchanger will radiate at a temperature Ty < Te.. In general the diameter of the porous
disk is less than the diameter of the entrance to the cavity. The power input will be J. A, where A, is the
area of the cavity entrance aperture. In a one dimensional model the power reradiated out of the cavity
aperiure is Jo.A, where Jo is the intensity of light leaving the porous disk surface. The intensity at the
porous disk surface is T Ao/ Ac+ Jo(1 = Ao/Ac) and the where Ao is the area of the porous disk. The
ernissivity of the porous disk is assumed constant at all wavelengths. ’

Case 1
Figure 2 shows ceveral model variables as a function of position within the porous disk. The top plot-

in this figure shows two temperature curves. The bottom curve is the propellant temperature and the
top curve shows the emperature characteristic of the radiant flux present at a particular position in the
porous disk. The modeled thickness of the porous disk is about 0.3 cm. These two curves meet 2t a
temperature of about 1750. At this position in the disk the radiation temperature is in equilibrium
with the propellant. The temperature curve for the porons media would lie somewhere belween these
{wo curves. At these temperatures the radintive heat transfer rate is about a third of the convective rate.
Therefore, the porous disk temperature should lie closer to the propellant courve, :

The bottomn plot of Figure 2 shows the encrgy flow for both the radistion wnd propdlint. At z =10




just over 1.8 K1V of radiant encrgy is Alowing into the porous disk. At the same position about 300 ¥ of
propellant energy is flowing (the propellant starts at about roem temperature), The straight line across
the top of ihe bottom plot is ut 25 kilowatts, which is the power input.

The convective rate was chosen fo be HRY/m? /K. This is on the low side for forced conveclive
transfer and so is a conservative value. Addi(.i'ona]]y, jiydrogc—n’s convective heating rate is an incrc::si.ng
function of temperature. For the purpeses of this paper a single value is adequate. -

The optical depth of the porous disk is assumed to be three times the mean pore size. The ratio of
curface area to volume of a single pore is teken to be one. The emissivity of the parous disk material
is set to 0.8 and there are about 40 pores per centimeter. These properties are educated guesses mad‘e
by examination of porous disks that the Sclar Propulsion Group intends to test. The porous disk will
rernain at a constant temperature so the heat capacity is not needed. )

The diameter of the disk is the same as the diameter of the focused sunlight. This diameter is 19 cm
and is the diameter of the disks we plan to test. The total power focused is 25 1V which is what
our terrestrial 7.7 x 6 meler concentrator should focus. This concentrator would have to be defocussed
somewhat to get a spot size this large. The resulting geometric concentration ratio js about 650. In ~t‘.'his
particular case the secondary concentrator 15 nonexistent and the cavity is a straight tube. This is about
as shimple as this model can be. °

Modeling of the thruster nozzle is done by looking up the J<p from a table calculated using hydrogen
properties 3 . Tor the case illustrated by Figure 2, the Isp is ubout 5800 m/sec(600 sec). The mass flow
rate in this case is 0.1 gm/sce so the thrust is zbout 0.59 N(0.13 /bf). The actual amount ofenc'rgy-'addc-d
to the propellant is about 7.3 percent of the incident solar radiztion or about 1800 watts. Therc—fc-;x.r*
operating in this mode is not particularly eificient nor docs it provide much in the way of Isp. K

From the information in the abiove paragraphs it should be apparent why we are doing this modelin
\We have recently modified a calorimeter to look much like this case. Cornparison of the Jzboratory vc-ﬁii
of this case will allow us to improve on our model. In particular, we should be able to narrow down <€)rn<:
of the values that we are guessing at, such as convective heat transfer rate. )

Case 2

Figure 3 shows a case identical to the previous case except that the 25 kW are put through a 8 em
diameter spot instead of a 19 i spot. This results in a concentration ratio of 3700 (which is close to
the concentration ratio that our facility is producing currently). The cavity expandstoa 19 em dianhlet-er
to match our porous disks. The final propellant temperature as viewed from Figure 3 at z = 0.28 crﬁ is
about 2900J¢. This corresponds to an Jsp of about 8800 m/sce(900 sec) and a thrust of 0.88 N.(O 20bf)
The efficiency of this version of a thruster is about 12.5 percent. Note that the radiative flux (dec;exin :

*curve in bottom plot of Figure 3) is zero by 0.2 em into the porous disk. This means that about~87§

percent of the incident flux finds its way back out of the cavity aperture. '

The concentration was increased by about 5.7 in this case over the last case. This ratio is proportional
to the intensily increase at the cavily aperture; Additionally, the cfficiency of heat transfer to the
propellant is 1.71 times higher in this case. The ratio of the propellant temperature changes in the t'wo
cases is about 1.73. The fourth power of 1.73 is about & which is about equal to 5.7 times 1.71 Thérefore
the temperature of the propellant increzses approximately as the characteristic radiation l.emperatur;
times the fourth root of any efficiency increases. The Isp in turn goes approximately as the ;qﬁPre
root of the propellant temperature. The Is<p increases at better than the eighth root of the geo;net.ric
concentration ratio increase.

Case 3
Figure 4 shows a case with the simne paramneters as the previous one except a secondary concen-
trator is added which increases the concentration ratio by a factor of three to about 11000. The ﬁx.ual
propellant temnperature in this case is about 3800X . This temperature corresponds to an Isp of about
11,800 m/scc(1200 sec) and a thrust of 1.2 N(0.26 Ibf). Seventeen percent of the incident radiation
is absorbed into the propellant. The increases in temperature and Jsp are consistent with the r::i.ios

s N Y
*Ring, C. R,, “Cranpilation of Thamaodynamic Prapertics, Transpor e .
. R eport Properties, and Theorctic et Doy :
of Gaseous Hydiegan™, NASA Technien) Note D-275, April 19.(‘.(). T . 5 yeorcetical Rocket Performance
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Figure 3: Propellant/Radiation temperatures and heat Aow rates as a function of axial position. Re =
3700. Power= 25kW. 1 = 0.1gm/scc

for the previous cases. The Isp increases zt better than the eighth roct of concentration ratio and the
temperature increases at about the fourth root of the concentration ratio.

Case 4 ..

Figure 5 shows the resulls from the fourth case. This case simply doubles the mass flow rate of
. the previous case. The result is a lower temperature, T = 3300X, a lower specific impulse Isp =
9800 m/sec(1000 sec), anearly doubled thrust F = 2.0 N(0.44 Ibf), and a nearly doubled efficiency of
30 percent. Another case was run (but not plotted here) with a mass flow rate five times the previous
case. This rate increased the efficiency to 43 percent, the Jsp decreased to 6900 m/sec(700 sec), and the
thrust tripled to 3.43 N (0.8 Iitf).

Also notice in Figure 5 that the radiative flux (decreasing curve of bottom plot) stays nonzero longer
than in the previous case. This is because the temperature is lower towards the back of the porous disk
than in the previous case. Radiation is encouraged to diffuse further to the back. Perhaps this is what
the term “radiation trapping” refers to. This deeper diffusion does result in higher efficiency but at a
cost to propellant temperature.

Case 5 ; )

The final case is shown in Figure 6. This cise is meant to represent what might happen to a thruster
2t a distance from the Sun twice that of the Exrth. To shimulate this, the radiated power is reduced to a
fourth, the aperture diameter is reduced to half, and the propellant flow rate is reduced to a fourth. This
simulates the J5 radiation decrease and the angular size of the sun halving. Presumably only a quarter
of the propellant could then be hezted to maintain the same thrugt. All other parameters are the same
as in the third case.

Figure 6 shows the propellant temperature reaches about 3800) which is essentinlly the same tem-
perature as in Figure 4. The Jsp will be about the smme and therefore the thrust will be one quarter
that in the third case since the propellant flow rate is one quarter. Therefore, Tsp can bie rnaintained at
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Figure 4: Propellant/Radiation temperatures and heat flow rates as a function of axial position. R¢ =
11000. Power= 25kW. s = 0.1gm/scc

further distances from the sun. The price is paid with decreased thrust.

Discussion

There are two rules of thumb that are confirmed or improved upon in this study. The thrust is
approximately proportional to input power and the specific impulse I'sp increases faster than the concen-

- tration ratio to the eight root. This Jast rule is somewhat suspect since the internal energy modes of the

propellant were not considered in the heat exchanger as they were in the Jsp calculation .

Solar rockets can work outside of Earth’s orbit. They can even go to Pluto if you are willing to work
with millinewtons of thrust at Pluto (and therinal losses don’t take too much energy). ‘

The cases discussed here showed rather low efficiencies. However, the efficiency could be increased by
adjusting parameters, A larger cavity diameter would probably increase the efficiency since this decreases
the propellant flow rafe. This in turn increases the residency time at the hot areas and increases the heat
fow into the propellant. The choice for cavity here was chosen to match actual Phillips Laboratory Solar
Laboratory hardware.

Much is Jacking in this model, partly because of alack of data and partly because of a lack in time for
improvements. Nonetheless, it does the right things. It shows the effect of changing concentration ratio
and of changing geometry. It is also insensitive to the optical properties of the heat absorber fexchanger.
This can either be good or bad depending on your point of view. In our case we do not know the neceded
optical properties so this is good. We aren’t fooled into thinking we know more than we really do. When
we perform our porous disk experiments we will learn much from comparisons to this model. For example,
if the disk ternperature tracks the radiation curve more closely than the propcllant curve, then the actual
convective heat transfer coefficient is Jower than thit used here. 1f this disk temperature follows the
propellant temperature closcly, then the convective heat transfer cocfficient is higher than expected.

Ming, C R, "Compilation of Thermodynamie Praperties, Transport Properties, and Theoretien]l Rocket Peifarmance
of Gaseons Hydrogen™, NASA Techmical Note D275, April 1060,
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Thermal and reflectance Josses will of course affect the nltimate performance. A secondary concen-
trator will probably transmit about 90 percent of incident Jight. Tt can be regeneratively cooled to mzke
up for this Joss. The conductive losses through the thruster wzlls are unknown at this point, but could
be minimized given how thin the porous dick 3s. The thruster can be very short thereby reducing the
surface area. .

This particular thruster design uses the best features of several popular solar thruster concepts. It
uses a cavity to increase the absorber emissivity. It is a volumetric type absorber so that hezt does not
need to flow through a wall before being absorbed. The absorber/heat exchanger only sees the pressure
drop required to produce the proper mass flow. As a result, the porous disk can be loosely placed which
will allow for expansion and contraction. The porous disk can be very thin, thus reducing the thermal
ctresses. On the other hand, the disk could be made considerably thicker to allow for loss of pore filaments
due to thermal stress induced breakage. This should have a minimal effect on the propellant temperature.

High solar concentration appears to be a necessily to get efficiency, thrust, and Isp to high levels. It
" is probably necessary to have a secondary concentrator to supplement the primary concentrztor. Error
free primary concentrators can obtain a concentration ratio of 11,000 at most. The cases that performed
best had a total concentration ratio of about 11,000. It is unlikely that an inflatable concentrator will
achieve this concentration on its own.

Puture Work

Unfortunately, there may not be further work in solar propulsion at the Phillips Leboratory. Manpower
and budget cuts may result in this project being cut. Presumably, lower cost access to space is a high
priority in this environment of shrinking resources. Solar propulsion znd other advanced concepts could
conceivably save their development costs within a few Janches. Additionally, solar propulsion conld be

enabling for interplanctary missions,
Assming the best, we intend to test the perous disk absorber/hent exchanger concept in the labo-
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ratory. If these experiments work well, improvements will be made to this model. In addition, there zre
modeling efforts proceeding on future and past thruster concepts by us and others. We also hope to test
oulside thruster designs in our facilities.



L oY Oljel UoNeUadu0) JLIBWOSK) JO UOIOUNS

e se (4 ‘sniy] ‘dsj ‘esindu| oyioedg) souewliopad puld s

(LOAH) Juswiadxg YA pasedwo) aq o) [epolA ..

aouewliolsd Jaisniy] 1epiQ 1St mﬁmbmcoEmﬂ .

OO

soisAuyd JepiQ 1s| uswejdul] «

asodind

/(OV10)1d

SOW|OH 'Y [9BYOIN

leBueyoxg 1eaH/1eqiosqy sno.lod
e Buisn Jeisniy

[ewiay | -4ejos e Jo [9POjA [euoisuswiq auo




ds| erewixoiddy pue ainjeredws ] usbolpAH s! SQS_O,. v
pjol uoneipey pue usboipAH usamiag mocm_mt_a,
ainyeledwa| o} reuoinodold c@mE?f 0] Jajsuel| 1eaH .
uonenb3g uoisnyig sAeqQ Abisuz juelpey .

podsuel| usboipAH pue AbBlsu3 [euoisuswiq 8uQ -

11Xg AJepuooag Je UsAID) XN|4 J0jeljuaduoy -

juatedsuel | Ajjosped MOPUIAA «

|9POIN BUL



o ({s1q SNnoi0d) ABJaug pejeipelay pue pajosjiey |

- Jebueyoxd leaH/I8qiosqy XNn|4 1UspIouj 00
uaBbolpAH :° H
RRRD, Y41 Sholod Jo ealy
X ISPy

- /| | 1x3 lojesuaouo)d
flepuoosg jo ealy |
1088y

.
4

L v v v

v v v o 7z, \\
..

9[ZZON 2 |
12ZON wnuald [+ 10]BJU82U0D
, woJj
ybiung

‘

Ry lojeliuaauo)
7 Aepuoosas MOPUI

(onewsyos) [8PON 8YL




(umoys 10N)
spod ajdnooouliay] 1

suod
uoneluawnlsuj

NSNS
!

SONS

o

10]BJ3Us0U0N

— e —— -

l0108[3 / o

1IN0
JEN =TV

lalaullioje) uogied w:omb_> paje|nallay

SETAINY:
snolod

Sy

{9v10)1d woid
- wbiyung
/

MOPUIA

SN\

| ON\d




[ -
[ welgoid) alels Jo 'ub3j 0= Hryd —d

anjep zp
\ renuy / WNJUSWOA] o o=
BophH .
uebolpAH I 2TP | TP
/ ABleug o= - %Qm + (Hpad®) > T
o g
Aununuo o g=E2 2RC
0 Aq pajdnop f HAURHOO - apT dp1
\Em_noi/ ﬁ |
anfea | Tp
/\Cmnc:om\ / _ﬁ | 0= (&L —-4r)o+ Wby
podsueil uoIsnuIq | ]
uoielpey | | 8 gos— = up
ﬁ F LIp

suoljenb=




(v+x)1=k1 ®)1=0L

V+X X 0

P9Sy-1),1SIP 10

/298y Py, UNS |0

¥sid Ul Jodsuel] uonelpe




sinsey 10ld »

(usbolpAH) wajgqold anfeA [ellu] A0S -

(uoneipey) suonenb3 anep Alepunog aAj0S -
'sainjeladwa | U8lsIsU0) §8s __E,D_,Emamm .
Pl UO sanje) s|qeLiep JO SSanK) [elly] «

paz|}eIosi(] aJe suonenby .

uonN|oS [esuswWNN



(WD) uonisod

¢ 0 20 L0 00
B T . _ T T ¥ I 1 T ! ' _ OO
i MO|4 1e8H g T
i uoneipey ] m
R 7101 10..m
i ] =
- MO[{ 1BdH i ~
B usboIpAH 407 W
i - o
- emod nduj T T TS 0'c /_\LV
: ] 0.4 .
- i | w
- sameladwa] 10 Fw
- uabopAH i o
- 102 &
- i @
- “ouniesedwa ] §0% M
- uoneipey . o
1 ! | i ] 1 1 1 ] | 1 _1 1 1 o.._V D

e

osen s|dwexd



uNng wol4 eoueisi s,Ured 8oim| Je uojeladQ G 8sed

MO| SSBN pajqnod UHAA € 8SeD Se SWeS i 8SED

uoljeljuaduo)

¥¢& Buinig Arepuodsg UM g 8Se) Se 8WeS g 8SED

ainelady Wwo g 1deox3 | 8se) se aWes ¢ mwmo

oinpelady Wo g1 quswiiadxg DOAH saleinwis 1| 8sed

sase) a|dwes G



Ol

095007 T~ds|

- 4,00€9 10 X008E=1L
441 G90°0 10 NE'0=4

29s/6 G200
0001 1=94 b/d=d

—~——
< ¢ <

';b’.".
3@
g —pr——r ~ -
€ ¢ % ¢ & ¢ ¢ <
\ b,
R s

G ase)

2095006~=ds]|

4,00/ 10 X006¢=1
1d] 2°0 10 N6°0=4

00.€=94

Z asen

09S000T=~ds| 095007 T=ds|

1,00%G 10 M00EE=1 d.00€9 10 Y008E=L

9] ¥#'0 JO NO'g=d  1d192'0 10 Ne'}=4
29s/b 20 % 29s/B L0

0001 L=9Y

N\

4

b3 € seseD

09s009~ds]|

4,009¢ 10 MOSLI=1

191 €10 10 N9'0=d
009=24H

:AIS2=d :99s/6 L0

p a—

€ € ¢ ¢ ¢ ¢ € ¢ ¢ < <

| 8seD




L

Aouaioig

ybiH SaAID E>m._ UIy ] UIYUIAA BBIY 80BelUNng m@mj .

POOK) ale SalIAE) puUB SI0JeljUsou0) Alepuodas .

UNg Wol4 eouelsiqg Yum ajgqeureiure|y dsj .

(sured

ool UBs|\ Med ) JakeT ulyL ui Buisaleiul BuiyjAiang .

10]BI1US2U0D) WO} 1emod ‘d»- .

SUOISN|oU0Y

w\_‘omn_uoaw_ .




Gl

ainoni1g Buipoddng e 10N S| eIP8IN SNoIod «

‘ainjeladwa |
Ajiesseos 10N 1Ing Jemod Induj JomoT [[IM MOPUIAA -

uoljelpelay sso
puE Baly 99BUNG Ysi[ Jeble] mojly sieqiosqy AuAeD -

aoe JUoi 1e %siq o uonelonala( Jeue
USAT ||\ UOIIOUNS O} J8ISNUYL MO|IY [IIM SYSI %OIYL

a|qeliseq sl ainjelady soueljug [leWS
‘AIEpUODSS UO B|qISSOd 10U 8B S92 HNG SAIl03|ieY §f

ds| yobiH
Jo} AressaoaN Ajqeqold ale siojeljusduod Alepuoossg .

soloN ubisa( Jaisniy] [ewlsy] -rejos




el

a|qeluny

9|ZZON
laisniyl

uopeUIWN[j|
lejos

1daouon Yesoaoeds jewiay-1e[0S

uois|ndo.d [ew.sy]-1ejos st Jeym

xipuaddy




‘Buijooo annelausbai sepnjoul abueyoxe 1esH Y

| ‘ysip snolod ayy Aq pawiopad yloq ase suonouny ,
1eBueyoXa 1eay pue lagiosqe syl 1deouod ysip snojod Y3104

plalys [eway L

labueyox3 jesH

1
\\\\\\\\\\\\w\\\\.\.\\\\\\\\\\\\\\\\\\\\.\\\\\\

Juswiueluon
uejjadold

NEEERA SRR AN BN E RN NN ENARERERNERRTRREE

| ybiuns
AN

“Jruondo)

(reuondo) MM
lojesjuaduon) \
Arepuooeg R

Jojeljuaduod

me:n_//
- Ja1snJy] Jejos oLsusy ay |




Gl

| ‘pasn sI ‘uaboipAy
quejjedoid Jusiolye aiow e ‘alojeley] 'edinos ABisua
ue se }gJo ul a|qejieAe ybijuns asn s}exd01 Iejog .

| -ds| spwi| syonpoldAq
ooy} JO Sseuw Jenosjow ay | “jue|jedoid ay} swoo9q
uay) sjonpoidAq uonoeal sy] "Abisus ojelaush

0] SUOI}oEa [BOIWBYD 8SN S18X4001 [EUOIIUBAUOCD -

‘peojAed ay} ajqnop “9’l ‘s19)SNIY]
sbe)s Jeddn jusa.iino ajgnop noge si esindul ol108dg «

s uoisindoid rewssy]-rejos Aym




9l

" w1 2_L sS
h_\mo\qowmgq - s
\uL,m..:\\ .m\m/*\\\
) w\\i
e

wynip=19S v 9)

o) el _\ »,;\ J V20
J[eWiay L -1ejog BUBOAA ST OUM




Ll 00S' L 1=°Y 10} 1WiT [eonoeld e
sabewl| 1004 9AIY) soljey uoljenussuo) ybiH .

Julod [2204 8y} se paulja ‘wulod o|buls
e 01 AlJoWWASG JO SIXY 01 [9||eled sAeY] ||y S8Sno0- »

adeys 101eljuaouo) palislald «
10]eljusduo) dljogeled
suelpele}s 1g=a|Buy ploS ‘000'9%="Y Jod .
000'9="Y 01 spuodsailo)) alnjetedwa Xep .
ung jo aoepung e ainjeladwa | st ainjeladwa ] Xe|y e

Wi olwreuApowsy |

obeuw| mc_cton_ | |
1461 Jo o|Buy pijoS sasealou| oY Buisealou] « |
UNS\Qy=9y olyey UOLIUS8IUOD OLIBUI0SY) |
| UNSy=gBew] jo ealy » ung
Oy=101B41U82U0Y) JO BalY palosloid 10
: olley uolielluaduo) JlLsWOoak) sbew| — /
ung Q _

JOlBJIUBOU0Y Je[0S 8y |




8l

ainjessdwsa | ybiH e ojelad( 1SN «
sasealou| ybi Bunix3 jo pealdg tenbuy .
uonewiopu| sbew |y sAodise( .

(19]|ng Snoinald se Juswalels usjeAinby
AireoisAud) leglosqy jo ainjelady Buionpay Aq uonelipelsy syl .

yibua [eoo4 BuoT Jo lojesyusouo) oljoqered YHAA
uonoun[uoD Ul 000‘9Y Jo Nl ojweuApowlsy | Buiyoeoidde oy oAb ueQ «

uly/inoy Jojoe Aq Arewd woid ybi sejesjueduo) Jeyund .

\ Arewnd
wold b

oy uny

uly//in0y=90Y

joyeusouon) bBuibew]-uoN Alepuodag ay|




6l

‘asEaloUl OS|e 1shw sainjeladwal Jaisniy] ‘alojeley] ‘sesealoul
os|e pue A 01 [euoilodoud si dsj “A o} jeuoipodold AjesiaAul siip/up pue
101BJ1U92U02 8} Jo eale ay} 01 [euoiodold st A usyl ‘Jueisuod piay st 4 |

*101B41U22U09 8} JO Bale ayl
o1 [euoiuodoid si o 1SNIyY} PUE JUE)SU0D OSfe st A uayl ‘paxi} play sl ds| ay1 §

uejedoud ayy o1 papeduw
ABisus onaupy sy o3 [euoipodold si A "zA IP/WP 10 A4 S| MO} jue|jadoud

ojul 1nd Jemod "a1el moj} ssew jue|jadold ayj si 1p/uip pue ‘AlloojeA
wejjedoid ays sI A alaym ‘A 1p/wp=4 ‘MeT] s,uoimaN Agq usalb si isniyL

w\mm  dsT
‘smojjo} ds| ajqissod xew ‘alojalay]

w
— [V dsT

L
‘smoljo} ds| esindwi oyoadg

_ 0
uuewzjjog-uelals ﬂﬂi = 5
‘ABioaus o|qiBiBau Aeme salireo juejjadoid eyl aiaym jwl| syl u

suwi Jaddn souewlioled
J81sniy [ewisy| -1ejos




0¢

€661 ‘VO Larvjuomy SN
uotspndord JYNNV[ ‘I9ISnIy ], [RULIDYT,-1R[0G ® JO [SPOJA [euoIsuatui( su() “y ‘A ‘sew|oy

"086 1T ‘sse1g A3isIsArup) oFpLiquUIE)
¢ Sedway [eomeumy,, I, *M ‘Surreyiep “y °g ‘Ayspoyney, g g ‘Areuue[g “H A ‘Sse1d

"I66T -ou] ‘suorjedrgqn g 19ao(] ¢ so13d() [eo1Is1yRIg 0) uonponpoxjuy,, T “q ‘[PN.O

"6S6T ‘orqQ pueaas]) “3yN uosndord JYNNVL
‘A103RIOQRT SOIINRBUOIISY 3] IR [[PAA PUR SAI[Y SI umwoaoo uotsindor g Iejog oy, 3 ‘3nery

"0L6T ‘ey 3d ‘1 "oN ‘g1 ‘A810uy refog “p g ‘eone
| '0L61
‘€PINOT8L L, ‘Ao1s9p UOSIPPY ‘9% 3d “Abuoug uvjog payddy ‘[ouUIIN “J SLI0lIeIN ‘[PUIRI g USPY

"9duaIu0)) A819uy] 1e[0G HINSY 1661 SuoNqLIsI] Xn[ Pue 1omoJ
[ejo, ‘edeuwiny Ie[og AIOjeIOQeT] SOINRUOIISY 913 JO NDURULIONSJ “0) WRI[Ip| ‘UosIer]

SO0UBJB)8




