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ABSTRACT

Fouling microbial filwm formation can cause significant energy losses
as reflected by increased fluid frictional resistance and heat transfer
resistance. Methods to predict and monitor rate of microbial film forma-
tion and its effect on energy losses in different environments is essen-
tial for efficient design and operation of engineering systems. This
paper will discuss weasurement methods and their incorporation in predic-—

tive mathematical models.
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INTRODUCTION

The term fouling refers to the undesirable formation of inorganic and/or
organic deposits on surfaces. “These deposits can impede the flow of heat
across the surface, increase the fluid frictional resistance at the surface,
and increase the rate of corrosion at the surface. In each case, energy loss
results.

Several types of fouling and their combinations may occur in heat exchan-
gers: (1) crystalline or precipitation fouling, {2) corrosion fouling, (3) par-—
ticulate fouling, (4) chemical reaction fouling, and (5) biclogical fouling ox
biofouling. Biolcgical fouling results from (a) development of an organic
film (biofilm) consisting of microorganisms and their products {microbial foul-
ing}, (b) deposition and growth of macroorganisms such as barnacles (macrobial
fouling), and {c} assorted detritus. Although many different macroorganisms
such as barnacles and mussels have been identified in fouling communities,
this paper will concentrate on microbial fouling assuming that it always pre-
cedes colonization of the surface by macroorganisms; Based on this premise,
control of microbial fouling results in control of %acrobial fouling.

Biofouling is not limited to microbial activity. The term includes the
interaction of the microorganisms and the slime layver with both the chemistry
of the solid surface and the bulk fluid. The interaction c¢an enhance some
of the more commonly known phenomena such as precipitation or crystallization
{scaling) and corrosion. Fouling biofilms form on condenser surfaces reducing
heat transfer and lowering plant efficiency {(Purkiss, 1972; Ritter and Suitor,
1976) .

Relatively little effort has been invested in mechanistic studies relating
bicfilm development to heat transfer resistance. This paper describes a moxe

fundamental approach focused on the influence of fouling deposits, primarily

biofilms, on heat transfer.




Measurement of Energy Losses due to Fouling Deposits

Real time monitoring of fouling in the laboratory or at a power genera-—
tion site would be extremely valuable if at least two guantities could be
determined:

(1) Extent of fouling

(2} Composition of fouling deposit
An instantaneous measure of the extent of fouling could be used to determine
its influence on power production. The deposit composition would be invalu-
able in deciding upon an appropriate remedial treatment. Traditionally, water
quality parameters {chemical analysis, selective ion electrodes and bacterial
counts) have been used to predict fouling potential and determine treatment.
However, these parameters define conditions in the bulk water which generally
are significantly different from surface conditions where the problem exists.
More recently, fouling monitors have been developed which indicate the effects
of a fouling deposit on frictional resistance and heat transfer resistance.

-

These measurements, however, yield no information vegarding Lhe composition
of the deposit. One of our goals is to develop a C?mprehensive fouling moni-
tor system to determine the rate and extent of fouling and the type of foul-
ing depesit so that appropriate treatment can be applied.

Fouling deposits are rarely homogeneous. Generally, the fouling deposit
is a combination of biofilm, scale and corrosion products., The degree to
which each type of deposit contributes to fouling is dependent on the reaction
environment. BRasic differences in the effects of scale and bhiofilms on thermo-
hydrodynamic measurements, in conjunction with water guality measurements, can

provide useful insight to distinguishing between scale and biofilm, particu~

larly once a history of heat exchanger performance has been established.




A PFouling Monitor

A fouling monitor system has been used to monitor biofouling, its influ-
ence on heat transfer, and to experimentally determine the usefulness of
mathematical models., At present, the fouling monitor system consists of

three major components (Figure 1):

1. The tubular reactor contains a heat transfer section consisting of

an electrically heated aluminum block clamped around the tube. The
block contains two temperature probes. The tube can be of any rele-
vant alloy and is interchangeable. The tube contains ports for pres-
sure drop measurement. The reactor also includes a flow meter, a
motorized valve, and a bulk water temperature probe. Tigure 2 is

a schematic diagram of the heat transfer section,

2. A microcomputer calculates frictional resistance, convective heat

transfer resistance {HTR}, conductive HTR, and overall HTR. The
microcomputer can also control the following:

frictional resistance or flow rate (

heat flux or inside tube surface tem?erature
output from the microcomputer includes a television monitor for dis-

play and a cassette recorder to establish historical records.

3. A micrometer device provides a measure of deposit thickness.

Frictional resistance is determined from pressure drop and flow measure-
ments in the tube. The relative roughness of the deposit can be determined
from friction factor and average deposit thickness. Overall heat transfer
resistance i1s calculated from measurement of bulk water temperature and tem-
peratures in the aluminum block. Convective heat transfer resistance is depen-
dent on turbulence and is calculated from the friction factor and properties

of water. Conductive heat transfer resistance is the difference between




overall HTR and convective HTR. Deposit thermal conductivity can be deter-
mined if deposit thickness is measured.

The monitor accomplishes the following:

(1) The extent of fouling can be instantaneously reported in terms
of fluid frictional resistance, overall heat transfer resistance,
and deposit thickness. This information can also serve as an
early warning of fouling problems.

{2) Historical data can be retrieved to determine the influence of
environmental factors (e.g.,‘temperature, water quality, fluid
shear stress) on the rate of deposit accumulation.

{3) Characteristics of the deposit {(roughness and thermal conductiv-
ity) can be obtained in situ instantaneously and used to estimate
the deposit composition. Deposit composition dictates which reme-
dial measure is applied.

FOULING BIOFILM FORMATION

.

Development of a systematic understanding of biofouling from field obser-
vations has been limited because of the interaction of several contributing
rate processes. Mechanistically, fouling biofilm accumulation may be described

as the net result of the following:

- Transport of material from the bulk fluid to the surface and adhesion

to the surface. Transported materials can be soluble {microbial nutri-

ents and organiec salts) or particulate {viable microofganisms, their
detritus, or inorganic particles). Pouling begins once these materials
adhere to the surface. Suspended particles of sufficient mass may
also control films by "scouring" action.

- Microbial reactions within the film. Microbial growth in the bicfilm

and extracellular polymers produced by the microorganisms contribute




to biofilm accumulation and promote adherence of inorganic suspended

solids.

- Fluid shear stress at the surface of the film. Such forces can limit

the overall extent of the fouling deposit by removing attached material.

- Surface material and roughness. Surface properties can influence micro-

mixing near the surface and corrosion processes. Some metal surfaces
may release toxic components into the biofilm inhibiting growth and/or
attachment. Some metals produce leosely held oxide films under the bio-
films. When the oxide film sloughs the biofilm is also removed.

~ Fouling control procedures. Chlorine, the most commonly used chemical,

oxidizes biofilm polymers causing disruption and partial removal of
biofilm in the fluid shear stress field. Inactivation of a portion
of the microbial population also occurs. Altered biofilm "roughness"”
and decreased viable cell numbers influence '"regrowth" rates of the
biofilm. Mechanical cleaning physically removes a portion of the
biofilm.

:

Mathematical Model of Fouling Biofilm Formation ‘

A mathematical model simulating fouling biofilm development and ilts

influence on heat transfer will be described. The model may be useful for
several purposes including the following {(after Himmelblau and Bischoff, 1968):
- Economical experimentation: fouling processes can be studied more
guickly angd economically than possible in the laboratory or field.
- Extrapolation: extreme ranges of operating conditions can be tested
which may be impractical otherwise,
- Evaluation of alternative policies: various designs, operating pro-
cedures and treatment processes can be tested before decisions are

made.




-~ Design of experiments: the model indicates the variables to be mea-
sured and the data that must ke provided for useful evaluation proce-
dures.

- Test of sensitivity: the model can indicate which parameters have a
significant influence on process behavior,

However, one significant limitation of modelling must be recognized. The
success of the model depends heavily on the basic information available. The
model is only as accurate as the physical, chemical, and biological data that
go into the model.

Fouling biofilm development is the net result of several physical, chemi-

cal and biclogical processes including the following {(Pigure 3):

- transport and adsorption of inorganic and organic molecules at the
wetted surface

~ transport of microbial cells and other particulate material to the
wetted surface

- adsorption and microbial adhesion to the sur%ace

- microbial reactions within the bicfilm i

- detachment of portions of the deposit by fluid shear

Net biofilm accumulation rate, RB' reflects a combination of all the rate pro-

cesses above:

R A = R_A -+ NAY - R_A {1}
B A D
Net biofilm rate of trans- rate of biofilm rate of biofilm
accumulation = port and adsorp + production - detachment
rate tion of cells at the surface from the surface

Net rate of transport and adsorption has been described by Fletcher {(1977)

as follows:

- _ pTh
R o=k, x (1 K, {2)




The rate of biofilm production due to nutrient consumption, N Y, has been
experimentally determined by Trulear and Characklis (1981) as follows:

k Th s
b p

S TR )
P

The rate of biofilm detachment due to fluid shear, RD, has been experimentally

determined by Trulear and Characklis (1981). BAn approximate expression can be

derived from thelir data as follows:

(=3 L
RD DTh kD exp {kD lw) {(4)

Figure 4 depicts the progression of biofilm thickness and net bhiofilm accu-~
mulation rate (RBA) from the time a clean surface is immersed in a fouling
environment . RBA is the sum of all the individual processes described above.

Influence of Environmental Factors on Process Rate

Among the environmental factors affecting fouling biofilm formation rate,
specific data are available on the fellowing:
(1) dispersed microbial cell concentration in the bulk liguid (Fletcher,

I

1977; Bryers and Characklis, 1981)
{2}  limiting nutrient concentration (Trulear ;nd Charackiis, 1981)
{3} fluid shear stress at the liquid-soligd ingerface {Bott and Pinhiero,
1977; Bryers and Characklis, 1981; Trulear and Characklis, 1981).
(4) temperature {Characklis, 19890; Stathopoulos, 1981; Bott and Pinheiro,
1977}
{5} characteristics of substratum surface (Dexter, 1976; Loeb and Neihof,
1975; Fletcher and Loeb, 1979).
In a eutrophic environment (high cell and nutrient concentration), biofouling
rates are high. Biofouling increases with temperature up to some critical

temperature dictated by the microorganism species present. Above this criti-

cal temperature, biofouling rate decreases, Fluid shear stress increases




detachment rate from the biofilm and, hence, decreases biofouling rate. How-
ever, if liguid phase mass transfer is contrelling biofilm nutrient removal

or transport of cells to the surface, shear stress will increase the rate

of biofouling. Characteristics of the substratum surface are imporitant in

the adhesion process. Wettability, or critical surface tension, is the pro-
perty used most frequently to describe surface characteristics in microbial
attachment studies. In seawater, cell attachment increases with increasing
critical surface tension (glass, copper, polyethylene, teflon) with the excep-
tion of copper. The macro- and microroughness of the substratum all influence
biofouling rates. Roughness influences rate of transport to the substratum
of cells and nutrients. Roughness elements partially shield cells at the
surface from fluid shear strese and increase the effective area for adsorption.

Other Factors Influencing Accumulation Rate

Fouling may result from processes other than those related to microbial
activity. Crystallization (scaling), sedimentation, and corrosion are acknow-
ledged as severe fouling problems. Fouling accumul;tion on a heated surface
is most probably the net result of all these proce%ses. Specific environmental
conditions dictate which process is dominant at any given location and time.
For example, the surface may initially be too hot for microbial activity but
crystallization may occur. As the crystalline deposit accumulates, the sur-
face temperature decreases to a range suitable for microbial activity and
biofouling begins.

Suspended or particulate material in the water also can influence accu-
mulation rate. Light, small particles in a low velocity flow adsorb easily
to the "sticky" biofilm surface increasing the accumulation rate. Heavier,

larger particles in a highly turbulent flow can scour the surface, thus redu-

cing the rate of accumulation,




INFLUENCE OF BIiOFITMS ON FLUID FRICTIONAL RESISTANCE
Fouling deposits cause increased fluid frictional resistance by decreas-
ing the effective diameter of the heat exchange tube and by increasing tube
roughness. Biofilms increase fluid frictional resistance primarily by in-
creasing the effective roughness of the tube.

Process Description i

Picologlou et al (1980) have experimentally determined the influence

of biofilm on fluid frictional resistance in a tube. Increase in frictional
resistance and calculated equivalent sand roughness correspond to an increase
in biofilm thickness or biofilm mass. The increase in frictional resistance
is characterized by an induction period at small biofilm thickness followed
by a rapid increase after biofilm reaches a critical thickness. The critical
biofilm thickness corresponds to the viscous sublayer thickness calculated
for clean tube conditions. Characklis et al (1981} present data confirming
these observations for varying fluid velocities. Filamentous organisms, if

v

present in the biofilm to a significant extent, inc;ease frictional resistance
much more than non-filamentous organisms {Trulear a%d Characklis, 1981).

Constriction of the tube due to biofilm accumulation only constitutes a
small fraction {approx. 10%) of the observed frictional resistance (Picolog-
lou et al, 1980). 1In contrast to biofouling accumulation, calcareous deposits
constrict the tube to a significant extent {Cowan and Weintritt, 1976). The
biofilm is viscoelastic (Characklis, 1980}, a factor which may also influence
filuid frictional resistance (Schuster, 1971).

Regardless of the mechanisms causing the unexpectedly high frictional
resistance, the effect of Reynolds number (from 5,000 - 48,000) on friction

factor {e.qg., Moody Diagram) for a tube with an attached biofilm is similar

to a tube with a rigid rough surface (Figure 5).




Mathematical Model for Frictional Resistance due to Bilofouling

Picologlou et al (1980) have experimentally determined the influence
of biofilm on fluid frictional resistance. Tor a given bicfilm thickness,
friction factor {(f) was independent of Reynolds number {Re} for Re > 1G,000
when Th exceeded the viscous sublayer thickness 61. However, £ was a func-
tion of biofilm roughness (£)}. Therefore, the following expression describes
the dimensionless friction factor in a tube when Th > 51 (Davies, 1972):

e -2
f = 1.13 - 0.87 ln{izgd {5)

Friction factor for any thickness and roughness is described by:

4r
£ =t AP (6)

2
L pfvm

Other Factors Influencing Fluid Frictional Resistance

A condenser contains hydraulically smooth tubes when installed. BAfter a
period of operation, the tubes generally become hydraulically rough as a result

.

of corrosion, erosion, and inorganic deposition. Picolcglou et al (1980)
have described results of experiments comparing bio%ouling in smooth and pre-
roughened tubes. Under identical conditions, initial frictional resistance
will be significantly higher in the pre-roughened tube. The frictional
resistance in the pre-roughness’ tube remained significantly higher through-
out the development of a fouling biofilm. Therefore, a rough tube results
in even higher enexrgy losses than in a smooth tube when biofouling occurs.
INFLUENCE OF BIOFILMS ON HEAT TRANSFER RESISTANCE

Overall heat transfer resgistance is the sum of conductive and convective
heat transfer resistances., Convective heat transfer resistance will decrease

as fouling progresses due to the increased turbulence as evidenced by a

higher friction factor. Conductive heat transfer resistance will increase




as the thermal insulating fouling deposit accumulates., The relative wagni-
tude of changes in convective and conductive heat transfer resistance due
to the deposit will depend on the following:
- properties of the deposit such as thickness, roughness and thermal
conductivity
- fluid flow rate (more fundamentally, shear stress at the wall}

Process Description

Heat transfer rate in a tube is generally described in terms of an
overall heat transfer coefficient {U). The inverse of the overall heat
.. -1, .
transfer coefficient (U 7} is the overall heat transfer registance (HTR).
Resistances are additive and, therefore, are convenient to this discussion.

Overall HTR can be considered the sum of convective HTR and conductive HTR:

-1 Y51 p, /) ¥ p AT /ey
U = T}_{ + 1 ——k— 1 T“‘“‘* (73
1 B t
overall convective conductive conductive
heat heat trans- heat trans- ., heat trans-—
transfiexr = fer resis- + fer resis- | + fer resis-
resistance tance tance in the: tance in
biofilm : the tube

¢

The convective heat transfer coefficient, h, can be determined by mea-
suring the temperature differential hetween the hiofilm-fluid interface and
the bulk fluid. Such an effort is presently impractical due to difficulties
in making accurate, nondisruptive temperature measurements at the biofilm-
Fluid interface. The relation between momentum transfer and heat transfer
in turbulent flow provides an alternate means of determining the convective
heat transfer coefficient.

Colburn (1933} analyzed data on convective heat transfer and pressure
drop in a tube from a large number of experiments and found it possible to

predict the heat transfer coefficient from the friction factor. Expressed




in terms of the Stanton number, the Colburn relationship is:

2/3
Stb Prf = [/8 (8}

The Stanton number is based on properties of the fiuid at bulk temperature
while the Prandtl number and friction factor are based on properties evaluated
at the arithmetic mean of the bulk temperature and temperature at the fluid-
solid interface. The solid may be the clean tube surface or the biofilm.
The Colburn relationship applies to flows with Reynolds numbers in excess of
ld,OOO and may be applied as an approximation in hydraulically rough tubes
{Kirkpatrick et al, 1980). Conseguently, the convective HTR (h_l) can be
determined from fluid properties, fluid velocity and friction factor data.

The conductive HTR due to biofilm accumulation reguires measurement

of biofilm thickness Th = r, - rl} and biofilm thermal conductivity. Mea-

1

surements indicate that biofilm thermal conductivity is not significantly

different from water (Characklis et al, 1981).

Figure 6 describes the progression of conductive; convective and overall
3
HTR as a fouling biofilm accumulates,

i

Mathematical Model for Heat Transfer Resistance due' to Biofouling

1

Modelling overall heat transfer resistance due to fFouling biofilm devel-
opment reguires the following:
1. a model of biofilm development because it directly influences
frictional resistance and conductive HTR.
2. a model for frictional resistance as a function of biofilm accu-
mulation because it directly influences convective HTR,
Model equations for biofilm development and frictional resistance have
been presented. The convective heat transfer coefficient can be determined

from Eg. (8} and rearranged to yield




0.33  -0.67 ,0.67

h = 0.
0.125 £ Cp 8 k pfvm (9)
Then convective heat transfexr resistance, U;onv can be expressed as
x
- i 1
oL (10)
conv 1 h

Conductive heat transfer resistance due to biofilm accumulation, U a’
con

is described by the following:

r

-1 n

i
cond 1o (Efq (11}

A
B 1
Figure 7 diagramatically describes the model for overall heat transfer resis-

tance due to fouling bhicfilm development.

Other Factors Influencing Heat Transfex Resistance

Deposits, other than biofilms, may form on heat exchange surfaces. In-
organic deposits composed of calcium, magnesium, silica, and iron may form
on the surface as a result of chemical precipitation and corrosion and cause
increased HTR. Repeated chlorination may result increased corrosion rates.
Repeated chlorination may also result in the formation of a relatively inert

4

inorganic deposit in seawater (Mangum et al, 1973) and in a laboratory fresh-
water system (Characklis, 1980) which may also infi%ence HTR.

Tn addition, particulate material suspended in the cooling water may
influence heat transfer. Small particles (e.g., sand, silt, clay) adsorb
readily to a surface conditioned by biofilm changing the effective thermal
conductivity of the deposit. For example, the thermai conductivity of sand
is approximately one half that of biofilm. On the other hand, large particles

in high concentrations may scour the surface and thus help maintain e clean

surface (Bour, 1979}.




SUMMARY

Bicfilm development and its influence on fluid frictional resistance
and heat transfer resistance has been described in conceptual and mathema-
tical models. References have been provided to experimental and field
data which influenced the formulation of the models. An experimental sys-
tem for determining the extent of energy losses resulting from fouling has
been described. The system can provide information from in situ measure-
ments regarding the composition of the deposit. The experimental systen
can be used in the laboratory or in the field to test the influence of

environmental factors on the rate and extent of fouling.




REFERENCES CITED

Bott, J. R, and M. M. V. P. S. Pinheiro. 1977. Biological Fouling Velocity
and Temperature Effects. Can. J. Chem. EZngng. 55:473-474.

Bour, D. P. 1980. Biofouling Experience and Practices on Once-Through
Condensers at Electric Generation Stations. Proc. Condenser Bio-
fouling Control Symposium. 2067-277 pp. ed. J. F. Garey, et. al.
Ann Arbor. Ann Arbor Science Publishers, Inc.

Bryers, J. and Characklis, W. G. 1981. [REarly Fouling Biofilm Formation
in Turbulent Flow System: Overall XKinetics. Wat. Res. 15:483-491

Characklis, W. G. 1980. Biofouling Fiim Development and Destruction.
EPRI. RPS02-1.

Characklis, W. G., Nimmons, M, J., and Picologlou, B. F. 1981l. Biofilm
Development and Heat Transfer, Accepted by Healt Transfer Tngineering.

Colburn, A. P. 1933. A Method of Correlating Forced Convection Heat Trans-—
fer Data and Comparison With Fluid Friction. “Frans. Am. Inst. Chem.
Engrs. 29:139, '

Cowan, J. C. and Weintritt, D. J. Water-formed Scale Deposits. 596 pp.
Houston: Gulf Publishing Company. 1976,

bavies, J. J. ‘Turbulence Phenomena. New York: Academic Press. 1972,
Dexter, 8. C. 1976. Influence of Substrate Wettability on the Formation
of Bacterial Slime Films on Solid Surfaces Immersed in Natural Sea
Water. Proc. 4th Int'l., Congress on Marine Corr. and Fouling,
]
Juan-Les—-Pins, Antibes, France.

'

Fletcher, M. 1977. The Effect of Culture Concentration and Age, Tinme,
and Temperature on Bacterial Attachment to Polystyrene. Can. J.
Microbiocl. 23:1-6.

Fletcher, M. and G. I. Loeb. 1979. Influence of Substratum Character-
istics on the Attachment of a Marine Pseudomonad to Solid Surfaces.
Appl. Env. Microbiol. 37:67-72.

Himmelblau, D. M., and Bischoff, K. B. Process Analysis and Simulation.
New York: John Wiley and Sons. 1968.

Kirkpatrick, J. P., McIntire, L. V. and Characklis, W. G. 1980. Mass
and Heat Transfer in Circular Tube With Biofouling. Wat. Res. 14:117.

Loeb, G. I. and R. A. Neihof. 1975. Marine Conditioning Films. 1In:
Applied Chemistry at Interfaces. p.p. 319-335, Adv. Chem. Ser. 145,
ACS, Washington, D. C.




Mangum, D. C. and B. P, Shepherd. 1973. Methods of Controlling Marine
Fouling in Seawater Desalination Plants. Final report submitted to
the Office of Saline Water, U. 5. Dept. of Interior by the Dow Chemical
Co., Contract No. 14-30-2829,

Picolaglou, B. J., Zelver, N. and Characklis, W. G. 1980. Biofilm Growth
and Hydraulic Performance. Proc. Am. Soc. Civ. EBngrs. 106:733-746.

Purkiss, B, E. Biotechnology of Industrial Waste Conservation. London:
M&B Monographs, Mills and Boon. 1972,

Ritter, R. B. and Suitor, J. W. 1976, Fouling Research on Copper and Its
Alloys - Seawater Studies. HTRI Progress Report. INCRA Project No. 214A.

Schuster, H. 1971. Tluid Friction in the Presence of Nonrigid Boundaries.
Ph.D. Thesis, John Hopkins University, Baltimore.

Stathopoulos, N, 1981. Influence of Temperature on Biofilm Process. M.5.
Thesis. Rice University, Houston.

Trulear, M. G., Characklis, W. C. 1981. Dynamics of Biofilm Process,
accepted for publication, J. Wat. Pollut. Control Fed.




[odjuos mojy M
8 J9jaw MoOj) v

40l piaduisy
19joM Yhg ——— =~
CLITITITI dosp sunssaid
- ) s4nipiedwie) 2oppns ‘ — 5 —
XBi 103y i -
= |
abpuoys 21b4 MO|} _ I —
| i !
3}jesspo O INOD | - 1 “ -~
i a—— ! I ] e
. dosp @anssaud L yoay
SA1}ONPUOD g —= | e
, SA1$08AUGD | B s
et | i LI ——
| dejuad SOUDSISaI IBJSUDI) (DAY ||DiJA0 _ I LI CE
30UDISISaS  [DUCIOLI} ‘
aanjpiedwsy
= — xoo_ﬂ
DEAE B EEOLE gl =
A041UOW Sn oD wmoroneoR

C3pIA

HHHBHBBEBHE

1Nd1No J31NdINODOYHDIN JOLINON  ONIMNO4



BAE (S

ol

i @9

3ENLYY3dWAL
SORRINS M3INNI Hita
NCILO3S (31v3H

|

)

9

£

)

yd i ™\

AL A S S S D S SN A A A AN i Ll T T T AT el A 7 F T T F P L0
0 )

I
m
M
i g |
i
Nﬂ..m. aﬂul.l...l“ “l.&...li..l _Q.ﬁ
| m
IHUNIVHILWIEL ¥ing i i
wewmTams i ] FNUVEEINEL ¥INg
P / i IV S¥IINI g4 D
Adid ] Inu_ T =~
zp
v
OLSINGEHL
p gL =yPp
, V3YV FOVIINS
HOLSINGZHL © Z 40 AN3WIN3
. b y.
——N—- ﬂ ﬂ M M uum-n
m
1 ZHNIVE34WIL YIH

"1 3MNIVEIINTL



S3SS3I00Ed  ONI'INOZ0Ig

INIWHOYLIA S INGWHOVYL 1V
o Fﬁ@&@Zd&:.mggquaa
HLIMOYO v NOILGHOSAY DINVOHO

7 3VANNS 193N \mwwvw\

aﬁmq&r%o& d%.@@nnmmf@ IR PR 2P G S Ho TG &&hn

o0 =z 2y~
mu ~m J,,.Wm\/wv \h\(\.\(i mfn,\/\/wfwuf\xﬁf ;Nl ~07 4 @
/ wf PN L T =0T % ]
A OIN o?\ﬁesoﬁﬂu\ < @ 4 y
FALA S e VR i wo L €
a,,b!):ﬁz./W\(\\c\ /.Mvdua\t O N € @ © &
o= SIINVINO 1300
O ¥ G = X O <— MO 14




R Y

(sjiun AIDJLIQ4D) W]

i 0
WQ ,,.,.ﬂ d/n).,)._.ad.uﬂ_ )
Wwitlioig | hwmmcxomgaﬁ
. ¢ 3
o t wiiorg
SALIDIEY e
T on




4 O] X J3guinN SplouAsy

01 o's 09 Ot 0’2 07 £0 g0 0 20 1'C
wrl Op = sﬁf
€000 = Qx
i wrl g9 = ]
100 = @\x,QQJﬂ;fxﬁfow
I Eloomugh o 1
] 2900=p/5 T —o— o ,
i wrl 00G = Y1 o o |
SIo=p/S T o T

foXo)
T
s
200 &
—+
O
-
a!
O
¥00 oS
.il...n
-l.lwlv
A i
1900y
@)
800
o
oro I— 1
i
<.| 0O
AN

SO



(SHILIWOHDIN) SSINMDIHI W4018

Ot ¢

08

ozl

091

UCTIBTNUNDDY WITIOTY IO 3TNSSY © se
SOURISTSRY I8ISURIL 3e8H UT saBusyd "5l 2anbTg

(SHAOH) 3WIL NNY TVINIMINILX 3

52l col

m |

SSANNIIRL IJCO\& el 7 IONVLSIS3Y \ —~— G
AALL2NONGD
@ JINVISIS3IN Vi0L

\ ~—~02

O

AONVLISISIN TWRIAD

/ ‘ a38NSVan
@ —{sz

9 INIWIHZdX3

(LLVM /3o - W) 01X N 3ONVISISIY MIJISNYNL LVIN



oo

T et

<

L el

COND

-1

!
N

s
E._.
<r
1
L= -
[:g%_' >
&2 <L
f -
=1 I
il <I:<
— f o vl
[ &
il
Eut)

Tu

[
Lt N“fi
=l .
— o
o i
(&) (- ]
',/E)E [, LL:L G
. - =&
L Ly i
£
<2
O
H rT O
AN
e
@\
N
PN
}\ i
o
~
1) Lt
Lo -
=i P
— -
A
(o) - o
= L
A
<3 ~ !
= L0 il
——r ] -
S0 Mo
i N
o
L ] i
N e
Lt—-! —1
<
LA
. A4 A
x0T
}4‘_




