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THE DISPERSION OF BACTERIA 

Francis G. Rust and Charles R. Wilke 

Department of Chemical Engineering and 
Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 1966 

ABSTRACU 

The dispersion of bacteria by their own motility was measured 

by three methods and was found to follow the behavior predicted by 

diffusion. The diffusivity was found to range from 2 to 3x10 5  

cm2/sec at 260 C in a uniform nutrient medium. Methods are presented 

for estimating the rate of dispersion of motile bacteria that are 

multiplying as they diffuse. 
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IiRODIJC'TIOi 

On large scale ;  bacterial transoort is acoomolished by con- 

• 	vection or sedimentation ;  both of vhich can be handled by convention- 

• 	al engineering methods. Some bacteria also move by their on motility 

so that in a uniform mediun that is free from convection. bacteria 

ili disperse '--y a random motion thich could be characterized as a 

diffusional mechanism. The aisnersion of oacteria by this diffusive 

process has not been investigated previously, and is the primary sub-

ject of this report. The dispersion of bacteria iill be sho -m to 

follo the behavior predicted by diffusion provided that the folloing 

necessary conditions are met. 

Suitable medium for motility 

Absence of convection correrts or force fields 

Absence of areas depleted in a nutrient 

Even in the absence of motility, bacteria ill sloly diffuse by 

• 

	

	Bronian motion. Bacteria are so large that transDort by this mecha- 

nisrn is not significant. 

The diffusive transport of bacteria is of engineering interest 

in cracks, along the interior surfaces of pipes ;  in packed beds, and 

• 	in any case rhere convective forces have be ­P damped out by the pres- 

ence of solid surfaces. 

• 	 The maintenance of sterility can he of great importance in 

biological operations such as fermentation, for one bacterium can 

SD0I1 the entire contents of a feed tank in less than a day. A imowl- 

• edge of all mechanisms of bacterial transport is necessary to evaluate 

the probabilty of oacterza galningaccess to a sterile process. 

Three different exptrimental methods vere used' to measure the 

dispersion of bacteria. in the first experimental method, the loca-

tion of individual bacteria uas recorded at different t i m e s by multiple 

exposure photography. The displacement of the bacteria from their, 

oliginal positlon vas r'asurea, and the oiffst' vas calculated 
a 
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• 	using the, Einstein relationship. 1  The extent to which the motion of 

the bacteria had become random could also be evaluated in this experi-

rnent. 

In the second experimental method, a steep bacterial concentra-

tion gradient was'esta'olished on a microscope slide and was photographed 

at various times for counting. From these photographs bacterial con-

centration profiles were obtained. Different diffusivities were then 

used in a numerical solution to the diffusion equation, each diffusivi-

ty gave a different concentration profile. The calculated profiles 

were matched with the measured profile to •see which diffusivity gave 

a profile that matched the measured profile. 

In the third experimental, method, a capillary tube'was filled 

with a bacterial suspension and was immersed in stirred nutrient. After 

allowing time for diffusion of bacteria from the tube to occur, the 

tube was removed and the number of bacteria in the tube and the number 

of bacteria in the solution was determined by plating on nutrient agar 

and counting the colonies of bacteria that grew from each viable 

bacterium. The diffusivities were obtained by solving the partial 

differential equation for diffusion, sedimentation, and growth numer-

ically to give concentration profiles at many different times. These 

concentration profiles were integrated to give the fraction of the 

bacteria remaining'in the tube as a function of dimensionless time, 

/l2. The diffusivity could be determined from this function once 

the fraction of the bacteria remaining in the tube had been experimen-. 

tally measured, provided that the time for diffusion, and the length 
• 	

of the tube were known. • 	' 

The experimentally determined diffusivity of bacteria was used 

to calculate the rate at which contatniration by motile bacteria would 

spread through a crack filled with quiescent medium. An example was 

also calculated for the diffusion along the inside surface of a feed 
• 	

- 	line'against the.flow of medium. 	• 

4 

V 
S 
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II. 	cHRATEISTICS OF THE BATIAL CULTUIRES 

For the proposed experiments to be valid, it is essential 	. 	.. 

that such properties asbacterial motility and multiplication rate 	 S  

be constant during an experiment.. Scouting experiments were m.de 

on several strains of E. coil to determined how the multiplication 

•rate, percent of bacteria that are motile and .baäteria.l velocity 

were affeáted by temperature, stage of groth and composition of 

• the medium. 	 . 	 . 

• 	 . The cultures used were three strains of E. .coli obtained 

• 	 . 	 •. from the Department of Bacteriology at the University of Calif- 	. 

ornia. 	They %zere: 	- 	. 	 . 	 . 	 . 	 . 	 . 	 S. 	 ... 

E. coil U. C. 27,  a highly motile strain isolated in 1958 	
0 

E. coil 3000, motile but slightly less motile than U. C. 27 
• 	

. 	 E. coil B (Hershey), a non motile strain. 

E. coil U. C. 27 was selected for the diffusion measurements because 

the fraction of motile bacteria was highest in this strain. 

Nutrient medium (5 g. peptone, 3 g. beef extract, 2 g. glu- 
cose, to 1 1. 'water) was used in all experiments because in the 

absence of peptone only about half of the bacteria were motile at 20°  

C. 	This decrease in motility was observed in all defined medi. regard- . . 

-' less of sugar ehergy source and was not due to contamination, for the 	• 
definitive test for E. coli was made on all samples. 	The disadvantage 

of nutrient medium was that the growth rate was so high that the dif- •.. 

fusion experiments had to be limited to three hours. 	Anticonvectants 

such as gelatine, agar.,, and methyl cellulose were not used because 	S  • 

they are reported to accumulate on flagella and make them large enough 	: 
• 

. 	 • tobe seen with a light microscope. 2 	Since flagella are believed to 

be the motor organs of bacteria, the heavy depósites might affect 	• . 	 : • -. 

bacterial motility and diffusivity.  
S...  The diffusion experiments in this report are based on the 	• 	•.. . 

premise that bacteria move xandorily 	Bacteria would not be expected 
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to move in a random manner if there were zones in the medium that 

were depleted in some essential nutrient. Under conditions of 

unfavorable environment bacteria often undergo a 'shock reaction tT , 

• their motion is erratic and characterized by rapid; random changes 

in direction until they locate a favorable environment. The term 	
W 

chemotaxis is used to describe this abiity of bacteria to locate. 

and move preferentially toward a favorable environment. Adle 3  

receiitly described the ability of E. coli to deplete the nutrient 

at one end of a tube and then rni-ate down the tube in a band 

• following the oxygen and energy source front; a depleted region 

was left behind the migrating bacteria. 	. 

A typical growth curve based on optical counts is shown 

(Fig. i) for E. coli U. C. 27 at 20 ° C in nutrient medium. The 

percent of bacteria that are motile can be seen to remain constant 

• 	from early exponential phase to stationary phase. At the onset of 

stationary phase.the velocity of the bacteria was observedto decrease 

rapidly. A growth rate discontinuity in which the bacteria ceased to 

divide for a two hour period can be seen in the growth curve at a 

concentration of 5xlO bacteria/mi.. Catherine Fowler has observea 

a similar discontinuity in the growth of E.?oli at 37°C,  and has 

demonstrated that this failure to multiply ocurs coincident with 

.th& depletion of oxygen in the medium. At 37°C  she observed that 

• there was a 30 to 50 minute lag before growth continued in the 

absenceof -oxygen. After 70 minutes, the anerobic growth rate was 

the same as the previous aerobic rate. Bases on the work of Adler3 	. • 

and Fowler it would be anticipated that nutrient medium (eosed 

to air for a week after autoclaving) would have sufficient dissoThved 

. oxygen for E. coli to grow aerobically to a concetration of about . 

• 	• 	. 5x107  bacteria/mi. The depletion of oxygen would result in the non- 

• 	 random behavior of chemotaxis, and would be signaled byfailureof . . 

the E. coli to multiply. 	. 	. 	. 	 .. 	. 	. 	. 	• 	
I. 

S 
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The microscope lamp Oas found to stiifiulate motility during the 

onset of stationary phase. Multiple exposure photo.-micrographs showed 

that about half of the bacteria were either stopped or moving very 

slowly. These bacteria accelerated to within 70 percent of their final 

velocity during the first second of exposure to the intense microscope 

lamp, which had been off for an hour. Continuous illumination was 

found to have no effect on the growth rate or motion.during the major-

ity of the exponential growth phase.. 
• . 	 The heating caused by the microscope lamp was measured with a 

copper -con stantan thermocouple in the medium between the slide and cover-

slip. The temperature rise for a 100 micron depth of medium was 0.2 ° C 

during multiple exposures, and 1.7°C  during continuOus exposure. The 

motion of nonmotile E. coil B in the slide chamber when it is vertical 

is evidence that the microscope lamp will cause convection currents in 

a vertical slide chamber. 

A wide range of bacteria lengths was observed at all stages of 

growth. There was no significant effect of size on bacterial velocity. 

The majority of bacteria stay in the close proximity of a surface, 

.vertical or horozontal, once they have encountered it. The surface 

might he expected to exert a drag on the moving bacteria; howevr,no 

significant change in velocity was observed at different distandes 

from the surface. 	. 	. 	• 

I 
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III DIFFIJSVITIES BY THE MEAN SGJJ&E DISPLACE1ENT METHOD 

Multiple exposure photographs iere taken of bacteria in a thin 

C' 	 film of nutrient medium beteen two microscope slides. The photo- 	: 

• 	 graphic images of a Tbacter•ium appeared s a series of dOts (Fig 2). 

From these photographs the distance that a"bacterium traveled ir a 

given time interval could be measured (Fig. 3). Thus sufficient 

information was available to treat the dispersion of bacteria in the 

same manner as Brownian motion had been originally treated by the,' 

Stokes-Einstein relationship. 1  

A. Theory  

Diffusion can be thought of as a random walk of particles, 

and treated in the same manner as Brownian motion. At the turn of ' 

the century Einstein derived the relationship. that relates the dis-

placenent of 'a particle that moves randomly to the diffusivity) 	' 

This relationship i:  

X2 =2Dt 

or 	

r2=Dt 

where 	D = Diffusivity (cm2/sec) , .' 	'. • 	,' ' '-' 	•' 	' 	-. 	'. - 

t. = the time increment of observation (sec) 	' 	: 	• 	• 

	

the mean of the squares of,the displacement in a 	• 

fixed arbitrary direction (cm  

• 	 r = the mean of the squares of the distances between the 

initial and final positions on a surface (cm) 

For short times, before the particles have made their first 

• 	 turn, X is proportional to t, and the apparent. D will increase  

• 	 linearly with , t. As the particles make more, turns'their-moton ' 	• 	• 

• - ' 	. 	apDroaches random motion and the deDendence of b 'on t decreases. 
- 	 • 	 ' 	 . 	 - 	 ' 	 • 	 • 	 • 	 - 

-' 	to .the limiting case vheré motion is completely random andthere is 
• 	' 	• no dependence of 	D 	on .t 	• 	, 	:, ' 	• • '' 	' 	• 	• 	. 	' 
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Fig. 2. Multiple exposure photomicrograph of E. coli 27 in nutrient 
medium at 18 X lens magnification. The multiple images start 
with a 3 exposure sequence and end with a 5 exposure sequence. 
The 85 multiple exposures were taken one per second on pan film. 
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The calculations can easily be accomplished by 1 - id. x is 

determined by squaring the x-co!nponents of all of the disolacements at 

a given time, and averaging them. The diffusivity is obtained by divid-

ing the 	by twice the time interval for the displacements. The same •  

calculations can be accomplished on a computer; a program to do this is 

given in Appendix A. 	 -. 

B. Equipment. 

The multiple exposuie photomicrographs:were made by using a 

rotary shutter to interrupt the beam of light from the microscope lamp. 

The rotary shutter was a disk with a slot cut in it; the disk was driven 

by a clock motor at 1 rps. With a dark field condenser, the bacteria 

appeared as bright spots moving against a black background. Every 

second the slot in the rotary disk permitted the light from the bacterIa 

to reach the film. The image of a bacterium in motion is a string of 

bright spots. A good dark field condenser permits over 200 multiple 

exposures to be made on one negative, with no noticable washing out of 

the image by the background.  

A Bausch and Lomb microscope with a low power dark field con-

denser and a large area light source was used for all runs in this 	- 

experiment. Both high speed "Polaroid" film and medium speed pan-

chromatic films were used with equal succes. All optical systems 

were calebrated with a stage micrometer at the time of an experiment. 
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C Experimental Procedure 

Prliminary experiments quickly established that an individual 

bacterium 'would have to be foilo'wed' for more than a minute for its 

• motion to be random. During a minute an E. coil travels t'wo milimeters. 

These long distances require that the magnification be decreased to the 

• lo'wer limit. At 18X the area of illumination limited further reduction 

in magnification. Construction of a large dark field condenser 'wouia 

permit the bacteria to be follo'wed for longer periods of time. 	. 

The bacteria were gro'wn for six hours in exponential phase by , 

	

V 	
frequent dilution before they were placed in the microscope vie'wing 

chamber. These chambers (Fig. ) were made by separating two carefully 

cleaned glass slides 'with a thin spacer. After partially coating the 	 V  

edges with hot paraffin, the spacer 'was removed, and the rest of the 	. 

edge was coated except for filling and venting holes. Capillary action 

sucked the bacterial suspension into the chamber. After the fill and 	. 
V 	

vent holes 'werecoated; the suspension was completely enclosed in a 	. 

V 	 chamber of uniform thickness. 	V. 	
V 	 V 	 •, . 	 • 	

V 	 V• V 

Multiple exposure photomicrographs were taken (Fig. 2).. Several - 

reference points were made in the tracks by  closing the mechanical •' 	-. 

shutter briefly during the multiple exposure photomicroaphs. These- 	V V  

	

• 	reference points simplified measurements and permitted the direcion 	. 	 . V  

of travel to be determined. f • V 	

V 	

• 	 V 	

V V 

	 V  

The disDlacements of a bacterium from the initial image to the 	
V 	

V 

image at time t was measured at tines t = 5, 10, 20, ItO 60, and 80 	
V 	

V V 

V 
sec by pojecting the prints in a microcardreader and tracing the tracks 	- V  

- . 	
on graph paper. A photomicxographof the stage micrometer was alsopro_ 	

, V 

V 	
V 	

jected to give a scale factor. The .ir.troduction of bias was prevented 	V .  

by selecting only those tracks that could not have reached the edge of 	
V 

field if they had moved directly t'wards the nearest edge from their. • - 	

V 

origin The other tracks discarded were those that could not be follo'wed 

at all because t'emoved in tight circles 



-12- 

F 	 -- 



- 13 - 

D. Discussion of Data 

The diffusivities calculated from the mean square displace-

ments are initially proportional to time (Fig 5) As erpected, the 

time aepedece decreases with the increasrg size of the time inter-

val. The data are compared to the straight line that would have .: 

resulted if the bacteria had gone in a straight line at a velocity 

equal to the velocity measured over a 5 second interval. 	
0 

Since the time increment could not be increased., the data vas 

• 

	

	extrapolated to infinite time with the assumption of an exponential . . 

approach to the time independent diffusivity. The results are shown- 

in (Fig. 6). . 	 . 	 0 	 . 	 • 	 .- 

• . 0 	The data 'ere tested for movement of the fluid by plotting the 

end points of the tracks on a sctter diagram where all tracks have. 
0 	

- 	the same origin (Appendix A). The centers of gravity of all of the, 

• 	scatter diagrams were very, close to the origin. Bulk flow would 	
0 

have displaced the center of gravity. The data and calculations for •' '' 

bne experiment are included in Appendix A. • •. 	 0 	 .

•.•. 
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Fig. 5. The diffusivities calculated from the mean square displacement 
of bacteria are plotted against the time interval over -which the 
displacement was measured. As the number of dire'ction.changes 0 

increases, the diffusivity becomes less depeident on the size of. .. 
the time increment. The average bacterial velocity .  is 20.7 1t/sec. 
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• IV. DIFFUSION FROM ASURED cONCENTRATION FROFILES 	' 

A. Exoer'iertal Procedure and EauiDrlent 

In this series of experiments microscope chambers were built 

• 	that would permit direct observation of the diffusion of motile bacteria 

into a channel flled pith nutrient rieaiur The concertration profiles 

of the bacteria were obtained by counting the number, of bacteria on 

• 	photographs taken at various positions along the channel. The diffu-. 

• 	sivities were obtained by matching the measured profiles to profiles 

calculated from different, known diffusivities. 	 •. 

The diffusion chambers for this exoeriment (Fig. 7) were similar 

in construction to the thambers in the previous experiment; except that. 

"Mylar" spacers 2 or 3 mils thick weie left in the chamber to form a 

channel at the right hand end of the slide. The open chamber on the 

left end formed an unstirred reservoir. •The channel was then filled: 

with fresh medium. Many chambers had to be discarded at stage because 

of overfilling or the inclusion of a r ir bubbles. Once thechannel was 

filled, a suspension of E. coil was added to the reservoir. The filling 

and vent holes were waxed over so that the entire chamber was sealed. 	' 

The initial distribution was immediately photographed for subsequent 

counting. 	 ' 

A Reichert "Zetopan" 'research microscope was used. in all of 

these eeriments because the calibated stage permitted the same loca-  

tions to be photographed at different times. The objective lenses were 

stopped down by placing an aluminum foil, fixed aper ,ature above the lens. 

This modification gave the lensesa' depth of field of 100 microns with- 

• 	,• . out excessive loss of resolution. Two different 'magnifications were 	•• •. - 

used for the counting, 276 X for high concentrations, and 48.x for low 

• 	concentrations. This combination of lenses enabled a concentration 	.0 

range of ten thousand to be covered. The most accurate measurements • 	' 

were mad7e at higi concentrat.ions where as many as two thousand bacteria 

were counted For high counts the pIotograpr was covered witn a grd 
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1' 

• 	 and projected in a microcard reader. At low concentrations of bacteria 

the rotary shutter was used so that the characteristic short strings of 

• 	images (Fig. 8) would positively identify the motile bacteria. In Fig. 

8 the rotary shutter had two additional slots that were one fifth as 

V 	 - large as the main slot. The smaller slOts produced two additional 	 -: 

- 	dimmer images between the usual bright images. The additional images 	
V 

• 	 facilitated the identification of the tracks of a bacterium when many 

V 
different tracks overlapped. 	 V 	

• V 

B. Calculation of Concentration Profiles 
V V 

	 • The diffusion chambers used for this experiment approximate 

the case of one dimensional diffusion into a finite slab that contains 	V • V 

V 	

some of the diffusing substance. The partial differential equation 	
V 

that applies to this case which was used to calculate the concentra- 	
V 

• 	 V 	 tion profiles at various times was: 	
• 	 V 	

• • V V 

c 2C 
• 	 _D2RC 	 V 

• 	 V 	 • 	 - 	 - 

Boundary Conditions are: 	 : 	
• 	 V 	 V V 

• 	Initial condition: 	
V 
 •the measured  initial distribution 	. 

V 	 Boundary condition no. 1 C CeRt,  x < o, all t 

Boundary condition no. 2 dC 	
• 	 V 	

V 	
V 

	

—=0, 	x= £, alit 	• 
dx 

C Concentration (number bacteria/ml) 	
V 

V 	
t = Time (dec) 	I 	 V 	

• 	

V V 

• 	 D = Diffusivity (cm2/sec) 	V 	
V 

- 	 x = Distance from reservoir (cm) 	
• 	 V 

•• 	V V 

V 	 R = Growth rate (1/sec) 	
V 	

• V 	

V 

• 	
= Total length of channel (cm) 	 •• 	• 

V  V 

• 	 m = Distance segment number • 

n = Time increment number 
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Fig. 8. A multiple exposure photomicrograph of E. coli in nutrient 
medium. Three exposures were taken per second at 256 X lens 
magnification on polaroid film. The shutter speed was 1/40 sec 
for the bright exposures. 
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r 	 - 

= CTl, + 
(2/3 + tR) 	

+ 

The channel of length CPL 'as divided into 100 equal sections. 

= 

CAPL/l00 

• 	since Dt/x2  = 116, then 

Z~t = TK = cL2l0/6D 	 - 

The initial concentration trofile as determined exrerjmental-

ly so that the concentration in all 100 sections, C 	is initially 

• knon. The concentrations in all segments, 
0m 2' at 

time 	t later 
• 	can be calculated from C 	by Ea.(l) except for the first segment 

concentrations hich are equal to (1.0 + ZR t). In order to - calcu-

late the concentration in the last segment, C 12 , the concentration in 

the segment 01+11  must-be knon. For the boundary condition that no 

diffusion occurs through the end of the channel C 
1-r1 = C 

1-1 
. In like 

manner the concentration profiles after succeeding st's can be calcu-

lated by Eq. (1) from the previous concentrations. A computer program 

that permits calculation of concentration profiles at many different 

times from a given diffusivity and initial distribution is contained 

in Appendix B. 	 - 



C. Discussion of Pesilts 

The concentration profiles measured at seven different times 

in one run are shovn (Figs. 9 - 11). The solid lines are the calcu- 	 p 

lated pofes at the nd ca ed df s. . - es 	The dan ea crves 

join the experimentally determined cints. Short horozontal lines 

are dravn through the data oints that nere taken from lct magnifica- 

tion nhctcmicrograph; the length of the hcrozcntal lines is the vidth 

• 	 of the photograph. 

The similarity bet'een the shape of the calculated profiles 

and the measured rrcfiies is evidence that the dlscersion of these 

motile bacueria is folloting the behavior predicted by diffusion. 

Hoever.by 235 minutes (Fig 10) the band of bacteria caused by 

chemotaxis is beginning to form in the region from 0 to 1.0 cm. 

• 

	

	 By 330  minutes (Fig. 11) the band is very distinct and has moved 

to 1.5 cm; under these exoeriseental conditions the bacteria should 

be folloiing the receding oxygen supoly, deoleting it as they migrate 

By 285 minutes it can be concluded that the motion of the bacteria is 

no longer random, and diffusivities measured at the corresponding con-

centrat ions of 3x10 7  oreater are probably not valid. 

The groetb rates of the bacteria in tie chamber reservoir vere 

compared to the grcvth rates, obtained by •opt.cal counts, of the rest 

of the r1nocum, -which,  ,qas stored an a glass cottle at 26 0 C(Fg 12) 

The slooes of the teo curves, the groeth rates ;  are the same within 

the same limit of excerineental error. If there were effects of the 

high surface area, or if heating by the microscope lamp increased the 

cell temperature by more than 2CC,  then the groethrates in the samples 

vould have been significantly different. Fairly high concentrations 

eere reached ii -. the bottle before the multiplication rate slowed. 

S'nce the cotl 	'etne 	-e ar a d. 	s Dr1or to sa-plirg 

oxygen starvation would be less significant in the bottle than in the 

cra'oer 	.n.. sealed fro" tee ar. -t a coretra or of 5x10 7 
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Fig. II. Comparison of the observed, distribution of-bacteria vith the 
calculated dstribution at 5, 175, 330 win, for a 'owth rate 
R ' 2 .3 2xlO/sec.' At 330 mm there: is. a very pronounced migration 
of bacteria dawn the channel 
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bacteria/al, the oacteria in the charther stopped multiplying Foler 4  

has  shown that the cessation of multiplication is caused by the deple, 

tion of oxygen in the niediu'n Adler t s experiments' show that cherno-

taxis and the forr'iatlon of bands of bacteria begin when oxygen in 

part of the medium is depleted. In this experment the cessation of 

• 	multiplication and the movement of the bacteria to form'bnds ocur 

- 	at the same time and are probably caused by oxygen starvation;. 	. 

As was previously mentioned, the reservoir of the microscope . 

chamber could not be stirred. This means that the bacteria that  

diffuse into the channel have to be replaced. by the two dimensional 
• 	- 	 diffusion 61 bacteria in the reservoir to the depleted zone around 

. the opening of the channel. The lack of stirring in the reservoir 

• 	 ould cause the measured diffusivities to be low. 	• 

. 	- 	 The diffusivities calculated for the individual data points • 

	

• . 	• 	for three runs are shown on a summary graph (Fig. 13).  There does 

• 	not appear to be an effect of length of time for diffusion on the 

	

• 	 value of the diffusivity. The scatter in the' data is much more 

pronounced at short distances than at long distances. This scatter 

at short distances is probably inherent in the method. 	. 	 . - 
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D. 	Eperiert to Evaluate Fi 	the DIffuson Chamber 

The possible prese'ice of corvectIon currents In the dIffusion 

& amber 	as ealuated by reasurng the rate of d.spersion of 1 3 
mid on diaieter pLlyvinyl toLene latex stheres 	The sptieres were 

susperdea in 8 	t/mCl 	a solutoi that had the same derisitJ as the 

spheres 	The suspension 	as then centrifuged to reoie anithing 

that mignt settle or float duriig the e'peri-ient 	& supensio 	of 

spheres 	as loaded into a mcroscope cha-ther in the same manner as 

the bacterial suspe'isi"ns had been loaded 

The diffusion of these spheres of neutral density can be cal- 

culatêd from kinetIc theory by the Stokes-Einstein equation. 

icT 	 . 
• D=-- 

ireri 
k = V. 	gas constent for one molecule 

T = The absolute temperature 

a = The particle  radius 

= The viscosity 	 . 	• 

For the experimental case of the 1.3 micron spheres, the diffusivity 

ou1d be about 4xio 9  cm /sec. 	. 	. . 

The diffusivities of the spheres could not be measured accurate- 

ly because the spheres stuck.to  the, surface of the glass slide 	hen 

they. encountered It in. the. cOurse' of their random motion. 	After several 

• 	 .. days equal numbers cf spheres 	ze±e stuck to top and bOttom surfaces.. 

The 'experiñent ,reveaied • a veryslight flow of about 7x10 7  cm/sec into 

the channel. 	Floi 	ôfthis magnitude would have no effect on bacterial 

diffusivities. 	The total displacement by flow in a three hour diffusion 

• exerment mould be less 	han the accuracy of position measurement. 	The 

distribution of spheres is shown in (Fig. 114). 	From the calculated con- 

centration profiles, the. solid lInes, it can be seen, that' the diffusity 

is substantlallM less than 10 7c!n2/sec, but the calculated diffusivity 

of 14x10 9cm2 /sec cannot be verified. 	 . 
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'1g. .3)4. Dispersion of 1.3 micron latex spheres by Porvnian motion. 
The dotted lines show the measured initial and final distributions. 

• 	 The solid lines shov the calculated final distributions if the 	 -.4 

dispersicn were caused only by. Broznian motion. The poor fit by 
the calculated curves and the shape of the curve for 1660 utin 

• 	• 	shovs that there must have been bulk flow of fluid down the 	 •: 

• 	 channel as veil as diffusion, and that the diffusivity must'have 	.• 
been less than 102' 	• ' e rr 1sec' 
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V. DIFFUSI.ON FROM A CAPILLARY TUBE 

Inthis. set of experiments a capillary tube that was closed 

at the bottom was.fihled with a bacterial suspension and was immersed 

in bacteria free nutrient mediuni.. Some of the motile bacteria diffused' 

out of the caP'l i lary. After a krown length of time the capillary tube 

was removed from the medium and the number of viable bacteria in th 	' - 

tube and in the meaium was determined by piating on nutrient agar and 

courting the colonies that resulted Thus for a known tine for 

diffusioh the raction 	of the bacteria remaining in the tube could •' 

• 	 be experimentally measured. A diagram of the experimental,,procedure 

• for determining 	is: shown in (Fig. 15).  The diffusivity Ias obtain- 

ed by solving the partial differential equation for diffusion, sedi- 

mentation, and growth to give • 	as a function of dimensionless time, 

• 	Dt/i. Thus the diffusivity could be determined if the fraction remain- 

ing 	the time for diffusion t, the capillary length 1, sedimenta- 

• 	tion velocity, and growth rate were all known'. 	, 	, •'. 

A. Experimental Procedure 

The selection of experimental conditions was based on experi- 	: 

ments using NaCl in Dlace of bacteria. NaC1.was used becauthe of 

simplicity of analysis, well established dif,üsivity, and freedom 	. -. 

from the requirements of sterility. The conditions finally selected 

were vertical capillary tubes 0.17.  cm in diameter and 2 cm long with 

the bottom closed Larger diameter tubes were not used because the 

• 	• salt solution was wasbed out of the end of the capillary tube by the -. 

• 

	

	motion of the bulk fluid. Smaller diameter tubes did not permit the, ,  • 

diffusion of sufficient material fox analysis. The stirring rate used • 

• 	was 2rp higher stirring rates washed salt solution out of the end of 

• the tube. Lower stirring rates caused a decrease in the measured

diffusivit, probaoly oecause a concentration gradient was established 

in the- bulk medium around, the entrance of the capillary tube. When - • :. 

a 
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Dilute Concentrat Led 

• 	
: 	• • 	 t = 1 hrs 	• 	 Groth rate blanks : 
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• 	 Fig. 15.  Diaarn of the experiment used in the. tube diffusion method. • 
• 

	

	Usually the diffusivities were measured over four differeht. time 
• • intervals, and the growth rate as measured in the to extremes. 

of concentration. 	•. 	 • 	 • 	 • 	 • 	 • 



-- 

bacteria were used, the tubes were kept vertical because inclined sur- 	 •1 

faces are reportea to increase searrentation rates by the Boycott 

effect 
6 

• 	The procedure used in these experiments (Fig. 15)  was to fill 

a sterilized.capillary tube with a bacterial suspension of E. coil that : 

was in exponential growth. The filled capillarr was then partially 

immersed in 125 ml of sterile medium in a 15 0  ml Erlenmeyer flask. The 

system was aflowed to come to thermal equilibrium with a 26°C constant. 

• temperature bath before the tube was completely immersed and the .experi- ' 

• 

	

	 ment started. The medium was sampled both before and after complete 

immersion of the capillary tube. Usually, five duplicate capillary set.- 

ups were used with each experim'ent. One capillary was never immersed 	' 

• and the other four were immersed' and removed at time intervals ranging 

from five minutes to four hours. The contents of the tubes and the 

concentrations in the f1aks were measured by dilution and plating in 

nutrient agar. The fraction remaining in the tube was the measured 

• 	contents of the tube divided by the total number of bacteria found in •' 	
' 

the tube and bulk medium. Some. samples of the bulk medium were 'with- 

drawn at times prior to the removal of the tube from the medium. Since 	
' 

the contents of the tube could not be measurE!l directly, the fraction 

remaining in the tube was based on the total number of bacteria original- 

ly placed in the tube and the known rate of multiplication of the 	• 

• 	• bacteria. 	
' 	 • 	 • 	• 

If the growth rate in the tube were different from the groth 

rate in the bulk medium, the fraction remaining in the tube would be 

a function of the growth rate as well as the diffusivity. The growth" '. • 

• 	rates were measured in both concentrated and dilute suspensions to • 	" 

ascertain that the multiplication rate was not a function of concentra- 

• tion in the range of the experiment. These growth rate blanks also in- 

dicated the depletion of oxygen ana the end of the period of random 

motion of the bacteria 



V 	 V  

B. Numerical SolutIon to the Diffusion Ec.uation 

	

• 	 In this experiment bacteria are muitiplyng as they diffuse 	 V• 

up out of the capillary tube agairst the force of gra - ity (Fig 16) 

The partial diffeiential equation representing this systen is 

CD 2CUèORC at 

• The boundary conditions are: 	
• V 	 - 	

V 	

V 	 • 

V V 	 Initial Condition 	 C = C0 	allx 	t 0 

	

• V 

V V 

	 Boundary Condition 1 	C = 0 	 x < 0 
V 
alit 	V 

	

V V 

	 Boundary Condition 2 	dC 	V 	

V 	
V 

	

_=0,u=0. x=2 	alit 
d 	

V 

V 	 .• 	 x 

V 	
Program 	Equation 	 V 	

V V 

	
V 

	

V 	 V 	

C V 	 C = Concentration (hacteria/ml) 
V 

V 	
V 	

V 

• 

	

- 	 V 	

V 	 t = Time (see) 	• 	
- 	

V V 	 V  

	

V 	 V 

V 	
D 	

V 	
D = Difusivity V(cm2/sec) 	

V •• 	• 	 • 	 V 

	

V 	 V 	 V 	U 	
V 	 • 	

= Sedimentation velocity  (cm/see) 	
V 

V 

	

V • 	 • R 	 R 	Growth  rate constant (1/see) 	
V 	

V 

• 	
V 	

V 	 x = Distance from the top of the capillary (cm) 
V 	

V V APL 	• 	2 = Length of the capillary (cm) 	 V  

	

V 	 • 	K 	 V  m= Distance position 
 

• 	 V 	

V 	

• V 
 n =Tim posItion 	• 	 V 	

• 	 V 

T 	 t = 	increment 	
V • • 

	 V 	 • 	 • 	

V 

V 

V V • 	H • 	 V V 	 x = Distance increment 	 • V V 	

V 	
V V. 

2 	 •V 	 V 	 . 

V 	

V 	 • 	THFTA 	Db/2. = Dimensionless time 	• 	. 	- 

PHI 	 = Fraction rema.nng in the tube 

- 	 V 	 • TO 	• 	• 	Concentration in the tube if no diffuion 	
V 	 • • V 

	

TMAX 	 Thtal time for diffusion 	V - • 	 • 	 V 

	

ANOD 	 = Dmensionless te increment 
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combining and collecting terms•' . 	 . 

UAt 	
+( 	tR 2 t)c 	+ 

2xj m+l,n 	 m,n 	.
AX Ax.

I nt UAt\ 
t 2x) 	 . 	 : 

The boundary conditions for the tube diffusion method are 

• 

	

	 that the initial concentration in the tube is one. The concentration 

at the entrance of the tube is zero at all times. The sedimentation 

• of the bacteria causes accumulation in the bottom segment of the tube. 

The condition for accuniulationas handled by assuming that áccumula-

tion occured in the bottom 5 percent of the capillary, and that this 

	

• 	 bottom 5 percent was well mixed. In actually the sedimentation záne 

.iould be smaller and the conccntration gradient in the bottom of the 

tube would be very steep and would introduce errors into the subsequent 

numerical integration. The assumption that sediment collects in 5 per-

cent of the volume will not affect the diffusion at the open end of 

the capillary tub'e. To satisfy the boundary condition of no transport. 

through the bottom of the tube, the sedimentation velocity and the con.: 

centration gradient were set equal.to zero. 	• 	 . 	• 

The finite difference equation for the boundary conditidn at 

the bottom of the capillary can be derived from a material balance 	• 

around the bottom segment of the capillary. The volunieof the - bottom. 	:. 

segment is one twentieth of the tube volume, and is larger than the 

•rest of the sections. Since the tube is divided into DH sections, the • 

• 	 bottom segment contains DH/20 regular size sections. The finite differ 

ence equation is derived from the material balance around segment .. 	•• • 

Accumulation 	= 	Diffusioii out. 	± sedimentation in 

DHLx 	 • 	tD 	• 	 . LtU 	• 	•. . 
20 (Cn,i - Cl,n) = 	- 	+ ---(c2 	+ 02_l ,fl ) 

DH 
+ xtR C 20 £,n 



-39- 

Coribining and collecting terms glves the finite difference equation 

for the sedimentation section at the bottom of the tube.  

20 (AtD tu 	(tu ntL 7 
C2+1  = 	+ ;:p i,n + 	- 	rj 	(')

AX 

+ (1.0 + tR)c2  

The actual calculation of the concentration profiles is very simple. 	'• 

The initial concentration in all of the segments. is kno•rn. The con-

centrations at time At later are zero for the first segment 'and 	' 

calculated by Eq. (2) for the rest of the segments except for the last 

five percent of the segments which are all equal and are calculated 

by Eq.  

After the concentration profiles' have been calculated the total .. 

number of bacteria contained in the tube was determined by summing and 

averaging the incremental concentrations. The total that would have - 

• 	 , 	been in the tube with growth but 'without diffusion, cr0, was calculated". 

The .ratio of the contents of the tube with diffusion to the contents 

without diffusion is, PHI, the fraction remaining.. The compute4 program 

• 	for the above numerical calculations is included in Appendix C.I The , 

numerical calculatioñs'are sunirnarized by the plot of 1.0 - 	as a func- 

tion of Dt/ in (Fig. 17).  The calculated curve is compared to the 

curve that would have resulted had there been on l y diffusion. The 

analytical solution for diffus'ion into a semi-infinite slab 1.0  

= 2(Dt/ 2)1/2 is valid, up to Dt/2 2 = 0.3 with an. error of less than 

1 3 percent 

• 	. 	' 	 The value of the sedirnentation velocities 'uses in the numerical, , 

solution 'were rieasu.red by allowing a culture of r'ovnotile E. coli B 
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• 	' 	to settle in a tube that as thermostated. The position of the inter- 	'. 

face oetween clear r,eaiuir and suspension was measured at several time 

intervals 	The seairientation '.elocites ranged from 0 05 to 0.1 

m3.cror/sec 

C 	Dscuss.Lo1 of Pesults 

The diffusiities obta ed in the tube diffusion experiment 

are shown plotted against the le'igth of time allowed for diffusion to 

• 	. 	occur (Fig. 18). The X t s and the solid dots are based on actual 

measurement of the tube concentrations whereas the open dots are cal-

culated from the number of bacteria loaded into the tubes. There does 

not'.appear to be any additional scatter caused by use of the calculated, • 

values This observation is not sirprisng since the percent recovery 

of bacteria, based on the total nurnber of bacteria acco.inted for with 

a correction for growth, ranged from 85 to 105 percent. The spread in 

the recovery rates is. not unusual, considering the inherent errors in .. 

both plating and in growth rate measurement 

The diffusinties measured over short periods of tine are con-

siderably higher than the diffusivities measured from runs lastingtwo 	. . 

hours or more; The short time diffusivity measurements would ble much 

more sensitive to. some mechanism such as the bulk flow of medium wash-

£ng the suspension out of the top of the capillary tube The diffu- 

sivity measurements made at longer periods of time should be more 

accurate 

The a1idity of this experiment is contingent on the condition'. . .. . . 

that the growth rate in tue tube at hign concentration be the same as 

the growth rate of the diffused bacteria in the dilute medium. The 	• 

measured growth rates agree within ezpeririental error.  

There are several significant differences beteen this set of 

experinerts and the two previous methocts In this eiperi'nent diffusion 

occurs i t1rce dimensions n the capillary tube nsteaa. of in two dimen-

sions across a surface In th_s eLperlment viable bacteria are counted 

rather tna' only 'rotile bacteria The selection of a strain that is 

hignly motile minimizes te effect of this difference 
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VIr OONCLUSIONS 

• The lack of u.nder standing of diffusive transport has led to: 

some apparent contradictions in the literature. For example, Ogiuti 

• 	measured the velocities of many strains of E. coli directly with a 	: 
• 	microscope and observed that the strains had velocitieswhi'ch fell 

into two groups differing by a factor of. two. A differenttechnique 

was used by Clowes Furness, and Rowley ° ' 9  and independently by 

Naziourn and Abdel-14aguid10  to measure the speed of E. coli. They 

measured the speeds by innoculating one end of a capillary filled 	- 

with sloppy agar, incubating the capillary, then extruding and segment- 

• ing the agar to determine how far the bacteria had traveled. The speeds • 

of the strains measured by this method differed widely rather than fall- • - 

ing into two distinct groups. The agar experiment actually measured the 

diffusion of a growing culture. The differences in the two types of 	• 

experiments are substantial. The first experiment measured bacterial 	•• 

velocity whereas the second experiment measured the diffusive -trans-

• port which is a function of velocity and the frequency of direction 

• 	change. 	• 	• • 	 • 	 • 	- 	• 

• 	 •- 	 •• 	 • 	 - 	 • 	 • 	 - 	 -. 	
0• 	

• 



	

• 	 - 	
: 

VII. EXAMPLES OF• THE SPREAD OF BACTERIA 	DIFFtJSI ON 

• 	 From an engineering point of view the diffusion of bacteria 

- 	is most significant in cracks, such as on a gasket seal, in a thin 

	

* 	 almost stagnant film along the inside surface of a feed line, or 

perhaps in a porous bed. The diffusivities that were measured in 

- the previous sections of this report can now be used to determine- - 	•. 

- the importance of diffusive transport in engineering problems. A 	- 

• 	rather general partial differential equation was solved which is very - 

useful in estimating how fast motile bacteria can diffuse.iñt a 

• 	sterile system. 	- 	 - 

- 	 The equation solved in this section is the equation gbverning 
• 	 the dispersion of multiplying bacteria up a film of finite length, 	 - - 

counter to bulk flow of the fluid. At theupper end of this film 

is a well stirred reservOir. The growth rate is G in the film 

• 	 and R in -the.reservoir.. The boundary conditions, shown -in (Fig. 19), 

	

• - 	 are that one end of the film is at zero concentration and the other 

- 	end is at a constant concentration, TOP. Growth occurs in the film, 

	

• 	 which is initially sterile, until it reaches concentration TOP. This 
• 	• 	behavior wou]d be anticipated from a knowledge of batch cultures and 

is confirmed: by experiments by Mazloum10  in which he innoculated'one • - - 	- - 

end of a tube filled with sloppy agar, permitted diffusion to occur, 

• 	then extruded the agar, sectioned it and measured the concentration • • 
	of organisms. There isno back diffusionor loss from the reservoir- 

all bacteria entering the reservoir stay there and multiply at growth 

rateR. 	• 	• 	- 	-. 	 - 	
_-; 	 - 	- 	-. • - 	- .• 	

-• The numerical solution to the partial differential equation is 

solved by first dividing the fluid film into a finite number of sectiOns. - . 

The- finite difference equations are -  then derived from the material bal- 	-• 

- 	ances around the individual section. Section C21 -is typical for all • 	• - 

sections from t h e second through the next to last section 
- 	 - 	 - 	 - 	 - 	 - 	 S 	 - 	 -- 	

- 	 : 	 - 	 • 	 - 
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Fig. 19. Schematic diagram of the conditions used in the numerical 
solution of the diffusion, convection, and growth in a small crack. 
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Material Balance for last Section (C.:)  

• 	 . 	

V 	x(C .1 	 - 	c) 	= 
- (D2-D1 ) + 	(u1-u2) + G 	

•. 

0,nl 	
( ,nstD 
 - 0 	+ 

	
At G) C'  

V 	

Material Balance for Reservoir (c ~1 ) 	• 	 V 	
V 	 V 	

V 

V 	 V 	 V 	 x(C11) 	=VD1 
- U1 	+ 	

V 	

V 	

V 	
V V• 	- 

V 	 . • 	 V 	 (6): 

• 

V 	

( 

V 	

- 

- 	

+ 	(i.O 	. 	 tR)c21 	
V 

V 

sulDstiting 
 

V • 	

AMOD = 	t/Ax2 
V 	

V 	 • 	 •. 	 V 

V 	

V BMOD =.tU/x 	V •, 	 • 	
• 	 V 	 • 

V 	 • 	

. 	 AL = AMOD -  BMOD 
V 	

V 	

V 	 - 	 • 	
- 	 •V 	

• 	 V 

V 	
• 	 V 	 JUV = AIvIOD + BMOD 

V 

• 	 V 	 • 	 V 

V 

V 	 V 	 - 	 = 	(1.0 	- 	 2AMOD + 	tG) 	
V 	

V V 	 V  

V 	 • 	 • 	 (1.0 
t V tR)  V 	 • 	 - 	 • 	

• 	 V 

V V 

	
V 	 Typical Section 

 

V 	 Eq. 	
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V 
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•• 	
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The above three equations are the eq,uations used to calculate' 

the cocentratiorjs along the path of dxffusioi at any given tiie, n+l 

from the previous concentrations at time, n. For example at time t 

after the initial conditions, the concentration in the first section 

is zero, from the boundary condition. The concentration in the second 

through the next to last section can be directly calculated from Eq. (n). 
The concentration in the last sectior can be calculated from Ec.  

The concentration in the reservoir, if it were the same volume as any 

typical sectior4, can be calculated from Eq. (6). The explanation' of 	' 

the program is written directly in the program as comments. The pro, 

gram for the &bove calculations is included in Appendix D.' 	 ' 

The' first example is the case where motile E. coil diffuse 

through initially sterile mediuim in a crac'k at room temperature 'Figs. 	' 

'20 and 21 show the calculated distances at which a given low conentra- 

tion of E. coil would be expected to travel in a given length of time. 

Mazloum T s data10  for several strains, of E. coil' diffusing in sloppy 

agar are shown in Fig. 20 and are in good agreement, considering that 

the sloppy agar slowed the bacteria.  

Figures 20 and 21 carl be used to make estimates of the progress 

of motile bacteria, through a crack in the absence of flow of the bulk 

fluid. For example the concentration' C of bacter'ia 5 cm from the 

entrance,of a crack can be estimated at a time 5 hours after steriliza-

tion and innoculation of the crack entranc&with a concentration C of 

8  oE. coiJrni. From Fig. 21, C/C is 'found to be 10 at 5 cm and 5 

hours. The concentration , C of bacteria at the desired location is ' 

• then equal to 100 bacteria/mi. 	- 	 ' 	. " ' ' ' 	• ,' 
• 	• In the event that the bulk fluid is in motion, the'penetration  

rate of bacteria by diffusion and convection will be. changed. The •-: • , 	, 	' 

effect of a bulk flow rate of 1 micron/sec is sLon in Fg 22 

An interesting appication of diffusion counter to convection 

is the dispersion of motile oacteria tirough the fluid along the wall 
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Fig. 22. Growth and convection effect the dispersion of bacteria. The 

effect of growth is to increase the dispersion of bacteria, where 
as bulk flow, counter to diffusion decreases the disDersion. 

(D = 10 5c 2/sec, R 2 8x1O/sec, U 1 <1Ocm/sec c/c0  = io) 
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of a feed7. line counter to the bulk flow of the feed. 
V 
 The bacteria in 

the fluid nearest to the wall (5 to 10 microns) would disperse faster 
since the fluid velocity is slow there. For examDle laminar flow in 	

.' V  

a pipe has a paraooLc velocity profile 

, 	 V  vi.o(r2  

	

—) 	 V  z 	R 
V 	V V 

Z 
rnax occurs at V  r = 0  

 -. 	 V 	 V 	 • V 

V 	=V 	/2  z ave 	zmax 	 V 	
V 	

V 	 V 

for a one inch pipe, 	V  R = 1.333 cm. 	 V 	 V  

V V 

	 r = 1.325 cm, 5 Vmc'ons from the wall 	
V 	

V V 

V 	

V• 	

V5mi crons 	- r2 	
000075 	 V 	

V V 

	

V 

zmax  

if V V 	=
5 microns 	 Z max

micron/sec then V 	= 0.133 cm/sec 	V  

and V 	= ave .2 cm/mm  

Thus it can 	seen that if the velocity in a 1 inch pipe is 2 cm/mm, 	 ' 

V 	
the velocity 5 microns from the wall will be 1 micron/sec. From Fig. 

22 it can be seen that this low flow rate would decrease the distance 

traveled up a feed line in two days from 26 to 9 cm. It can therefore 
be conc1udedthat the motility of bacteria normally would not be.a major 

factor in the movement of bacteria tbx'ough pipes counter to any appre -  . V  

ciable flow in the pipes.  
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Viii. SUMMARY 

• 	 The average diffusivities of E. coli obtained by the three 

di±fere -it eereta1 ethoas ''ere 

• . 	. 	. 	Mean square displacement method. 	 .1 X 10 -5 2 cm /sec 
•  

Measured concentration gradient method 1.7 x 10 -5 2 cm /sec 

Diffuson out of a capiliary tuoe 	2.5 x 10 cm2/sec 

In the mean square displacement method the bacteria which 'noved in 

* 	 tight circles could not be evaluated. The exclusion of these bacteria 
• 	. 	would to make the diffusivity high. In the concentration gradient 

method the reservior of cells Could not be stirred. The lack of stir-

ring would make the measured diffusivities low.. Proab1y the best 

range of values for the diffusivity 01 E. coli is 2 to 3x 10 cm /sec. 
• 

	

	 These values hold for E. coil subject to the following necessary con- 

ditions 

1 90 to 100 percent motility 

2. : Cells in e*ponential. growth at 26 ° C.- 	 . . 	. . •.• 

• . 	 . 	3. The medium have excess nutrients and no concentration 	. 	• . .. 

gradients 	 • 	. .- 	. 	• • . 

4 Absence of convection 

Several hundred individual bacteria were followed as they dis-

persed across a surface. Multiple exposure piotomicrographs revealed 

that as a group ther 'rotion was random provicted they 'ret the above 

necessary. coritions. It was found that when 'bacteria were subject • 

to a gradient in "bacterial, concentration that they dispersed following • . ••. 

typical diffusion behavior.  

The d.ffusional transport of bacteria is us.iaily secondary to 

convective transport however, near surfaces, n cracks or 4, n pac}ed 

beds, the diffusion becomes potentially significant, particularly when 

rapi.d grovtli occurs in corjunction with the aiffusion The solution 
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- 	 . 	 - 	 -- 

APPEDIX A 

Data and calculations for the Mean Scuare Displacement Method 

The data that represents the X, Y, coordinates of anindivid-

ual bacterium at six different times, were read in and corrected to' 

centimeter un?ts The straignt liie aistances ana e1ocities between 

the time intervals were then calculated. Since the velocity of a 

given bacteria is fairly constant, a criange in velocity was a good 

indication of .n error in the data. For all the runs the diffu_ . : 

sivities were calculated from the X and Y cothponents and from the 

calculated, directional displacement for each time interval by sun!ning 

the squares and averaging them. The average total of the X and .Y dis-

placements were calculated. These averages should approach zero for . 
• 

	

	 a large random sample. The data were plotted on a scatter diagram for 

each.time interval; one such figure is included in the following program. 

• 	.• 	 The complete explanation of the program is included as comments 
• 	 written directly into the following program. The title contains the 

'run number, date, organism, medium, microscope objective and eyeiece,:  
and temperature in degrees centigrade 	 ' 

The following program was used for calculating diffusivities.. 

•  in the mean square displacement method from the X, Y cbordinates of 

data points from N bacteria tracks at six different times after the 

initial exposure. The circled numbers refer to the location of the 

listed step in the program; . . .. 

Read in the data, the X, Y coordinates (relative to --

t = 0) for the location of each bacterium at t 5 	S  
10, 20, 40, 60, and 80 sec for all N tracks 

2. Echo print data 	•• 

Multiply input data by CF (converts input measurements 

tom) 	 . 	 • 	 S  

. 	int corrected data 	• 	. 	 • 	. 
• 	 ' 	

•. 	 5 	Sum all- X and Y 	lues at each time 	 • - 	• :- 	 - - 
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6. Square and sun Xand Y values at each time 

• 	

0 

• 	 • Calculate distance. from origin to X, Y, and, the  sum 
= ( 2 ) l/2 	•• 	•• 	

0 	 •• 
• 	•• 	 8. Square and sum the Rdislace!nents for each time. 	

0 

9. Average all X, Y, R, X2, Y2, R 	• 	 • 	• 

10 Calculate the diffusiities D = /2t, •D = R 2/1t 

• 	 11 	Calculate the incremental velocities, R/t 	 • 

12 	Print diffusivities 	 • 	

0 

• - 	• 	13 Print scatter diagram of data for each time 
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FFCCRAP CLICK 	(LNPUT,CUTPUT,TAPE 3= OUTPLT) 	 . 

T1S PROGRAM SQUARES THE X—Y CCOROTNATES CF - THE LUCATIONOF , 
-. . . 	eACTERIA AT DIFFERENT TINES ANC CALCULATES THE DIFFUSIVITY 

FRCM THE MEAN SQUtRE DISPLACEMENT 	 . 

X(N,J) = X COOCINATE CF TRACK N AT TIMEJ  
'r(N,J) = Y COORCIILTE CF TRACK.M AT TIME J 	 . 

' - R(N,JI = DISTANCE FRCM ORIGICN IC THE PCINT X—Y 
-1(J) = LENGTH UN TIME INCREMENT  
AN(J) = NUMBER CF PCINTS.AT  EACH TIME 	 .. 	 . 	 . 

CINENSICNX(200,6),Y(2C0,6),SX( 1O),SY(1O) ,SXC(10 ),SYQ(1019 

	

S 	 ._CR(LO,AN(2O0),T(1O),BX(lO),BYttC),BX(1C1,B'rQ10),R2(200,6), 
• 	 ' 	. 	C,(1C),R2S(100),R(200,6), V(2C0,6),CY(10), 

• 	. 	 RS(2CC),VS(200), RAV(10, VAV(101 	 - 
(,XIN(1C), XiMAX(1O), YNINILO), YMAX(IC)  
1,CC(2C),QT(20)  
,SS(2CO,10) ,TSUO) 	 . 	. 

- 	
• 	SET INITIAL VALUE CF ALL SUMNAIICNS = 0.0 

CAIA (SX(J) ,SY(J),SXC(J),SYC(J),R2S(J),J1,6)130*O.O/ 
DATA (AN(J), RS(J), VS(J), J=1,6)/18'0./  

	

• 	. 	- 	- 	CI1 	(TS(J), J=196)/C./ 	• 

- . 	I.1C FCRtAT (LHL,LL3M 
 

	

- . 	. 	. 	
T(ESE NEXT 3CARCS %ERE CHANGEC FOR EACH RUN 

$RLN NC. 4 7/11/66 C CCLI 27 MUIR. 2.*e. TEMP= 24.  
CLTA (T(J), J=1,6)/5.. IC.,20.. 40.1 60., 80.! 	 . 	. 	. 
CF=5.33E-04 	 . 	 . 	. . 	. 	. . 

	

.5 	

. 	 START PRINTINGPAGE 1 ECHO PRINT CF CATA  

PRINT 110  
PPINT 1C4  

	

• 	 PRINT Lob, LT(J), J=1,1 	 . 
PRINT 1C9 	 . . 	 . 	. 
DC 15 N1,200  

	

. . 	. 	. 	 1 	READ IN DATA 	
. 	•j 	. 	- 	. 

R(tC 19  ( X(H,J), 	Y(N,J), J1,6)  
• 	 . 	IF (I x(N,1).EQ.0.).ANC.( Y(N,L).EQ.0.)), 001016 	 . 

	

• . 	. . 	 ECI-O PRINT OF CATA  • 	. 	. 	 PRINT 1CO,IX(N,J)s 	Y(N,J), , J=1,6)  
- 15 CCNTINUE  

It CCtTINLE 	 . 	 . 	. 	 . 

	

. 	. 	 N=N-1 	 . 	. 	 . 	- 	.• 

- 	. 	 • 	START PRINT (NO P-E 2 . CORRECTED CATA 	• 	, • 	• 	 S 	 - 

-. 	 • PRINT 10, CF 	. 	 • 	 S 	 • 	 - 	 S  - 

	

• 	 PRINT 110 	 - 	.. 	• 	'. 	• 
PRINT iCe,, (1(J), J=196) • 	

5 	
.• 	 - 	 •. 

PRINT 1C9 	 • 	. 	• 	 •. 	. 	• 	.. 	S. 	 • 

Cr. 4C 9=1,N 
CC 30 J1,6 
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• 	 CONVERT RAm DATA BY CF TO CMuNflS 	 . .• . 

X(r,J)=XUc,Jj*CF 	 . 	 . 	. 	. 

FIND THE NUMBER CF POINTS AT EACI -TIME 	 . 

ir ((X(K,J).E.O.J.ANC.(Y(K,JI.EQ.O.) 	4N(J)=AN(J)-1. 	
. 

• 	 SUM OF ALL X VALUES, SUM OF ALL Y VALUES  
SXtJ)SX(J)+X(K,JI 	. 	 . 	. 	 . 	 . 	. 	 . . 

S'Y4J)=S'v(J)+YIK,JI 	. 	 . 	 . 	. 

• 	
.. 	 SUM OF X—SQUARES 	ANC Y—SQULRES . 	 . 	 . . 	 . 	.. 

• 	 SXC(J)SX(J)+X(K,J)*X(K,J) 	 V 	 .. . 	. 	•• 

SVC(J)=SYQ(J+Y(K,J)YIK,J1 	. 

(i 	CALCULAIE THE DISTANCE FROM CRIGION TO X—Y AND SUM 	. 

R( K ,J )SQRT( X( K,J )XK ,j ) +Y( K ,J)*Y( K,J) ) 
R$(J=RS(J) • R(K,J) 	 . 

• 	 CALCULATE THE AVERAGE VELOCITY TC EACH POINT AND SUM 
- V(K,J)=R(K,J/T(J) . 	 V 	 .  

• 	 . 	 VS(J)='S(J) • V(K,J) 	 . 	 . 

SCUARE AND SUM THE CISPLACEMENTS 

• 	 • 	 R25(J)=R2S(J).R2(K,JI 	 • 	. 

	

-......................... _....._._ 	..__.. ......•_ .... 

PRINT CORRECTED VALUES FCR ALL X, ANC Y 	• 	 • 	• 

PRINT 31 IX(K,J), Y(K,J), J=I963 	• 	 V  

4C CC'TtNUE 	 - 	 . 	 • • 	• 	V.  
CC SC J=1,6 	 • 	 - 	 • 	 . 

• 	 FIND AVERAGES OF x, Y, R, VELOCITIES, X—SQUARES, AND Y—SQUARES 	 • 

BX(J)=SX(J)/AN(J) 	• 	 . 	 • 	 • 

RA(J)=P5(J)/AN(J) 	 • . 	 V  

- A(J)=VS(J)/AN(J) 	 • 	• 	• 

	

---6XC-J=SX(J)fAN(J) ----- ------------- . 	 . 	 V.--- 

eC(J)=sYQ(J)/AN(J) 	 • 	 • 

CALCULAIB DIFFUSIVITY 	• 	• 	• 
C(J)=EXQ(J)/(2.*T(J)) • 	 • 	• 

CY(J)=BYQLJ)/(2.*T(J)) 	 • 	 • V 	 .. 	 .. 

------ CR(J)=R25(J)/(4..T(j)*Ap,1J))- - •- 	 • 	--- -V------- -- 
C CU'TINUE 	 - 	 • . 	• 	 . 	 . • 	. 	 CC ic K=I,N 	• 	 . 

CALCULATE THE INCREMENTAL. VELOCITIES CF EACH BACTERIA 	• 	 • 	V  

SS(K,I)= SQRTtX(K,j)*x(J(,) + YIK,13*Y(X,I3) /T(l) 	 • 	 • 	 .. 	V .  

	

--0016 J=2,6------ ........_____ ----•-.--------------V----V-  . 	 • V  
• 	 V 	

• 	 . 	. 	 • 	 • 	- 

	

V 	 . 	 . 

IF ((X(K,J).EQ.O.j.ANC.(y(X,J).EQ.o.)) 	SS(KJ)=Q. 	 V  
ie CCNTINLE  V 	 • 	

• 	IS CONTINUE 	V 	 • 	 • 	 • 	 . 	 - 	V  • 	• 	 . 
_________- •_ ._V  

DC 43 K=I,N 	• 	 . 	 • 	
V 	 V 	 • 	 • 	 • 	 V 	 • 

	

• . • 	 • • SCM AND AVERAGE INCREMENTAL VELOCITIES 	• 	.. 	 . 	 V 
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• 	 T5(J)=7SI.fl4SS(N,J).  
43 CCF'TINLE 	 . 

TS(J)TS(J)/4N(J) 
• 	 44 CCI71NUE 	 . 	 . 	. 	 . 	 . 

PRINT PAGE 3, INCPEI'ENTAI VEtOCITIES AND AVERAGE 	- 	. . . 	.. 	. 

PRINT 110  
• 	PFcINT2 	 . 	 •• 	.• 	- 	. 	. 

PRIN71C3, (TIJ),J=1,)--------- 
PRINT 4,I(SS(K,JI, J=1,6),K=1,N) 
PRINT 111 	 . 
PRINT 4, (15(J), J=196)  
PRINT 110 	 . 	. - 	 .. 	. 

PRINT PAGE 4 SU'?ARY OF DATA CALCULATED 

PRINT 9 . 	 . 	 . 	 . 	. 
PRINT 1C39 I 1(J), J1,63 	 . 
PRINT- 5 .  
PRINT 4, I S(J), Jrj,) 	---- -------------- ------_________•_•_____ST 
SPRINT 4, 	1 SY(J), J=1,6)  

PRINT 4 1 	(SXQ(J, J=I,fl 	 : 	•- 	 . 
PRINT 4, 	(SYQ(J), J=1 1 61 
PRINT e 	 . 

PRINT 112, (AU(J), J1,6  

PRINT IC 	. 	 . . 
PRINT 4, 	1 BX(J), J=1,6) 	 . 	 . . 	. . 

• 	 PRINT 4, 	1 BY(J), J1,61  
PRINT 11  
PRINT 4, 	LBXQ(J), Jt,6)  
PRINT 4, 	(BYQ(J), J1,6) •-- -  ---------- 
PRINT 	12 	 . . 	. 	. 	. 	 . 	. 	. 	. 
PRINT 49 	1 OX(J), J196) 	. 	 . 	 . . 
PRINT 4 1 	( OY(J), J=1,) 	 . -• 
PRINT 4, 	(DR(J), J=1,) 	 . 
PRINT IC? 	 - 

	

- - PlINY A, IRAVIJI, ji,e I - 	------- -----------•.---------- 

PRINT 108  
PRINT 4, (VAV(J), J=1,6)  FlINT 111 
	 . . 	 . 

PRINT A, (TS(J), •J116)  

PRiNT PAGE 5, CISPLACEIENTS FRCM ORIGION AND AVERAGE 
• 	. 	 - 	. 	 PRINT 	110 	. 	 . 	 . 	-. 	. 	. 	. 	. 

PRINT ICI • 	 . 	- - S  
PRINT 1C3 9  I 1(J), J=L,6) 	 . 	. 
PRINT 4 9 ((P.(,J),J=I,),K=1,N)  
PRINT lC7  
PRINT 4, (RAV(J), J-1) 	-- 5--- . . - .----.-----••------------------- 

PRINT PAGE 6, 	VERftGE VELOCITY FRCN THE ORIGION AND AVERAGE 
PRINT 110  

S 	 PRINT 102  
PRINT 1C3, 1 1(J), J=l,6) 	 • 
PRINT 4,t(V((.J),J=1,6),II,N) 	 - 	................- 	 - 

PRINT 108 	 - 	- 	- 	 - 
PfINT A, (VAV(J), J=1961  

1 FC?iT 	(9X,12F5.0) 	. 	. 	 . 	. 	. 	. 	- 	- 	• • 	: 	- 
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2 FCP?A1 (20X,20HI.CREMEhTAL \iELCCITY) 
! FCAT (lx,12E10.2) 

• 	 4 F(P)AT (1x,6E15.31 	 . 
F('IfrAT(/20X,11I-SUM OF CAIA) 	 . 
F(FA1 (/20X,21HSUM IF SQUARE CF CATA) 

E F(RfrAI(/20X,2IHNUMBER CF CATA PCIT5)  
S F1PAT ( 	/2OX,21NTIr#E FCR DISPLACEMENT) 	 •' 	 . 	 , . 	 ' 

IC FCPAT (20X,20HAVERCE C1SPLACEMENT) 	 . 
11 FCP T(/2uX,24NMEN 5URE CISPLACEErT) 
12 F1PtA1(/20X,11hDIFFuSIVjTY) 	 - 

1CC FCPfrA1 (IX,F6.L,1IF1C.1) 	 - 	 -•- 
• 	 id I F1P1AT C 	//21H4SCLLTE DiSPLACEMENT/fl 

• 	. 	 1(2 FCRtAT C 	//20X,16I-AVERAGE VELCCITYI 
• 	 10 FCPI.AT (/IX,6F15.1,7h (SEC.)//) 	 •. 

• 	 1C4 FCF?AT C 	20X918-E0-.0 PRIrTOF CAT) 
1C fiR'AT UOX,2IHX-Y DISPLACEENT(C.),SX,2CF(COVERSIDN FACTOR = 

iEIC.3,2X,7HCM/OIV)) 	 '-- 
ICC 	 11.8 	(/IX,10HTIME (SEC),F4.0 9 5F20.01-• 
IC7 FCF.?AT (//20X,I6HMEAN RC1US (CH)lI) 
ICE F1FAT (//20X,22HMEM VELCCTY (Ct/SEC)//) 	 . 
1Cc FCFPAT (6X,1HX 9 9X 1 1HY,S),1HX,9X,1IY 9 7H 	ETC.)  
111 FLP?AT (/20X,2HAVERAGE INCREMENTAL VELOCITY//) 
112 FCFtA1 (/1X9F15.1//) 	 . 	 . 

IN THIS SECTION RCLCH PLCTS ARE MADE EY THE COMPUTER USING 
PLCTTING SUBROUTINE PPLT 

............ PLOT PAGE' 7 	D1FFLSIVITY VS TIME 	-- -----------------------
.,•. -. 

DC 71 J'I,6 	 . 	•. . 	 . 

CC(J)=CX(J) 	 • 	 • 
71 CT(J)=T(J) 	 • 	 • 

CC72 J=7,12 	 • 	 ' 
Ct(J)=CY(J-6)' 	 - --------------:-- 

12.C1(J)=T(J-6I 
- 	CC 74 J=13,18 	 • 	. 	' 	 • 	 • 

CT(J)=1(J-12) 
74 CC(JI=CR(J-121 	 .• 

• 	 . 	 . 	 • 	 • 

—'---DC--13-J-2,1B' - -----'-- ------ 	______ ---'.-- 
IF (C(J).GT.OMAx) 	CMAX=QD(J) 	 • 

13 CC?STIM.E  
CMAX1.2*DMAX 	 • 	 r 	 • 
TMIX7I6I*1.2 	 - 
AFrC. 	• 	. 

• 	 -- -- MC-I8---------------- 

• 	 CALL PPLT (QT, QO, AE, TMAX, AB, CMAX, NO) 	 , 
PICT PAGES 8-13 	SCATTER DIAGRAMS OF X-Y AT DIFFERENT-TIMES 	S  . 

-- --cc- et ji,&----------- - 	- 	 • 
• 	. 	 MIN(J)= X11,J1 

 

X?'X(J)=X(1,J) 	 . 
• 	 U'!I¼(JiY(1,J) 	 • 	 •• 	• 

cc eo K=2,N 	 • 	. • 

IF (Y(?(,J).t.T.,YMIN(J)) 	YMIN(J)=Y(X,J1 	 • 	 • 
IF (Y((,Jl.GT.YMAXCJfl 	YldAX(J)Y(K,J) 	- 	 - 

• 	- 	. 	 • 	IF (X(I,J).Gr.XMAX(J)) 	XMAX(J)=XIK,J) 	 • 	•- 
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• 	 V 	 SLERCUTINE PPLT (X, Y, XIN, XMAX, 'IMIN, YNAX, NUN) 	. 	 . 

- 	 Q 

• 	 . 	
. 1-'!S SCEHOUTINE, GIVEN A SET CF N X—Y CCORC!N4TES, WILL PICT THEM 	. 
CK A 51-101 X—Y GRID, TI-US IAKING AFPAREIST THE CHSRACTERISTICS OF 

• 	 TIE ELLATICN FROM w1ICH TI-EYERE CET7IEC CR REPRESENT 	 . 

X.= X C0OROItATE CF EACH POINT V 	

V 

	

= Y COORDINATE CF EACI-' PCINT 	 V 

	

X?IN = MINIMUM VALLE.FCR X SCALE 	 . 
• 	 . . V 	 YP'IN = MINIMUM VALUE FOR V SCALE 	 V 	 V  

YFAX = ?AXIIIUM VALLE CF X SCALE 

	

YI'AX = MAXIMUM VALUE OF'Y SCALE 	 . 
- ILI' = NUM8ER OF GAlA PC!NTS  

ClPEtSTCNX(1), Y(1), xCPID(11) 9  YGRIC(Il); CRIC(101) 
CA1A ELNK,XXXXX/IH 91HX/ 
11= (XNAX—XzIIN)/1O. 	 V 	 • 	 . . 	 V •  

12 = (Y1'AX - YMIN) / 1C.  • 	
GRID(1) = X?4!N 	

V 

'rCPIC(l) = YMAX 	 V 	 • 	 . 	
V 

CC 25 1 = 2, U 	 V 

XCPIC(1) = xGkIo(I - 1) + Ti 	 V  V 	 V 

25 'rCFIC(I) = YGRIU(I - 1) - T2 

	

V V 	
kRTTE (3, 35) 

S FCMAT (IH1) 	 • 	 . 	 . 	
V 

CC 40 1 = 1, 3 	 . 
C IFITE (3, 4) 	 . 	 . 	. 	 •. 	 V 

• 	 45 F(:FI'AI (20X, 1H, 10(9X, -IH*)) 	
V 

• L = 1 	 . 	.• 	•.• 	
. 	V 	

V• 

1= 	I 	 . 	 . 	
V 	 • V 	 S  

Cr 65 V = 11 10  
CC SC I = 1, 101 	 . 	. 	. 	 . 

¶C GRIN!) = BLNK 	 . 	 V  

A = RCAT(M) 	 . 	 • . 	 V 

• 	 C= ( YNAX * 151. - A) + YIIN a (A - 1.1)1 50. 	• 	• • 	V 

CC 53 II = 1, NUN 	 • 	 V 

IF (AES(U - Y(IL)) - ('ItA) - Yt-4!N) / iCC.) 41, 53 9  53 
41 !P = 100. 	(X(IL) - X'IN) / (XMAX - XMIN) + 1.5 

GR!C(1)'P) 	XXXXX 
• 

C3  C(VTiNI.E 
%P.TTE (3,75) YGRIO(L),(CPIO(!), I = 1, 101) 	 V  

V 	 • 	
• 	 V 

Cr 6C J = N, N • 	 V 	 • 	 V 	 • 

CC 55 1 	1, 101 	 .•• 	 • 

V 	 • 	55 GSIC(1) = 8I 	• 	 • 	 V 	 • 

-A =-FLCAT(JI • 	
V 	 V 	 . 	 -V  

• 	• 	 • 	 . 	 C = ('yMAX 	(51. - A) 4 YMIN $ (A - 1.))/ 50. 	 V 	 • 	 • 

CC 57 IL 	1, NUM 	 .• 	 • 	 . 	 . 

If tAP5(J - Y(IL)) - (YMAX - 'vt-uN) / ICC.) 46, 57 9  57 
46 IF = 100. * (XIII) - X1'INI / (XMAX - XMIN) + 1.5 	 • 	 • 	 V 

11 (IXP .(,T. 101) 	PRINT.4682, IXP 	 V 	 • 

E2 FCMA7(6H LXP =,022) 	 • 	 . 	 V  

GPIC(IXP) = xxxxx 	 • 	 • V 	

• 	 57 CC1sT1IUE 	
V 	 . 	 • 

Ft !R!TE (3,76IGRIDH, I= I t 	oj 	V 	 V  
V 	

V 	 V  

• 	 •• 	
• 	 C tIV 91 	 V 	 . 

V 	 CC 66 1 = 1, 101 	
V 	 V. 	 • 	 • V 	

V 
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4 	 . 	 . 

c-IC(11= 	BLNK 
CC 12 	11= 	1, 	NUM . 

IF 	(ABS(YMIN - 	Y(IL)) - 	('MAX— 	Yt1I) 	/ 	100.1 	69, 	72, 	72 

(S IP 	= 	100. 	* 	((IL) 	- 	X'IN) .1 	(XMX 	- 	XM!N) 	+ 	1.5 
• GRiC(IP) 	= 	XXXXX 

12 CCtTIME 
bPITE 	(3,75) 	YGRIO(11),(CR!C(I), 	I 	= 	It 	id) 

! FCRI4T 	(LOX, 	LP9.2, 	1X, 	10141) 

Th FC.*1 	(20X, 	I01A1l 	. 	 . 

Or 	eo 	I 	= 	19 	3 
Ed h PI7E 	(39 	45) 	....- -. 	 .. 	 - 	 .--.-. 	------ -  •- 

b.RITE 	(3985) 	(XGRID(I), 	I 	= 	19 	111 

ES FCFWAT 	(16X 9 	1l(1PE9.2, 	1X)) 	 - 	- 

FEILPN 

4 	 . 

EP%C 	 - 	 - 

. 



RU? 	PC. 	4 7/11/66 	8 CCL! 27 	NIJIR. 	2.*8. 	TCMP= 	24. 

-- 

• TIPE F(JK UISPLACtPEtT - 

10.0 	 20.0 4C.0 60.0 80.0 	SEC.J 

SlY UF DATA 
-4.4LCE-C2 -3.312--02 	-1.232E-01 8.35CE-02 -2.146E-02 -1.0448-02 
L.t4E-C2 1.33E-U1 	3.C2E-01 4.2368-01 2.7998-01 1.4938-02 

SLP IF SUtKt OF CT 
3.SE-C 1.359-02 	5.C75E-02 1.5598-01 2.3878-01 1.899E-01 
4.71eE-c 1.79E-U2 	6.5618-02 2.1718-01 1.868E-01 1.4398-01 

tLreLk 	OF 	IJATA iCIr1s S  

EC.0 80.0 	 80.0 75.0 56.0 29.0 

3VEPE OIPLACEP'(NT 
-5.5758-C4 -4.1.OE-04 	-1.5398-03 1.3578-03 -3.8328-04 -2.4298-03 

E.ECE-C4 1.6tsE-U3 	3.1848-03 5.3628-03 4.5988-03 5.1488-04 

• MEAN SUAKE UISPLACEPENT 
4.5748-CS 1.b98-IJ4 	6.3438-04 1.5738-03 4.2628-03 6.548E-03 

2.349-04 	8.7C28-04 2.7488-03 3.3368-03 4.9608-03 

CIFFUSIVITY 
8.4918-06 	1.5868-05 2.4678-05 3.5528-05 4.0938-05 

5.8578-CL 1.17-o5 	2.1?SE-05 3.4358-05 2.7d08-0S 3.1008-05 
S.235E-C 1.01-05 	1.8818-05 2.9518-05 3.1668-05 3.596E-05 • 

tLs XACIUS (CM) - -: 

S.882E-C3 1.95E-02 	3.1268-02 6.4028-02 

• 

7.909E-02 9.7028-02 

MEAN VELOCITY 	ICM/SECI 

1 .5778-C! 1.'6E-U 	8.8638-03 1.6C18-03 1.3188-03 1.2138-03 

VEFAGE 	INCitMEr.TAL 	VELCCITY • 

1.5778-C3 2.1108-03 	2.CC6E-C3 1.7718-03 1.7238-03 1.832E-03 
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- 	- 	 RUN NO. 4- 7/11/65 6 0080 27 NUTR. 2. 0 8. 1(57- 24. 

3-V COOP C8M04T8CM.l 	(CCNV1RSICN 140108 - 9.3306-04 CW/0*V) 	 - 

1100 (SOd) 	5 	 10 	 20 	 40 	 60- 	 50 
I 	 V 	 I 	 7 	ETC. 	 -- 	 - 

• 	- 	 -E.260-C3 3.8t-03 -1.678-c2 3.736-03 -3.131-02 -3.731-03 -6.901-02 -2.336-02 -9.001-02 -1.201-02 -1.C9E-01 2.811-02 
7 . 461- C 3  -4.161-C3 1.451-02 -5.061-03 9.801-03 1.400-03 5500-03 -3.458-07 5.501-03 -6.908-02 3.731-03 -1.021-01 

-1.830-C2 3.130-C3 -1.350-02 1.261-02 -8.401-03 1.870-02 3.276-03 4.206-07 -1.87(-C3 -2.436-02 1.4C5-02 -4.200-02 
2.331-C3 3.461-03 4.668-03 1.586-02 9.338-03 2.391-02 3.551-02 1.178-02 5.658-02 5.130-93 9.520-02 1.620-02 

• 	 -S.331-C3 -1.400-03 -1.590-02 -4.200-03 -3.551-02 -8.406-03 -1.518-07 -5.611-13 -4.201-02 7.460-03 -4.C1(-02 4.180-02 

	

(.661-03 1.4C1-93 2.008-02 2.338-03 3.646-02 -1.4C1-83 2.520-02 -4.481-02 0. 	 0. 	 0. 	 0. 	 - 	- - 
-1.311-82 -E.4C0-C3 -2.521-02 -1.681-02 -5.131-07 -2.610-02 0. 	 0. - 	0. 	 0. 	 0. 	 0. 

	

1.811-C3 -8.*6(-C3 4.665-03 -1.071-C2 1.598-02 -2.050-02 6.531-33 -3.170-02 0. 	 0. 	 0. 	 0. 

	

2.490-C3 (.4C0-0 1.310-02 1.731-CO 3.178-02 2.991-02 6.721-02 4.438-02 0. 	 0. 	 0. 	 0. 

	

-1.030-02 -5.971-03 -1.121-02 -9.331-C3 -2.898-Cl -2.801-02 -5.501-07 -4.201-02 -4.488-07 -3.970-02 0. 	- 0. 

	

S.C5E-03 7.141-03 8.308-02 1.178-02 1.210-02 4.200-02 4.110-02 5.881-02 1.598-02 4.298-02 0. 	 0. 
-4.681-C3 --2.131-Ca -7.466-03 -1.318-02 -1.871-03 -1.310-02 -1.311-02 1.498-02 -2.800-02 4.298-02 -7.460-03 7.376-02 
-3.278-03 6.800-03 -1.038-02 1.591-02 -2.431-02 3.649-02-6.250-02 3.69E-32 -2.33E-02 3.931-02 2.801-03 -4.391-02 
C. -5.330-03 9.336-04 -0.061-02 -1.406-03 -3.730-02 -1.968-02 -5.321-02 0. 0. 0. 0. - - 

	

9.400-03 1.310-02 4.666-03 2.330-02 1.406-02 4.390-07 3.559-02 8.210-02 0. 	 0. 	 0. 	 0. 	 - - 

	

9.331-03 3.091-03 2.158-02 1.300-02 4.480-Cl 3.450-02 9.33E-C2 3.361-02 1.35E-01 1.490-02 0. 	 0. 

	

1.531-C3 -1.711-82 1.210-02 -2.SCO-C2 1.968-02 -5.130-02 1.958-02 -1.096-31 0. 	 0. 	 0. - 	0.  

	

-3.120-02 -4.061-03 -2.050-02 -1.401-02 -3.521-Cl -3.551-02 -5.600-02 -5.411-02 -5.880-02 -5.321-02 0. 	 0. 

	

t.510-C3 1.C30-C2 0.876-02 1.211-02 4.290-02 1.820-02 8.530-02 3.838-02 8.330-02 8.586-02 0. 	 0. 

	

-2.030-C2 4.261-04 -2.150-02 -2. 681-Cl -4.110-02 -2.151-02 -8.028-02 -5.131-32 0. 	 0. 	 0. 	 0. 
3.8C0-C3 1.C71-C2 7.460-03 1.560-02 -3.271-03 2.240-02 -3.921-02 4.660-03 -6.530-02 -2.150-02 -9.241-02 -4.481-02 

	

3.131-C31.130-C2 1.868-03 0.966-82 2.526-02 3.368-02 6.720-02 2.998-Cl 0. 	 0. 	 0. 	 0. 

	

-1.631-02 0. (71-Cl -2.050-02 3.278-03 -4.2C0-02 4.650-03 -8.120-02 -2.330-03 -1.191-01 -1.871-OZ 0. 	 0. 

	

5.331-04 5.330-03 4.206-03 1.821-C2 8.400-03 3.361-02 8.401-03 5.500-02 1.268-02 2.338-02 0. 	 0. 
-4.861-64 8.121-C3 9.331-04 0.548-02 0.430-02 1.738-02 3.361-02 3.136-02 4.018-02 2.521-02 3.171-02 1.871-02 

	

-2.270-03 -(.4Ct-03 -6.631-03 -1.680-02 -2.330-02 -2.151-02 -3.080-02 -5.038-02 -1.490-02 -4.291-02 0. 	 0. 

	

-4.610-C3 -3. 230-83 -4.661-03 -1.310-82 -1.870-03 -2.830-03 -1.871-03 -1.680-02 -3. 730-03 -1.878-02 0. 	 0. 
- - -1.120-02 2.330-03 -2.438-02 -2.200-83 -4.860-02 3.731-03 -8.771-02 -9.330-04 0. 0. 0. 0. - 

-7.466-C3 -5.330-C4 -1.408-02 -9.331-04 -2.890-02 8.400-03 -5.501-02 2.710-02 -4.116-02 6.051-92 -4.761-02 1.04E-01 
5.331-04 3.468-63 7.451-03 1.960-Cl 5.600-03 3.831-02 1.870-02 7.460-02 0. 0. 0. 0. 
7.461-83 C. 	 2.520-02 2.800-C3 .4.811-02 3.311-02 8.588-02 2.801-Cl 1.281-01 3.921-02 1.321-01. 7.846-02 • 	

. 	 1.076-C3 -S.330-C3 3.735-03 -8.870-02 7.CCE-03 -3.451-02 2.436-02 -6.930-02 0. 	 0. 	 0. . 	0. 

	

- 3.331-03 5.330-C3 8.401-02 1.491-02 3.640-02 1.59t-02 7.740-02 3.176-02 7.281-02 7.651-02 0. 	 0. 

	

1.610-03 -1.120-02 -1.870-03 -1.681-02 -1.960-02 -2.050-02 -2.430-02 -2.716-02 0. 	 0. 	- 	0. 	 0. 
-1.871-03 -1.310-02 -4.660-03 -2.430-02 9.330-04 -4.420-02 3.551-02 -5.500-02 7.160-02 -3.080-02 8.960-02 1.401-02 

	

1.130-83 5.330-C3 3.319-02 1.870-02 3.030-92 3.831-02 4.661-02 8.021-02 9.041-02 9.890-02 0. 	 0. 
C. 	-1.110-82 -3.735-03 -2.158-C2 -1.590-02 -4.481-02 -4.450-02 -6.901-02 -9.140-02 -5.971-02 -1.850-00 -1.491-02 

	

5.330-C3 3.338-63 1.560-02 9.801-03 3.410-02 2.511-02 5.651-02 5.608-02 0. 	 0. 	 0. 	 0. 
-1.630-02 -3.331-C3 -1.876-02 -8.400-93 -2.990-02 -2.330-02 -6.061-02 -6.340-02 -8.061-02 -9.420-02 -1.218-01 -1.860-01 

	

-3.130-C3 9.331-03 -5.136-03 8.960-02 -3.271-03 4.200-02 -7.461-03 8.770-02 -4.761-02 1.091-01 0. 	 0. 

	

-0.491-03 -2.330-Cl -0.776-02 -9.331-04 -2.150-02 1.770-02 1.128-02 3.080-02 2.240-02. -6.531-03 0. 	 0. 	 - 	- 
• 	 -4.610-C4 1.491-Cl 1.870-03 2.810-02 7.001-83 5.320-02 1.128-02 1.076-01 0. 	 0. 	 0. 	- 	0. 

	

-1.21(-C2 5.4CC-0 -1.071-02 1.540-C2 -2.610-02 4.180-02 9.331-04 8.020-02 0. 	 0. 	. 	0. 	- 	0. 	- 
• 	 2.030-63 1.8C8-C3 1.216-02 1.310-62 1.491-02 2.808-02 3.178-02 5.608-02 0. 	 0. 	 0. 	- 0. 	- 	- - 

	

-5.330-94 -8.131-C2 -7.935-03 -1.810-02 -2.611-02 -2.521-02 -2.831-02 5.130-03 -1.490-02 3.271-02 0. 	 0. 
• 	 -!.6C1-C3 5.331-84 -4.201-03 -9.331-03 9.330-94 -2.711-02 2.800-03 -6.440-02 -5.605-03 -6.810-02 0. 	 0. 

	

-1.830-C3 3.931-C3 -5.036-03 1.310-C2 -3.730-03 3.035-02 -1.030-02 6.441-02 -2.991-02 9.058-92 0. 	 0. 

	

-7.931-03 -6.261-04 -6.536-03 9.331-C3 -8.450-02 2.000-02 8.689-02 3.081-02 -2.150-02 0. 	 0. 	 0. 
-4.668-03 C. 	 8.121-02 4.650-03 2.471-CO 1.400-02 3.780-02 4.940-02 7.560-02 5.880-02 0. 	 0. 

• 	 7.468-03 -5.330-03 1.126-02 -1.870-82 1.218-02 -3.130-02 -9.336-04 -6.620-32 2.801-03 -1.031-01 1.870-02 -1.450-01 

	

d.030-C3 5.130-C3 1.260-02 1.030-02 2.431-82 2.570-02 5.416-02 4.668-02 0. 	 0. 	 0. 	 0. - - 

	

-2.120-C3 1.210-C2 -0.400-03 2.528-C2 -2.910-C2 2.611-02 -2.151-02 -2.110-02 0. 	 0. 	 0. 	 0. 
-1.408-03 -1.401-13 -1.126-02 -1.401-03 -5.138-03 1.961-02 1.310-02 8.401-03 -8.316-02 2.831-02 -2.000-02 6.720-0 
0.530-C3 S.330-C4 1.541-02 1.876-03 3.118-02 1.310-02 6.160-02 3.928-02 8.770-02 6.001-92 1.130-06 1.021-01 	- - 

	

-1.211-C2 -5.831-63 -2.431-82 -9.330-83 -4.858-C2 -1.218-02 -9.801-02 -2.590-02 -1.420-01 -3.831-02 0. 	- 0. 	- - 



- 

-S.33E-C4 1.I2C-C2 -1.12E-02 -I.S9-02 -3.45E-02 -2.6&E-02 -3.3E-02 -1.96E-0Z -6.BLE-02 -5.13E-02 -4.76E-02 -4.20E-02 
4.(C4 -1.ICE-03 -5.bOE-03 -131E-CZ -1.21E-02 -3.36E-02 -252E-02 0. 	0. 	0. 	0. 	0. 
S.33E-C4 -t.4Ct-C3 4.6E-04 -1.6&-C2 -6.53C-03 -3.C8E-O2 -1.5cE-02 -6.16E-02 0. 	0. 	0. 	0. 
C. 	* .6E-C3 L.8?E-03 -1.45-02 1.49E-02 -t.7?E-02 3.55C-O2 -2.BO-02 3.21E-OZ -5.4-02 0. 	0. 

-2.33E-03 -g.C6E-C3 	 -L.4c0-2 -4.66E-03 -3.73-C2 -1.6E-02 -8.21E-02 -1.870-02 -1.150-01 -1.120-02 -1.421-01 	- 
2.330-03 j.t7(-03 3.270-03 1.020-02 -9.330-04 2.990-02 -2.71E-02 2.330-02 -5.970-02 2.051-02 0. 	0. 
6.538-C3 4.2C0-C3 -4.200-03 7.931-03 -1.770-02 1.870-03 -2.150-02 1.400-03 -3.830-02 -2.330-02 -4.290-02 -4.390-02 
0.350-02 -3.730-C3 2.240-02 -0.211-02 2.240-02 -4.200-C2 9.330-04 -9.240-02 0. 	0. 	0. 	C. 
1.070-02 4.660-03 2.150-02 9.330-03 4.200-02 1.4SE-02 2.24E02  2.240-02 7.930-03 1.400-02 4.340-02 1.778-02 

-4.660-03 5.231-03 -2.031-03 2 158-02 -5.590-02 4. Cl 1-02 -2.610-02 8.660-02 0. 	0. 	0. 	0. 
1.400-03 -(.660-C) -1.970-C3 -0.590-62 -1.120-02 -2.890-02 -1.490-02 -3.730-02 3.730-03 -4.760-02 2.150-02 -2.610-02 • 	
3.CCL-03 *.600-C3 1.21E-02 1.776-02 2.330-02 3.270-02 9.330-04 5.600-02 -3.211-02 7.460-02 0. 	0. 
2.230-Cl S.00I-C3 4.530-03 1.878-62 9.318-C2 3.640-62 2.528-C2 7.000-02 6.250-02 7.000-02 0. 	0. 
4.330-03 5.330-03 0.120-02 2.330-02 2.520-02 3.450-02 6.340-02 2.610-02 8.400-02 -1.770-02 0. 	0. 

	

-4.600-03 5.030-03 -3.736-03 1.87E-02 1.07E-03 4.610-02 1.961-02 7.841-02 4.85E-2 1.090-Cl 0. 	C. 	- 
-2.000-C3 -1.31(-C2 -4.200-03 -2.891-02 -0.400-02 -5.410-02 9.330-03 -8.020-02 4.940-02 -5.130-02 7.651-02 -9.331-03 

	

-7.461-03 2.2C1-C3 -2.600-03 7.460-03 -2.800-63 -1.030-02 1.350-02 -2.600-02 2.851-02 -3.e30-02 0. 	0. 
1.811-C2 1.320-02 6.400-03 2.056-02 1.120-02 4.010-02 2.808-03 8.311-02 2.520-02 1.140-31 0. 	0. 
1.4C0-C3 C. -1.681-32 -1.870-03 -3.080-62 -8.400-03 -3.970-02 -1.030-02 -8.210-02 6.530-03 -9.611-02 3.641-02 
3.731-03 5.331-C3 5.602-03 1.960-02 1.120-02 4.290-02 5.410-02 7.650-02 9.706-02 1.060-00 1.180-01 1.561-00 

-1.210-02 -4.0(0-03 -2.15E---02 -5.131-03 -4.408-02 -2.800-03 -9.520-02 3.132-03 -1.400-01 5.130-03 -1.610-01 -3.640-02 
-7.CC(-C3 -0.408-03 -1.591-02 -1.310-02 -2.350-02 -2.520-02 -3.361-02 -6.340-02 4.660-03 -6.530-02 -3.270-03 -2.891-02 

2.460-03 -4.661-03 0.076-02 -1.460-62 1.590-02 -3.550-62 -1.031-02 -5.690-02 -4.660-02 -3.450-02 -6.348-02 9030-04 
$.000-03 C. 2.052-02 1.400-03 4.200-02 9.330-03 7.650-02 2.800-03 1.128-01 8.401-03 0.460-00 1.598-02 

	

-3.710-03 2.C30-C2 -1.032-02 1.961-62 -1.590-02 3.921-02 -1.120-02 8.020-02 0. 	0. 	0. 	0. 

H 

• 	 - 	 . 	 •- - 	 - 

4 
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UN PO. 4 7/11/66 1 Cal.! 27 l4UT. 2.*8. TEMP. 24. 

CNTALVEL0C1J_._:_ .. 	...__ 
S.0 . 	10.0. 20.0 . 40.0 60.0 80.0 1SEC.3 

1.5161-C! 1.9591-03 2.0101-03 1.8641-03 1.5581-03 1.993E-03 
1.7601-03 . 	1.5191-03 9.0581-04 . 1.8051-03 .1.7261-03 1.6351-03  
2. 6141-Cl 1.e891-03 7.9441-04 9.2891-04 1.4461-03 1.1891-03 
1.5641-C! 1.9231-03 8.4101-04 3.3411-03 1.3251-03 1.844E-03 
1.66fl-0 	. 1.4211-03 2.0041-03 5.8961-04 1.4601-03 1.6621-03 
1.1951-0 2.4331-03 5841-03 2.240E-03 0. 0. 
3.1068-C2 2.9501-03 2.7741-03 0. 0. 0. 
1.8121-13 1.8591-03 1.5831-03 	- .. 	4.8701-04 . - 	0... 0. 
2.2471-03 2.0971-03 2.2511-03 1.9141-03 0. 0. 
2.3751-13 6.9721-04 2.5741-03 8.4821-03 5.2621-04 0. 
2.3€2E-C3 2.1521-03 2.4261-03 1.6721-03 1.488E-03 0. 
1.6158-03 1.4261-03 5.5581-04 1.507E-03 1.5861-03 1.8501-03 
2.0651-C3 1.8521-03 2.4841-03 1.9131-03 1.9611-03 1.3361-03 
1.6661-03 . 2.0611-03 1.7181-03 1.2071-03 0. 0. 
2.4421-C3 2.3321-03 2.2551-03 2.1931-03 0. 0. 
2.3321-C3 2.7121-03 3.1691-03 2.4261-03 2.2971-03 0. 
2.9211-03 3.1896-03 2.4491-03 2.8921-03 0. 	 - 0. 
2.4261-C3 2.6391-03 2.8441-03 1.2551-03 1.4751-04 0. 
2.4331-03 2.4541-03 2.5001-03 2.3691-03 2.3831-03 0. 
2.CS5E-C3 2.3321-03 2.7061-03 2.4631-03 0. 0. 
2.2111-C3 2.0031-03 1.1091-03 2.0031-03 1.8471-03 1.7861-03 
2.1141-C3 2.1301-03 1501-03 . 2.1081-03 0. 0. 
2.062E-0 2.0721-03 2.1501-03 1.9901-03 2.0801-03 0. 
1.8751-03 1.8891-03 1.5961-03 1.0731-03 1.6001-03 0. 
1.6261 - 02 1.4821-03 1.3191-03 1.4021-03 6.8811-04 .5.3191-04 
1.8C21-C3 1.8021-03 1.7431-03 1.53c1-03 8.9131-04 0. 
1.1558-03 1.6661-03 1.0641-03 6.9971-04 1.3191-04 0. 
2.2118-03 2.8071-03 2.3321-03 2.0661-03 0. 0. 
1.5041-03 1.3061-03 1.7601-03 1.605E-03 1.8191-03 2.2171-03 
1.1C41-C3 2.7551-03 1.8751-03 8.9331-03 0. 0. 
1.4521-03 	. 3.5891-03 1.8891-03 2.3601-03 2.173E-03 1.9731-03 
1.SC3E-C3 1.9031-03 1.6191-03 8.9301-03 0. 0. 
1.5231-12 2.5811-03 2.2411-03 2.2001-03 22510-03 0. 
2.2701-03 1.3461-03 1.8128-03 4.0131-04 li~ii 0. 	 . 0. 
2.6358-C3 2.3081-03 2.1281-03 1.6011-03 - 2.1871-03 2.408E-03 
2.1311-03 2.449E-03 2.6111-03 . 	2.2521-03 2.426E-03 0. 
2.2351-03 2.1841-03 2.6291-03 1.8871-03 2.379E-03 2.3461-03 
2.C10E-C3 2.3841-03 2.1461-03 1.8991-03 0. 0. 
2.1641-03 1.92i1-03 . 	1.8661-03 2.5291-03 2. 0811-03 1.9541-03 
2.CICE-C3 2.0721-03 2.2471-03 2.2951-03 2.2751-03 0. 
1.836E-C3 8.9481-03 1.9031-03 1.1591-03 . 1.9481-03 0. 
2.5511-C! 2.6541-03 2.5711-03 2.7141-03 : 0. 0. 
2.6721-13 2.3551-03 2.6721-03 2.3818-03 0. 0. 
1.12C8-02 1.8661-03 1.5191-03 .1.6321-03 0. 0. 	. 
2.CIZE-C3 2.6961-03 1.9331-03 1.5231-03 1.5441-03 0. 
1.1351-C3 2.0721-03 1.6451-03 1.8681-03 4.5941-04 0. 
1.6251-02 1.2161-03 . 	1.716E-03 1.7111-03 1.6331-03 0. 
1.5898-C2 1.9791-03 2.0461-0! 1.5921-03 2.4551-03 0. 
5.3301-04 3.3071-03 1.6431-03 1.8891-03 1.9461-03 0. 
2.3518-C2 2.0101-03 1.8681-03 8.5871-03 1.8291-03 2.2441-03 
8.6611-03 1.5891-03 1.5311-03 1.8251-03 0. 0. 
2.7171-03 2.5991-03 2. 1481-03 2.6921-03 0. 0. 
3.5581-14 1.9591-03 2.1851-03 1.0681-03 1.6331-03 2.097E-03 
1.3191-03 1.7821-03 1.5601-03 6.9841-03 1.9841-03 2.0621-03 

4 
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- 	 2.e3E-C3 2.567E-03 2.442E-C3 2.627E-03 2.232E-03 0. - 

2.247E-C3 2.255E-03 2.548E-03 	• 3.29E-04 2.344E-03 1.127E-03 

2.5CE-C4 2.62cE-c3 2.154E-03 I.802E-03 0. 0. • 

1.6SCE-03 1.682E-03 1.565E-03 1.609E-03 0. 0. 	 • 

L.4S3E-C3 1.448E-03 1.346E-03 t.147E-03 1.314E-03 0. 

1.3CCE-C3 1.715-03 2.3cE-03 2.320E-03 1.635E-03 1.403E-03 

5..574E-C4 1.85E-03 I.ct3E-03 1.346E-03 1.639E-03 0. 
• 	

1.3E-C2 2.272E-03 t.483E-03 1.861E-04 1.494E-03 1.052E-03 

2.EC7E-C2 2.442E-03 2.cE6E-03 2.738E-03 0. 0. 

2.34CE-C2 2.340E-03 2.128E-C3 1.048E-03 8.247E-04 2.082E-03 	• 
• 	

• 	 2.CE-C3 2.270-03 2.110E-03 2.479E-03 0. 0. 

• 	 1.755E-03 1.544E-03 1.6C5E-03 4.594E-04 1.065E-03 1.392E-03 	• 

• 	 2.25E-C2 2.048-03 • 	 1.6E-0 1.611E-03 1.921E-03 0. 

2.CIIE-C3 1.859-03 1.889E-03 1.786E-03 1.866E-03 0. 

2.3SE-C3 2.824E-03 1.72E-03 1.958E-03 2.421E-03 	• 0. 	• 

2.C€E-C 1.575E-03 2.26€-03 2.108E-03 2.112E-03 0. 

2.12E-01 3.LS5E-03 2.03-03 1.751E-03 2.473E-03 2.497E-03 

1..S4E-C3 1.319t-03 I.713E-03 •.. 1.138E-C3 •. 	9.199E-04 0. 	 • 	- 

2.27CE-C3 2.27E-03 1.79E-03 2.181E-03 I.904E-03 0. 

- 	 1.615E-C 1.720E-03 1.544E-03 1.449E-C3 1.399E-03 1.649E-03 

2.010E03 2.086E-03 
• 	

• 

 2.399E-03 2.725E-03 2.614E-03 2.695E-03 

2.cE-c2 1.868-0 2.344E-03 2.540E-03 2.240E-03 2.504E-03 	 • 

• 	 • 	 .1€6E-C2 2.003E-03 1.852E-03 1.922E-03 1.915E-03 1.862E-03 

• 	 1.16CE-C3 I.977E-03 2.206E-03 1.690E-03 2.136E-03 1.962E-03 
• 	

• 	 1.55E-C3 2.164E-03 2.288E-03 I.757E-03 1.195E-03 - I.166E-03 

2.Ie4E-03 2.278E-03 2.08E-03 2.064E-03 0. 	• 0. 	 • 	

•: 

AVERAGE 	iNCREMENTAl. wELOClIY 

1.977E-03 - 2.I10E-03 2.CO6E-03 1.771E-03 1.723E-03 1.832E03 

• •• 
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• a * S S S - 	S • 	 S S 

.*- . . 
x I x .  

I - 
I - 

- - - I 

I I 
* 	I 

I 

.t7t-C2  

- . I . •1 	- -. 
•1 

2.141-C - 	X -  - 
I I 	 I 	- .- 

• I . 	 - I - 

• I x- 	- I I 	 I - 

C. - .• 	* I • 
I 

• 	I I • - - 	• - - • - 
I I * 

- I I - 
-2d41-C2 . x - • -- 	. 	-- 

. 
• I I • I 

- I 1 -. 	 • 
Ix * . • 

• 	 -5.7-C2 - - 	 - - 
- • 

xxx  

•e. 	lf-c2 - - 	-. • 

• . 	* 
I 

-1.131-Cl x - 

-1.t-Cl •  - - - 
• 	 S S S S • a- S -- 	• 	 a. S. S 	-- 

• a • a S S • a 	 S 	• S •• 	• 	• 	. 	- 

S S * * a a a •S 	 S S S 

-1.70C-CL -1.3aL-ol -1.C2E-01 -6.eIE-C2 -3.4CE-02 0. 3.40E-02 6.ILE-02 	1.021-01 1.36E-0L l.TOE-01 

S 	 .- . 	- •.• 
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APPENDIX B 

The following program was used in the corcentration gradient 

method for calculating the concentration profiles from a given initial 

profile and from an assumed value for the diffusivity. 	 . 

0 Read in values for the constants used 

Trial value of bacterial diffusivity (cm2/sec) 	. 	. . 

Growth rate of the bacteria (1/sec)  

Time limit, TMAX, for the duration of the diffusion (mm) 

• . 	 Set the values of the initial concentration in all sectiohs,. . .• . . 

if not zero use measured values.  

Calculate the concentration in all sections At later than 

the last profile using the boundary conditions and Eq. (1) 

Section number m = 	 . 	 . . ... 

Repeat 	. 	1 	
• 	

= c(i.o + tR) 	• 

2 through 1 	Cfln+1 = .Cm+,n/6 (2/ + tR)cm,n + . . 

+ Cm i n/6  

- 	 1+1 	C 	=C 	 . 	 S 	 • 	 ..,... . 

+l,n+l 	£.-1,n+1 	
S 

Calulate elapsed time for diffusion 	. 	
.. 	 S 

At • 	 Time (n-i-l) = Time (w)+ 	(mm)  

• . 	 5 	Print every fiftieth profile . 	. 	. 	. 	. . 

6 	SetC 	=C 	. 	 . 	. m,n 	m,n+l 	 . 	 . 	. 	. . 	 . . 
7. When time = TMAX, STOP 	. 	 S 	 • 



-71- 	 - 

	

• 	 P)CGHAN T4j4 	(IFUY,UUTPOT) 

)IFFuS)CN nTJ A FLITt S165 AITH GIVEN INITIAL OIST1UTION 

0= 	C1FFUiVr 	(CMCM/SEC) 	V 	 V. 	 - 

	

• 	 .•• 	 = 	TM KATE 	Il/SEC) 
IMAX = Tui.i.. TINt FG DIFFUSION (MINI 

	

• 	 CPI. 	L(T UF 	IFFUSiCN CHN;EL 	(CM) - 	 FLIJI 	 LOCATIJoi OF PRINTS (PERCENT OF CAPLI 	 . S 
= C..N ,.T..ATIGN AT DISTtNCE N AND T!ME 

TN 	vu.1wrk UF PI:S 11/5w TIME INCREMENTS) 
1K = LcGTM JFTIME 1tCREMET ISEC), 	EASED ON D'rK/thH) -= 1/6 
?.MEE OF ULSTACE 	CE:ENTS = 100 	 0 

ULtENSIUN c.(jU5.2, FL(16), CM( 16), P( 17) 

	

• 	 REO IN LiTA 	
: 

6 V AC 9 	U,R,TMAX 

	

• 	 8=0. 
C(1,13=1.O 
DATA (FLIJI, J=I,15)/O., 3., 	.,10., 15., 20., 25., 30., 	 V  

• 535., 40., 46., 5u., 60., 70. 1  100., - 	 • 	 - 	 V  

ZF 	TMA.E.U.oJ 	slop 	 • 	 V 	 • • 	 V  

	

10 FLR.AT (ArlL,lLiH 	 V  • 

THE .FULLOIiG UN SECT ICH IS CHANGED WITH EACM RU 

I FUN NC. i 	8/l/ o 6 	E.COLI 27 NUT 	.32*4.5*.0050 
CAFL=4.5 	 • 

On 	
- 	 . 

	

• 	 - . 
	 THE CdSEkvEU iNITIAL 0LST.L6UTIJN IS PROGRAMED ASSUMING LINEAR. • 	• 

vARlArIuN BETwEEN UATA PGINTS 	• . 	 . 	• 
0042M=2,4 	 • 	 V 	 V 	

• 

C(M,1,=CJ;'-1,I2-0.019 	 . 	 . 	 V 	 • 

IF (C(M,L).LT.U.Ui 	C(M,1)=O.0 
• 	. 	 42 CCrTlNUE 	 . 	. 	 V 	 • 

OL '.; M=,U 	 • 	 . 	 V  

• V 	 IF LC(,LI.L1.u.uJ 	L(M,1)0.0 	 • 	• 	 4 	. . 	-- 
43 CCNTINUE 	 . 	 V  • 

	

• 	. 	 OL 44 H=13,1J 
C(N,1)=C(M-1,I)—u.0u906 	 V 	 . 	 • 0 

IF (C(M,1.LT.C.UI 	C(M,I5)=O.O 	 . 	 . 	 V 	 • 	 . V . 

	

• 	 44 CCNTINUE 	• . 	 • 	 . : 	 . 	 • 	 • 	 • 	 • 	 V  

END OF .0NSECTIUN 	 . 	 • 	: • 

ECMC -'iFT Ur L)ATA 
PRINT 10 	• 	• 	. 	. 	 .. 	 . V  
FNINT 8, O,.,CAPL,TMAX  

CALCULATt LONSTANTS USED IN PGGRAM 	 • 	 • 	 • 	 V • 	 V 	 • 	 •• 
V 	 • 	• 	 TN = CAPL'LAiL/( 6.UE+04*0) 	. 	 • 	: 	

• V 

V 	

• 	 TN =1.2* TM:X/rK 	• 	 . 	 . 	 . 	 . . 	 V 	 • • 	 V.  

DC 411 JL,i5 	 V 	 • 	 V 	 • 	 V 

CN(J= CaL*f-L(J)/1O0. 	• 	 V V •  V 	•• • -- 	•. 	• 	V 	
V 	 •• 	• 

V V 	
• 	 V 	PRINT PkCLNT uF LENGTH AND ACTUAL LENGTH 	•. 	 • 	 •• .. 	 . 

	

V 	

• 	 V 	

VV 	 V 	
PRINT 90, (1- L(J), J=1,15) 	

V 	 • 	

• 	 . 	 •. : 	
• V 
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kilt, NO. 0 	517/66 	6. COIl 27 N.31k .324.S•.C.25Q 

C. ..t.1.(L0 	Oo ...32V.-u. 	lo/L' 4.331) 	7563 	403.0 

- . 
	 loocoSi 	C. 	3... 	..s. 	10.0 	15.0 	ZC.3 	25.0 	30.0 	'35.0 	40.0 	45.6 	50.0 	60.0 	70.0 	100.0 

L0.0(I7P IF 	C. 	•ljs 	.470 	.450 	.05 	.,CJ 	1.125 	1.351.' 	1.575 	6.500 	2.520 	2.250 	0.700 	3.150 	4.000 

1306 40*3.5 
5.02 l.C6i31. 	.54.'..' 	 .1033 0. 	0. 	0. 	0. 	0. 	0. 	0. 	0. 	0. 
L).ib 1.4,2.. '041, 	 .,.roo 	.126.. 	.0574 	.0032 	-.5035. 	.0000 	.2002 0. 	3. 	0. 	0. 	0. 	2. 
1i.35 1.2544 	.Ssj.i 	.o9., 	 .3233 	.3604 	.2o4 	.0321 	.0000 	.0320 	.3030 	.0000 	.0000 	.0000 0. 	0.  

	

.2163 	.0012 	.0506 	.03-30 	.0330 	.0330 	.0020 	.0000 	.0000 0. 
37.62 1.5)35 I.23s1) 	.05,0 	 ..974 	.3613 	.2355 	.0345 	.0233 	.0000 	.0003 	.0005 	.3000 	.0000 	.0320 	.3000 
45.60 5. ?c23 5.3o,,, .'.o,J 	.2436 	.4295 	.2615 	.35*0 	.0353 	.0021 	.05.40 	.003C 	.0000 	.0000 . 	.0300 	.0303 

• 	 33.4, 1.4833. 1.5501 3.193.' 	 .731. 	.2293 	.2942 	.2412 	.0033 	.025. 	.2003 	.0005 	.0030 	.6000 	.0000 	.0003 
54.54 4,3I..4 I.?)?, s.3oIo 	.0213 	.3676 	.1334 	.0351 	.0975 	.0585 	.333* 	.0036 	.0000 	.0000 	.0000 	.0002 
713.25 0.4750 4.5.19 0.5132 	.9,13 	.6673 	.1053 	.0555 	.0120 	.0023 	.0003 	.0306 	.0000 	.0000 	.0030 	.0000 

	

70.51 2.?Pil 2.23.3 1.740'. 1.5254 	.5..13 	.2375 	.0696 	.0213 	.0344 	.0007 	.5205 	.0000 	.0000 	.0003 	.0000 

	

06.56 1.7103 5.3..., £ .J84 	.00,5 	.3233 	.1130 	.332 	.0079 	.0219 	.0302 	.0000 	.0000 	.0000 	.0000 

	

94.73 3.4001. 1.03!! 4.2279 1.0056 	.8592 	.3037 	.1s80 	.0483 	.0529 	.5020 	.303) 	.0031 	.0000 	.0000 	.0000 
162.01 0.053.' 3.15...' 2.3.91 1.731 	.911. 	.5729 	.5951 	.0,02 	.0200 	.3042 	.0015 	.0002 	.0030 	.0000 	.0000 

	

111.02 4.332.. 3.54,, 2.o.... 1.SsOd 1.1453 	.,750 	.25436.0934 	.0269 - .3319 	.0310 	.0003 	.0000 	.0030 	.0000 
119.54 4.00.'4 s.45,.o 3.20,1 4.4935 	1.34313 	.6475 	.3569 	.5240 	.0423 	.0122 	.0035 	.0076 	.0000 	.0000 	.0000 
127.34 5.',73 4.3s1 	3.0106 2.oOSs 5.5762 	.0384 	.3936 	.1635 	.0580 	.0132 	.6245 	.2015 	.0300 	.0000 	.0000 

	

148.SC 6.12,6 0.1.',. 9.10,.' 3.Os.'4 1.6202 1.2032 	.6635 	.21U, 	.0797 	.0263 	.0076 	.0010 	.0005 	.0000 	.0000 
*45.21. 6.069, 	5.1...... 6.75.04 3.4375 3.1222 1.0990 	.5977 	.2,76 	.1065 	.0310 	.0113 	.0030 	.0001 	.0000 	.0000 
l3l.,1 7.54 Sb ..4...'1 	.0L4.' 3.9472 3.4561 1.4852 	.7257 	.3163 	.1303 	.0509 	.0580 	.0047 	.0003 	.0000 	.0000 

	

135.97 6.053.' 3.3,,2 ...'ulo 4.449) 2.o373 5.,539 	.6753 	.4180 	.1791 	.0606 	.0234 	.0071 	.0204 	.0000 	.0023 

	

366.1. 4..9,3 5.3,50 ...7600 ).C614 3.2100 1.9393 1.0095 	.7153 	.2204 	.0910 	.0300 	.0124 	.0007 	.0000 	.0000 

	

176. 2o 1.00... • 59,5 I..sol 3.7,31 35 2.4675 1.2521 	.6)05 	.2851 	.1150 	.06,2 	.0193 	.0012 	.0003 	.0000 

	

105.94 02.25,.. 86.33.3 0.84,5 6.3315 5.31 9 5 2.6.23 1.4675 	.7614 	.2601 	.1537 	.0594 	.0207 	.0216 	.0301 	.0000 

	

252.59 13.547s 11.621, 9.136. 1.410, 4.5)29 3.0117 1.7501 	.9262 	.4405 , .5944 	.0736 	.0306 	.0020 	.0302 	.0000 

	

200.75 16.13.'.. 13.5353 10.063.' o.47.Os 0.,7l2 3.0627 2.6035 1.1137 	.5497 	.2486, .3023 	.0307 	.0041 	.0003 	.0060 
260.41 50.9935 45.63,2 .'0..'0.'1 9.5120 	.o46 4.11,5 2.4363 1.3324 	.8704 	.3120 	.1)20 	.0517 	.0360 	.0005 	.0000 
211.61. 89.6325 16.41/. 13.51.', 10.7023 	1.429, 4.7005 2.6743 1.5065 	.0108 	.3336 	.1766 	.0683 	.0065 	.0057 	.0000 

	

125.42 .3.31.1. 56.4715 1.....'! 13.2023 6.4537 3.,)35 3.3353 1.8636 	.9395 	.4007 	.23)7 	.0092 	.0119 	.0011 	.0000 

	

233.51 .'3.d) 33. 20.716' 11.6,3, 13.0,3'. 9.6312 ,.0253 3.6082- 2 .2310 5.1916 	.5911 	.2716 	.405) 	.0583 	.0017 	.0000 

	

61.03 2e.723 23.24/2 34....4 15.5931 12.9167 1.272. 4.54/7 2.6338 1.4295 	.1208 	.5395 	.1478 	.3222 	.0024 	.0000 

	

246.65 25.8',l /o.5901 /4.3034 17.533, 13.4922 6.3,2, 5.2s05 3.0962 1.7330 	.0794 	.4241 	.1090 	.0298 	.0030. .0000 

	

257.84 33.5251 44.21.. 43.12,7 19.92..3 15.2063 9.5169 6.0962 3.6319 2.0337 1.0653 	.5207 	.2373 	.0397 	.0049 	.0500 	' 

	

1)58.61. 37.513.' 24.6053 00.0010 22.4000 1,. 3442 82.9707 7.0365 4.2526 2.4101 1.2844 	.6396 	.2975 	.0522 	.0069 	.000)  

	

474.35 42.1.182 36.66.1 31./,4. ,9..4916 10.3)41 02.5543 6.1049 4.9,70 2.0054 1.5431 	.1218 	.3708 	.0601 	.0095 	.0000 

	

232.31 47.41(5 41.31,3! 33.23,) 26.68,2 20.029! 1..251. 9.3711 5.7297 0.3111 1.0474 	.9513 	.4596 	.0501 	.0129 	.0000 

	

295.47 31.7 153 56.3500 90. 060,8 33.3382 23.5355 16.3937 12.8013 6.7363 3.9066 2.2045 1.1926 	.5667 	.1151 	.0174 	.0030 

	

278.62 14.1(2,4 52.33.. 50.1614 36.4622 26.1035 10.7234 10.4263 7.8242 4.6612 2.6226 5.3917 	.6454 	.1443 	.0252 	.0000 

	

)C6.78 56.1442 58.i4.' 02.1,3! 91.4090 3l,328C 21.3)53 14.2794 9.0131 5.4630 3.1117 1.6742 	.8497 	.1026 	.0306 	.0001 . 

	

314.44 14.5304 1.5.4575 31.3.4) ..,.334.. 3.'.3519 24.3824 16.3512 30.5058 6.3900 3.6823 2.0075 5.0341 	.2303 	.0404 	.0001 
323.64 03.5315 73.0d 	 32.1413 33.64313 27.6157 15.7964 12.1477 7.460) 4.3470 2.3990 1.0537 	.2006' 	.0526 	.0001 

	

231.25 51.49,4, 61.3934 14.0540 6.d394 44.0064 31.42,7 23.5344 54.0200 8.0945, 5.1237 2.8637 1.5146 	.3390 	.0401 	.0002 

	

039.411..4.1113. .2.401. o.o.,,5 68.2227 49.795? 25.4)36 24.0496 16.1795 10.1013 6.0363 3.4051 5.0240 	.4464 	.0076 	.0003 

	

34).65118.64!4163.o343 90.3...) 64.o,42 56.3135 03.7312 28.5946 18.5391 51.7555 7.0605 6.0358 2.1099 	.55*4 	.1120 	.0003  
• 	 S 	 358.72036.843514,.7t)I561.5,,16 04.0564 03.0620 4,.2730 32.3178 21.4304 13.6377 8.2671 4.1756 2.60*1 	.6704 	.1323 	.0007 

	

11i.17436.347513(.325/5j.'.O..1 94.53)2 71.9451 54.543) 36.7019 25.6611 15.0033 9.5637 3.6354 3.1333 	.0314 	.1799 	.0010 

	

371.83183.17'.4846.Lo.4348.7110156.0417 1)1.1870 59.6046 41.9)64 28.3248 18.2635 11.2790 6.5434 3.7212 1.0152 	.2263 	.0014 

	

564.1S113.536705,8.$500l.,.5,)3114.8,75 53.0117 67.6502 47.0029 34.9035 21.1317 13.1420 7.6096 4.4300 1.2055 	.2933 	.0020 

	

300.34.C4.01171,0.1109162.2d2.'.' .'5.0214433.,730 16.7149 54.5730 37.2675 24.3965 55.2920 9.3666 8.2522 5.4980 	.3532 	.0028 
S 	 35'.5C33C.IIIIIC,.53,,1,/,1,;,131.767,157.5353 06.6564 62.8033 62.6945 28.3355 17.7666 13.7446 6.2341 1.8128 	.4306 	.0039 

1461 I0oMA14.rn  
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• 	 S 	 . . . 	PROGRAM 831ES 	CI'UT,)UT'Ufl 	 . 	. 	. 	-. ...: 

RESTRICTE) )IFUSI)M OF 84TERI8 OUT DF A CAPILLARY TUBE 
WITH SEDIMENT&T!OM AO GR)TH  

• 	.. . 	. 	 . 	0 	OIFFUSUITY  

	

a GRO4T1 IATE I 1/SE 	) . .... .. 	. 	. S.  
U a SEDIMENfATION RATE C CMISEC ) 	 . 	. 	. 	. . 	. 	.. 

= :): AT POSITION N AT TIME N 	 . 
CAPL a  LE'IGIH OF C4 31 ILLARY TJ3E ( : 14 1 . 	. 	 . 	. .

5 

CAVE 	4VERLGE CONCENTRATION IN TUBE 	 . . • 	 •.. 	
5. 

CTO 	AIDUMT IM TU3E IF N34E ES4PE 	 . . 	. 	. 	. 
PHI • FRACTION LEFT IN TJBE 	•. 	 . 

THETA = ) * TIME I &PL * c&PL 	 . 	 5. 

TMAX a  13T4 	TIME F31 DIFFUSflM C SE 	I 	.. 	 . 	 . :... 

	

NUMBER OF DTSTACE IMCEMENTS. 	.. 	. 	. 	. 	. 	 . 	
. 

OT $ NI43ER OF TIME INREMENTS 	. 	 . 	.. • 
	•• 

DIMENSIOM c(qqg,,TIMEIIDD),CAVE(IoThTfl(IOo),PII(IOD), 	. 	 . 	 S.  

THET4(1oo) 1 cSav( L3oI,PrC(lD) 	 . 	.. 	 . 	. 	. S..  

READ IN DATA  

06 READ 9,D,,U,CPL.IMX,)1,)T 	 . . . 	• 	. 	. 
• 	 IFC(TMAX.EQ.O.).OR.(CAPI.EO.O.)J SI)' 	. 	 . 	. 	 . 

1C4PL/D4 	 . . 5 .. 	 . 	 S. .  

TrTMAX/DT 	 • 	. 	...... 	.. . 	 . 	. 	. 	. 	
. 5... 

AMODT*O/(rlH)  
• 	 BMOD 	U*T/12.*HI  

• 	 IF (AMOD.GT.0.51 	O TO 6 	 . 	 . 	 . 	. 

0. 	ECHO PRINT )F D&TA 	 . 	 . . S 	 S 	 S • 

PRINT at O,R,U,CAPL,TMAX,AMOD,OH,DT 

CALCULATE CDNSTANTS USED IN PRoGRAM 
AL • AMOD - BM)D  

• 	
S 	 AM1.2.AMOD+T*R 	• . 	. 	. 	: 	••- 	 . 	S 	 • 

AN a A400 f SM)) 	
.: 	 • 	 . 	 S  ... 

	

SET COUSTERS EQJAL TO ZERO 	 S  • 	 • 	: 
AGO. 	 .• 	 S 

5.0. 	
5 	 * 	 S 	 S 	 S  

• 	 S 	 I_$0  

	

STARTING VA.JE SELECTED AT INTERSETIO'I O= B3UM)ARY CflNDITION 	
. . 5 

CCM.1I 	1.3 	AND C(1,N) = ).O 	 . 	. 	• S 	 5, 

• 	
S 	 CU1)•5 	. 	 S 	 • 	 S  • • 	 5 

1D0, 1. 	• 	. 	 . 	• 	S 	 • 	 S 
IF (I.GT.10001 	Gol 10 84  

SET I'ITTAL 	34)ITIONS T-44T 	TUBE CO.0 EQUALS 	t.D 	• 	• 	• 	S 	• 	- •• 
DO ks M=,I 	• 	 . 	S 	• 	•• 	S 	 • 	: 	. 	•- . - 

45 C(M,tI=t. 	 . 	. 	 S 	 . 	
. 	 .• 	 . 	 5 	 ... - 

• 	.. 	
S 	 . 	.. 	S. 	S 	 S 	 S 	 • 	• 	S 	S 	- 

J = OT 

START M),IN TIME LJOP, TIME INREASES BY I EACH TIME THROJGH 

DO 83 N=1,J 

. 5 	 - 	 . 	 S 	 5, 	 5 	 5 	
5 	 .- 	

5 . 	 . 	 - 	 . 	 .5 	 . 	 •:- 
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• 	 - 	 I.  

CtI,2). 	V 	
V 	 V  

• 	
V 	 1=01+1.0. 

MO=0.95*DII 	 V 	

- V•• 	

V V  

V 	 CALCULATE C) E1ATIO, 	4921 IN ALL DISTA'lCES INCRFMENTS 	 V  

	

FROM PREVIWS CONCENTRATIONS, C(W,1) 	 V 	 - 

	

V 	
00 54 M=200 	 - 	 V  

V 	 C(M,2)=AN*C(M-1,1),AMCI,1)+8LsC(4,1,t) 	
V 	

: 

	

• 	 V 	
MY=MO+j 	 V 	 V  

V 	 7 	C(MY,2)= (AN*C(IY-1,1) - AL(4Y,1))*2O./)I f(1.fRbT)tMY,1l V 	
DO 57?1=MY, 

57 C(M,2)C(MY,21  
CT=(1.o+r*Riscr  

50 4=A+t. 	
V 	

V 	 V 

V 	 BB+1. 	 V 	 V 	
V 

• 	 V  SELECT FIFTY EVEWLY S'A:E 	0 	TR4TI3' P39LES FOR PRINTING 
IF 	(B.LT.DT/5).3 	GO 10 81 	 V 

1=1+1 	 V 	 V 	

V 	 V 

T!ME(L)(A*T) 	
V 	 • 	 V 

TM= TIME(LI/60.  
V 	 V 	 • 	 - 

• 	 V 	 80. 	 V 	
• 	 V 

V 	
CTO(L)=CT 	 V 	 V 

I=OH  
• V 	

V 	 INTEGRATE TIE SELECTED )NENTT!ON PRDIt.ES 

	

V 	 suM=:(I.1,2)12. 	
• 	 V 	

VV 	 : • 

V 

00 78 	=1,I 	 V 	 V  

	

V 	 V 	 78 SUM=SUHIC(M,2) 	 V 	
V V 
	

V 	 V 	 V 	

V 

V 	 V 	 V 	
V 	

CALCULATE AND STORE QJA'li trEES BASED 34 14TE4TI04 	 V 	
V V 	

V V 
V 	 C4VE(L)=SUM/DH  

V 	
V 	

CSOLV(L)C1O(L)-CAE(1) 	 V 	
V 	

V 	
V 	 V  

	

• 	 V 	 12 	PHI(t.)CAVE(L)/CTJ(L) 	 V 	 V 	 V 	 V 

PHI(UL.0-PHI(L) 	 V 	 V 	
V 

V 	

V 	
81 CONTINJF 	 V 

V 	
V 	 V V 
	

VV 	 V 	 V 	
V 	

V 	 V 	 V 

V 	 V 	 101•I. 	 V 	 V 	
V 	

V 

V 	 V 	 DO 82 41,1 	• 	 V 	

V 	

• 	 V V 

V 	
V 

82 C(M,1)=C(M,21 	 V 	 V 

	

V 	 V 	

83 CONTINUE 	 V 	 V 	
V 	 V 	 V 	 V 	 V 

V 	 END OF TIME Lfl' 	
V 	 V 	

- 	 V 
V 	 V 	

V 	

• V 

V 

	

V V 	 V 	
V 	 84 CONTINJE 	V 	 V 	

V 

V 	

V 	

V 	

V 	 V 	

V 	
V 

V 	 PRINT 99 V 	
V 	

V • 	 V 
 V 

M=DlflO..j. 	 V 	

V 	 V 	 V 
V 	

• 	 V 	 V 	J=DH/10.  

V 	 V 	 K01+1. 	
V 	 V 

V 	 V 	

VV 	

V V 

V 	

V 	

© 	

' INT CONCENTRATION PROFILE:  
V 	 • 	 PRPIT 100, (C(I,2I,I2,6), ((I,2),I=M,K,J) 	 VV 	 V 	

V 	 V  

V 	

V 	

V 	 V 	
V 	

V 	

V 	
V 

V 	

V 

 PRHT 101 	 V 	
V 	 V V 	 V 	

V 	 V 	
V 	

V 

/
PRINT !MTEGUTE) QUANTATTES 	

V 	

V 	
V 	

V 

V 	

V 	

V 	
V 	

V 	

V 	

V 	 V V  

PRINT 102, 	(TI4E(L),CVECL),:T)(L),P1I(L),T1rA(LI,PH!C(L), 	 V 

	

V 	
V 	 SCSOLV(1I,L=j,J) 	 V 	

V•V 

V 	 V 	 V • 	 V 	 CE=ExPtRT(Ax) 	 V 	
V 	

V 	

V 	

• 	 V 	 •' 

	

• 	 V 	 • 	 V 	 CR=tO0.*(CT-CE)/CE 	 V 	 V 
: 	 • 	

V V 	 V 	

V V 

	

PERCENT ERF3R CAJSEO BY JSING FINITE 0IFFEE'1E INSTA) 0 AN 	 V 

V 	
V V 	 EXPONENTIAL TO :Alcut.ATE GROWTH 	V 	 V 	 V V 	

V V 
	

V 	

• 

	

V 	 V 	 VV 	
V• 	 V 	 V 	

• 	 V 	
VV 	 V 	

V 	
V 	 V 
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- 	 . 2.33-05 	6• 

• 	1.0393 	3.83 	3.179 

• 	 • 	 9*33 

7.237 96 3 '07 
I.01119!•0l 
0.113!• 
1.831 493.03 
2. 482 593 .01 
2.522733*0) 
0.331143.0) 
3.2 61083 +03  
1.601900*01 

4. )247t9. 0) 
4.6393 31*01 
3.0433113.03 
5.401 4Th . 01 
5.766571+03 
6.12 67 13 .01 
6.631173•03 

4.347373+0)  7.20796E.01 
7.56430.0I 
1 .9 1 3 760 40 3 
I. 239163.05 
• .6433 0* 
1.034563*33 
9.370330403 

33 .31 
•  . *.009I2!•04 

3.0030*04 
1.041133•04 
1.3172)8+04 

•  l.tSS?7834 
1. 1330 10* 04 
3.14*33.04 
1. 26 159' * 04 

• 	- 	 1.z.1aE0* 
1.331670*04 

1.405330+04 
1.441333*04 
3.407635*3 4  
1.311679*04 
1.349113.04 
3.865733,04 

3.931013*06 
4.491873.04 
1.7204*3*04 
1.165 4 50+04 

• 	-79- 

-34 	3- I .0003-33 	&PL• 0.933 	0461. 3.3043*04 	6430. 1 .5335-3) 34. 	
033 01. 27173 

4. 	S. 	13. 	93. 	33. 	42. 	50. 	63. 	'10. 	40.  

4.113 	3.294 71.413 43.6 	Is 45.706 87.007 107.?44 375.933 l4.t43 159.031 3?..?I) 111.43 

013 	 3141 	 13(0* 	3.)-3i41 

047439*00 	1.106172 ,71 	3.43131*-)1 	7.73-fl 	3.))412822 	5.36433317 

1.147370*53 	1.225610*3') 	4.235611-3) 	4.9°6401-35 	3.441)73-3! 	
1.1)4433-'? 

1.Z313U.30 	1.451523.31 	1.3)4348-31 	404447!39 	
0,06477302 	1.226')6-0I 

1.141263*00 	1.497773*00 	8.493!-31 	9_l42$3E-) 	%.74*S7F3t 	
1.353143-31 

1.444110.30 

 

	

1.81617355 	3.343l1-3I 	
3 • )49131.')7 	1.I9468!31 	I.971S%E-91 

I. 690160.00 	I. 432019.09 	4. 714439-31 	I .9'I1-3' 	I .751573-31 	2. 533393-81 	- 

1.75341000 	2.1241I3.09 	3.4*714!01 	3.99?43-(37 	1.36174E-01 	
7.7s)I;c-U 	- 

I.416769.00 	2.24I34!*37 	6.343343-11 	3.433583-02 	1.43103-)1 	
5.234043-43 

1.0)'121)3 	2.4796SE.34 	4.464940-01?l)334fl?01 	
l.31341-3t 	31351*E-1I 

2.130531 , 30 	l.74392F7 	3.5363?311 	2.?82E32 	3.6154'-01 	
- 4.42594!1t 

572171*00 	1. 03'1 3! .9') 	3.01 233'-31 	7.37*333.8' 	I.835S33-3I 	1.17)s1'-It 

2.704170+33 	493673E*)9 	3.24I329-31 	;.7i7P7132 	1.73314-01 	
0.333e8-it 

5.014472*00 	3.71208!*07 	3.17434E31 	l.Q3tS73l 	1.42345131 	
0.777143.01 

).)1341000 	4.13674300 	9.113321_31 	3.21151 1 -01 	1.9544-01 	7.1SL!S-3I 

5.696110.00 	4.54075000 	4.765241-71 	3.44734332 	1.991199-01 	
3.364343-43 

4.014341*10 	3.02304 1 3 1) 	 7.935661.31 	3.6711600? 	7.311443-)L 	1.3I)748•31 

4.695370400 	3.330341*01 	7.95t113,1 	9.336993-3! 	0.15)4*3-)) 	
4.341)73*33 

4.392640*03 	434!S00*)3 	7.l1i5S-3I 	4.I16'O"OZ 	2l?444 1 01 	3.335733*13 

1.3190U'OC 	6. 00148'.3) 	7'29720-31 	4?59929)? 	3.171 9)1.35 	
3.411503.98 

5.64,3E430 	7.323503.07 	7.3694V-01 	*.sc649-o7 	
7_733403.01 	(.514393*9) 

e.42)111.00 	4.477131*31) 	?.11340c-31 	4.826271.32 	7.23I!!501 	
1.19984'•)) 

7.060141*00 	1.20392'")') 	7.649100-lI 	c.836700-02 	1.493323-31 	
7.isSl'4E.)) 

7.152191*33 	1.3i!33!*71 	1.41181!-)) 	4.253513-0! 	2.974997-01 	2.4226)0 

4.531111*00 	1. (:6440*0) 	1.3740'3-31 	5.5*3143-32 	_4?33iE-fl 	
2.13??*F•)) 

1.0131)0430 	1.?4b30.3t 	1.373130-31 	3.365563.02 	2.*7147001 	
s.fl334c71 

(.0)144*.flI 	I. 971190*3) 	1.4311 7E-t 	5.'799'337 	2.410133-31 	1.464373*l0 

1.13428!*31 	3.324643*01 	7.414191-3) 	6.2!57Th32 	'.963413-31 	I.9043S313 

1. 247413*04 	1.316391.'l 	1.375429-It 	3.4)53*7-32 	7.673183-01 	
c.341)44 .3l) 

1.372011401 	(.6693!! .01 	7. )94*3'-)t 	-6. 664393-32- 	7.5410)3-31 	
4_))3730*) 

(.339)53*31 	2.551660*11 	V.113933")) 	6.33497332 	7.637705-0I 	
5.363)43.10 

1.643122+01 	2. 252171.91 	7.277471-31 	7.126473-)2 	'7'743F")I 	
6.276043.3) 

1.326)23*01 	0.324113*31 	7.232681-31 	7.15432907 	• 	
2.167940-01' • 4..33791F)3. 

2.019231*00 	0.731193*11 	7. 193540-lI • 7.356183.32 	2.13444031 • 
	?.43S7'00 

2.21)103.01 	3.367141*01 	1.133060-31 	73044-07 	1.344423-0* 	
' 3.193373*13 

2.412512*01 	1.617773,31 	?.)1 1 246")I 	5.343198-02 	2.332161-01 	3.357973.30 

2.676433401 	3.703435 'II 	7.910497.31 	8.2 73693-2' 	9.12)318-31 • I • 

2.951323 4 01 	$.132723'31 	?.043llF-I 	3.33)4!!")7 	,.35049 7 -0l 	1.2364o3.fl1 

9.741511*01 	4.676013*91 	7.907171-31 	8.713153")! 	0.171113-31 	
1_3346*043I 

3.307443431 	5.117113*11 	4.471140-31 	4.469078-02 	9.028465-01 	
1.14303.11 

3.926010•01 	• 9.66040'*31 	4.3364)3-31 	4.131100-21 	9.344393-31 	).734943*3t 

4,321433*31 	6.263393*01 	6.971140-01 	9.427773-02 	1.39426301 	1.53)5b(•11 

4.756560*01 	6.326151*31 	6.347317-01 	4.652343-22 	3.137473-01 	
2.163600.flt 

5.235633*34 	7.66149!*31 	6.431751.31 	9.19116002 	3.146113-31 	7.6!fl'E*)I' 

9.764160*31 	4.474333*31 	4.333153-31 	1.011223-01 	1.3 43611-0l 	
2.711543*11 

6.344711+01 	4.314660*71 	4.77403-31 	1 C)3437-3I 	3.232383-71 	
0.333643*3* - 

6034213.31 	1.fl)?fl3*32 	673404'-)% 	1.837133-01 	9.163163-01 	
3.438153*11 

7. 63*138*41 	1.3 47033*09 	6.132443-51 	5.330*73-31 	5_737 173-31 	
'3.7*Z5E•1 

0.444)30+31 	1.749083*0' 	6.67977901 	I.101130-0I 	3.325231-31 	
5.994443.15 

9.31*1*3401 	1.403343*0' 	6.613291-51 	l.17615331 	3.16774001, 	
4.3371l0")1 

'o:ET 33534 34 5140  
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APPENDIX D 

• . . 	 The following program was used for calculating the diffujon - 

of E. coli into a crack filled with nutrient medium 

1 Read in the values of the constants used 
2 

a Bacterial diffusivit, D (cm /sec) 

b Multiplication rate of the bacteria in the reservoir, 

R (1/see) 	 . 	 . 	. 	.. 

c. Multiplication rate of the bacteria in the crack 

G (1/see) 	 . 	. 	. 
• 	. 	 d. Velocity of the flow of the bulk medium, U(cm/see) 

Length of time for diffusion, TMAX (see) 

Length of capillary crack, CPL (era) 	. 	 . 

. Number of length segments in crack, DI{ 	. 

Nuiriber of 	t iterations, DT. 	. . . 	. 

DT was usually selected by setting AIi0D = 1/6 

and AM OD > BMOD, as in Appendix C 	. 

2 Print ATIOD and echo print input constants 

3. Calculate constants used in the program. 	. .•• 

1i. Set the values of the initial concentrations in all; 	• • . 

sections equal to zero, except for the first section • 	• • 

• . 	. 	. 	which equals 1.0 at all times. 	 . 	. 	•. . . 

Calculate the concentration in all sections t later than 

the last profile using Eqs. (4,5,6) 	• 	. 	 • • .. • 

0 • 	
.. 	Calculate the concentration in section 2 through •, . 

section 2-1, use Eq (4) 

Calculate the concentration in the last section, Eq.(5) . .. • 

Calculate the concentration in the reservoir, Eq. (6) . 	• 

• 	 . 	 . 	 . 	 . 	 • 

 

Set any concentrations that are greater than the entrance. . 
• • • . - . 	 .• 	concentration equal to the entrance concentration. 

10 	Punt every fiftuet cor'centratio -i profile 

11 	Locate the £ncrevent number aid positio'i of the first see- 

tion wnose concentratuon is iess than 1,10 , 10 , 10 
-12-. 	.. 	 • 	 . 	 • 	 .• 	 .• . 	 • •.. 

and 10 
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I.  

DO 54 M=2,I  
• 	

. 	® 	C(M,2)=AN*(M+1,1)..AMSC(M,[)4AL*C(4_j,1) 	• 	 . 

	

54 CONTINUE 	 . 	. . 
7 	C(1+1,2)AMCf+1,1).ALsC(I,1) 

• 	 8 	CtIe2,2)=ClC(I+2 1 I)#AL 	*C(141,1) 
I0-142.0 	. 	 . 	. 	. 	. 	. 

• 	 . 	 . TEST 4AGNITJD= OF NEd:ONCENTUTIONS 	. S 	 •• 	 :.• 
• 	

.5. 	 00 57 H=1,1 	. 	 0 	 • 

IF (C(M,2LGT.TJJ 	CM,2)r)P. 	 -. 	 . 	 . 	 . 	 . 

IF (C(M,2).LT.).) 	C(M,2)=3. 	. 	. 	. 	. 	. . 

	

57 CONTINUE 	 . 	. 	. . 	 . 	.• 	 . 
TIME=TIME+r 	 . . 	 . 
BB.1. 	 . 	. 

• 	 PUNT ONLY 50 OF THE CALCULATED POFI1.E5 
IF (B.LT.DT50.) 	GO TO 81 	 . 	. 	. 	. 
B'O. 

• 	 0 	 P(1)=TIME/3600. 
DO 50 J=2,15 	

. 0 

	

LOCATE THE ItCERMENTS TO BE PUNTED 	 . 
5 .  

60 P(J)C(M,21 
PU61=(M+1,21 

PUNT THE SELECTED )s:ENrgArI)s 
PRINT 103 9  (P(j), J1,16) 	 •5 	 . 	 . . 	 . 	 . . 

IT=ZT.t 	 . 	. 	 . 
Q(IT,I)=TIME/36,30. 
10H+2.0 	•. 	 . 
03 813 M=1,I 	. 	. 	 . 	. 	. 	. 	 . 

LOCAlE IN;RE'lNr NJ43E OF THE FIRST )N. LESS T-fN 1.3 
IF 	(C(M,2).LT.TOp) 	GO TO 814 

513 CONTINUE 	 . 	 . 
814 Z(1)=M 	 . 	 S 	 • 

JLM 	 . 
DO 815 M=JL,I 	• 	 S 	 . - 

	

LOCATE [N:EMENr N'J43E OF THE FIRST )N. LESS TI4N t.-03 	 S  
IF (C(M,2).LT.I.E—)3) 	GO TO 316 	 - 	 S  

• 	 815 CONTINUE 	 • 	. 	 . 
816 7(2)=M 	• 	 • 	 5- 	

• 0 	 • 

00 817 M=JL,I • 

LOCATE INEMENT NUM3EI OF THE FIRST CONC. LESS TAN I.E—OS 
IF (C(M,fl.LT.1.e—)6) 	GO 1) 818 	• 	 S  

qii CONT!NJE • • 	 .• 	 . 
818 Z(3)=M  

JL=M  
00 819 M.JL,j 	

:- 
S 	

• 	 • 	LOCATE IN:EMENT NU'43EI OF THE FIRST 	)N. LE;S r-a 	I.E-3; 
IF (C(M,2).LT.1.E—)9) 	GD TO 820 	• 	 .. . S 	 • 	 . . S  

819 C(INTI'JUE 	
0 	 • 	 • 	 • 	 . 	 • 	 - 

820 114)=M 	- 	 . 	 S 	 • 	 • 	
. 	 .5 

J14 	 S 	 • 	 5 5 	 • 	
• 	 • 	 . 	 . 	 • 	 . 	

0 	 • . 	. 	l•n 	a,, 	4-II 	t 	
- 	

0 • 	 • 	 • 	 S 	 - 

S 	 . 	 55 0 
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1 

• 	. 	. . 	
. 	

LOCATE INREMENT NJ13C.O? TME FISST 	LES T-1&N !.E-12 	 . . . 
IF t:(M,fl.LT.l.E-12) 	O t) 822 • 	

821 CONTINJE 	 . 	. 	 . . 
• 	

. 	822 7 (5)=M 	. 	 . 
00 P24 	MT2,6 	. 	 . 	 . . . 	. 	 . 

	

CALCULATE THE OISTAE 1] THE JC 	F '1TE)T 
0(IT,MT) 	(z(Mr-I) -1.5)*4 	 . 	 •- 	•. 
Q(IT,MT+5) 	Z(41-1) -1.5 	 . 	. 

824 CONTINUE 	 . 
81 CONTINJE 	 . 	 . 

I0-42.0 	 . 
00 82 M1,I 	 . 

CALL NEW :):. OLD :D:. AND IEPEAT TIME L)]P 
82 C(M,l)=C(M,2) 	 . 	. . 	 . 	. 
83 CONTIMUE 

	

PRINT HEA145 	 .. 	 . 	 . 

0 RINT8 ,0,,G,J,TM.x,CAPL,4i0O,DH,Dr 	. 	. 	 .. 	. 
PNT 101 	 . 	 .: 	 •• 	. 	. 	. 
PRINT 102 	 . 	. 	 . 	. 

	

• . PRj.'T TIVE, DISTANCES, AND 1:EMEr NJ43ES 	 . 	. 	. . 	• . 
PR!ZT 10,  
PRINT 104, IT 	 • 	. 	 • 
GO TJ 6 	 . 	 • 	. 	. . 	. • 	. 	 9 FORMAT (1X,E9.2, 413.29 F13.3 9 2F13.1I 	 . . 	•• 	- 

8 FORMAT 	 • 

	

S3X,5TMAx,E9.2,3x,5HC4DL=,F5.2,3x. 514M33,E9., 	.• 
13X,340H=,F5.0, 3X,3HDT,F6.O// 	 • . 

90 FDP44T ( 	lX,71PEEt4T,2X,l5FR.1 	. 	. 	. 	 • 	.• . 	 • 
92 FORMAT (1X,10HTIME (HRSI 	• 	 . 	. 	. 

100 FD9M4T(1x, F9.2,15E3.1) 	 . 
101 FORMAT 	I 	 2,10HT['4E (flS), 5;X,13-1)IsIAME 1CM), 

S 	 50X,16NC4E\1T 4JMBE) 	 . 	. 
• 	 102 FORMAT 	(/5X,94LJG Cf0,2X,D.,5(,2k3.,3,2.,( 9 2M4.,7x,3412. 0  

I 	23X,2H0.,8X,2-13.,'x, 215., 8X,2-4., 7X,3412. /1) 
103 FORMAT (LX,F9.3,5E10.2, 13X, 5F1.1) 	 • 	• 	 • 	. • 	. • 	

. 	104 FORMAT (//1X,341T=, 16  • 	 • 	
. 	END 	. 	• 	 • 	• 	• 	. 	 .•• 	,.• 

• 	 . 	 • 	 • 	 . 	 . 	 . 	 . 	 - 	 . 	 •. 	 .• 	 .. 	 • 	 • 	 • 
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V 	• 	 r 	 - 	 - ------ V  

C- 2.nO-O! 	. .C-C4 	;. ,.C-04 	U. I.OF-t". 	TP 	2.f.04 	CPt. 10.0 	£30. 1.65E01 	DII. 400 	OT. 50O 	
V 	 • 

V 	 • 	 V 	 V 	 V  

- V 	 V 	 pECPt 	 fl. 	 .O • IC.' 	1•C 	Pfl.O 	S.O 	30.0 	40.0 	500 	80.0 	10.0 	80.0 	90.9 	100.0 	101.0 	• 	• 

TlM 	(PUS) 	 . 	 VV 

.D I.O 	'. i-C4 .1'- 	 *.r-43 2.F- 	. 	 0. 	• 0. 	
V 	

• 	 C. 	0. 	
V 

.32 1.06.07 5.9-t3 '.J-C' 7. 7E-1. 6.06-2* '.26-'4 6.36-4' S.8-' 4.'-I05 5. 	0. 	0. 	0. 	0. 	0. 

V 	 V 	 V 
 • 4 l.0600 2.r.6-C? 1.0-C' 3.'2-l' 2.46-14 4.'-2' 7.7(-3 6.'6-7 4.56-!? .4-121 6. 1-UI 3.0-236 0. 	0. 

 

.4 I.o'.n''.' -02 1.10-C' .7. 	4.1 613 4.65-1° 3.45-22 2.20-'4 0.65-66 3.96-94 3.9- 12? 3.5-166 1.0-212 2.5-769 5.1-770 

• 	 .00 I.O .03 '.46-0 3. 0-C' '.46-"7 3.°F-11 5.06-16 '.7'-22 2.SF-S4 l.'1-'.4 1.46-76 1.2- 102 7.3-133 1.4-16? 2.0-207 3.0-206 	
V 

• 06 1.5° •liS 7. -07 0.16-ct 7.C5_(V ••55_3 0'°-' 8.20-05 3.76-'l 1.66-46 4.92-65 6.61-87 2. 0- 112 2. -I40 2.4-1724.6.173 	 V V 

V 	
1.12 I." 000 6.95-02 '.26-27 7.'1-02 7.45-0' 1.4'-1 2 7.26-07 5 .7,'7 5.16-45 7.78-57 1.40-35 4. 42-7 2.1-121 0.2-1 4 9 3.7149 

1.36 .°1 1.16-01 2.'°-07 7.lc-6 4.25F-'9 2.15-01 2.5-15 0.98-70 1.40-36 1.16-50 3.36-67 4.16-86 1.9-107 3.0-031 1.3-131 - 
1.44 1.5'*C0 2.7-Cl 4.1-C7 '.68-0° 1.'I-07 1.6°-IS 0.06-14 l.''-22 3.45-" 6.76-45 1.01-60 1.35-77 1. 26-'6 7.1-119 4.0-155 

1.40 1. 46-51 6.65-C' 0.92_flO 4.66-07 0.26-10 0.06-11 7.60-21 1.61-53 4.61-42 1.75-35 8.00-21 4 • 55-95 3.1107 2.2-105 

1.14 l.0°*n1' I.6'-Ol 8.l-C? 1.°0-" 1.16-06 5.26-0° 7.46-12 2.16-19 2.66-76 4.42-39 3.16-51 2.90-65 5.26-91 1.5608 1.32-95 
 ?--Cl 1.6(C2 3 • 255fl4 3 • 55-454. 1.05-2'S 1.35-lI 3.'°-1 	I .'1-22, 2.96-36 1.10-47 1.25-60 3. 2-75 2.'6-91 2.62-41 

2.05 5.0° .05 '.''"- 4.'°-'6 2. T6-0°.8.7011 7.'C-IT 6.70-25 4.70-34 1.26-44 1.12-56 3.52-70 3.22-65 4.05-05 
2.24 1.06.00 3.15-01 1.6°-C? .'2-C' 8.65-02 6.31-0 2.25.10 7.76-16 1.55-23 0.91-32 4.70-42 2.66-53 6.30-66 5.46-80 5.11-80 	- - 

2.'5 l.0'.02 '.26-rI 1.05-07 7.5F-'4 1 .46-05 1.36-07 6.22.10 5.45-15 2.20-22 1.50-10 8.50-40 2.26-50 3.18-62 19575  3.32-76 

336 1.06.83 .*°-CL 2.7°-C? I .06-7' 2.30-59 2.66-07 1.46-39 7.'°-15 2.46-21 5.40-20 8.12-35 8.16-48 5.56_cO 1.62-71 7.52-71 
2.72 1.20° .03 2.60-01 7.66-57 1.3I 7.56-09 4.'F-C' 3.66-0° 7.68-14 7.76-20 1.18-27 0.61-26 2.56-45 4. 55-56 5.95-65 1.32-67 
7.50 1.05.00 2.F-5l 3."-07 1.72-01 9.06-05 S.'5-l'7 ?.'F-0' 1.06-03 1. 9 5-1° 1.86-25 1.72-34 1. 56-43 1.42-03 7.97-65 2.06-64 

5.84 l.0°.55 	 -fl! 3.50-C? '.12.1? 7.1 2-05 1.'6-24 1.52-19 5.78-11 7.32-10 1.72-25 4.20-33 1.10-41 2. 7051 5.C542 1.4841 

3.25 1.08.60 7.28-00 1. 42-02 2.45-0' 9.00-05 7.15-06 2.75-0' 9.°0-l3 7.48-1° 1.52-24 7.70-32 4.40-40 3.2E-4° 0.68-59 5.15-59 
3.34 1.05.00 3.2°-Cl 46557 3.'O-fl? 1.30-04 3.32-08 4.85-76 7.30-12 1.45-17 1.10-23 1.12-30 1.46-36 2. '6-'? 3.22-5' 1.11-56 
.52 1.00*00 3.56-C1 S. '0-C2 05f_n0  2.76-04 4.56-06 6.06-3° 1.18-12 5.05-17 5.60-20 1.26-25 3.26-37 1.20-45 3.80-55 1.'5-54 

'.65 1.51*03 !75-0l °.50-C '.92-53 776-04 0.0006 1.36-07 1.26-11 1.66-16 3.46-22 1.16-28 5.20-38 4. '.5-44 3.15-5' 1.32-92 - 
• - 	

V 	 - 	 7.54 1.0°.05 4.0°-SI 4.15-27 '.'5-fl' 705-74 5.'0-06 '.16-07 2.46-11 4. 6-16 1.66-21 8.60-26 7.70-35 1.22-42 1.78-SI 7.70-SI 
4.Cfl 1.86*03 4.2°-C' 4.5°-C .'(-Ol .62 -04 1.35-05 7.3 6-07 4.52-11 1.72-15 5.48-21 0.60-27 0.95-34 2.45-41 8.40-°0 5 • 45-49 	 - - 

4.54 1.56.00 '.40-Il 7. 9°-77 710-fl 4.06-04 1.06-05 4.70-57 9.06-Il 3.40-15 7.42-23 3.26-26 4.38-33 4.15-40 2.15-40 1.15-41 

4.22 1.01.05 4.7801 8.75-C? ••35.fl0  5.0°-84 2.46-05 V47547 1.46-10 6.16-IS 0.02-20 1.22-25 6.78-32 1.56-39 5.01-'7 2.95-48 

4.48 1.05,0' 4.9C1 4. 06-0? 9.76-01 6.7004 7.1805 9.66-07 2.'F-10 1.06-I' 7.55-19 7.41-25 4.70-31 6.35-30 9.98-40 6.18.45 	
- 	 V 

4.64 l.0°.5' 5.20-01 0.06.0? 1. IFV' 5.10-04 *O505 1.30-52 4.82-10 5.9E-l4 7.32-19 3.00-24 2-30 6.18-37 1.65-44 1.02-41 

V 	 4.'1 1.00*80 5.4'-01 1.1°-Cl j.'E-0' .7504 '. l 8 _O 1.55-06 7.'5-10 9.15-14 2.02-16 1.15-23 0.66-29 5.20-56 2.18-4' 1.55-42 
4 • 04 1.08.05 4.75-Cl 1. 7°-C! I.4F00  57553 64fl' 7.55-36 1.55-0° 1.65-13 5.15-18 4.00-23 7.96-29 3.00-55 2.38-" 1.51-41 V 

3.12 1.05000 6.C'-C1 I. '°-C1 1.65-12 1.40-01 8.00-05 '.31-06 2.00-0' 5.12-IS 1.20-17 1.36-22 3.06-28 2.50-74 2.3541 1.22-40 

5 • 75 2.05.0' 6.0*_Cl 1.45-C' l.'6-fl 1.66.00 '.56-05 '.78-06 7.08-09 3.65-11 7.91-17 3.58-22 1.58-27 1. '0-'S 1.56-43 1.76-39 
3.44 l.S°0l 2.46-Cl 1.°°-61 1.9 0-07 1.25-04 5.82-09 4.01-09 1.00-12 8.36-17 1.18-21 5.68-27 7.35-15 1.45-3° 1.35-50 
3.60 1.0°*07 8.95.01 0.02-Cl '.35- 2' 2.22-03 1.'5-0' 7.26-06 6.65-09. 1.'5-12 1.36-18 3.50-21 2.06-26 3.55-32 9.75.09 9.52-35 
5.76 2.06*00 7.26-Cl 1.7°-Cl 2'5-'? 7.56-05 1.25-04 .18-06 5•55_59  3.56-12 2.28-16 7.80-21 6.66-20 1.70-31 0.98-39 6.15-37 

9.92 1.0°.fl3 7.56-01 1.°r-Cl 7. 06-I? 2.55-443 2. 1'-464 1.16-55 1.'0-'8 4.'5I2 0.55-15 1.56-20 2.35-25 7.06-31 3.32-37 3.68-76 
4.05. 1.00.03 7.'5-51 2.00-61 3.15-22 0.36-13 7.45-04 1.45-15 1.05-05 7.0512 1.01-15 4.5020 a.1625 2.75-30 1.70-36 1.91-35 
8.74 1.08*00 '.15-Cl 7.26-Cl '.56-0' '.55-03 3.80-64 V10F55 7.4509 1.35-11 2.02-13 1.01-19 1.75-24 9.66-00 7.06-36 0.65-33 

- 6.40 1.05.03 5.42-Cl 2.7°-Cl 1.32-1' 4.70-53 3.0004 2.75-33 5.66-08 1.10-11 7.66-15 2.20-19 4.76-24 3. 38-20 3.45-35 4.45-34 2 

6.56 1.06*00 •.7!-0l 2.32-Cl *3F-l' 	 3 1.20-84 7.72-OS 4.58-05 3.00-11 6.36-15 4.7219 1.2123 1.15-20 1.45-3' 1.56-33 

6.72 0.06.03 6.'F-01 2.7°-Cl 4. *5C7  5.96-03 4.96-04 3.35-55 6.f-05 4.51-11 1.11-14 9.00-69 3.00-23 3. 76-29 5.48-34 3.65-13 	. 

6.' 1.06.03 0.'F-01 2.06-Cl 5. 1E-' 6.36 -03 9.754 '.02-05 5.6F-fl9 6.60-11 1.22-14 1.96-15 7.16-23 9.60-28 1.08-75 2.90-52 	' 
'1.84 1.0E*'S 4.45-Cl 3.0°-Cl 5.28-5' 7.12-25 6.71-84 '.62-OS 1.15-07 9.68-Il 3.14-14 3.80-16 1.60-22 2.70-27 6.6°-Si 1.05-31 
'1.20 1.06*00 0.55-Cl 1.5°_Cl 616-03 0.05-03 7.71-04 6_7_55  I.'5-07 1.40-025 3.06-14 6.90-Il 3.60-22 7. 26-27 2.11-32 5.65-51 

7.52 1.05 *05 '.95-Cl 1. '5-01 6. 	9.06-03 6.45-04 4.88-05 I.'F-07 2.06-15 l.0014 1.50-17 7.86-2? 1.50-26 6.78-3? 1.20-30 
V 

	

- 7.92 1.00 .00 °.50-Il S. 95-Cl 76-0' 1.30-02 I .oO-r' 5.15-05 7.45-07 2.90-10 1.30-13 2.75-13 1.6521 4.62-26 2.00-01 3.65-30 	- 	 V 

7.69 1.8° 000 1.0°*IC 4.05-01 5.05-6 1.16-52 1 .76-C'' 9.66-33 5.16-67 3.51-IS 7.02-13 4.0113 0.36-21 1.11-25 5.65-31 1.18-29 
7.54 1.05*05 1.C°*OC 455-02 5.90-" 0.35-17 1.40-03 1.12-114 3.95-417 5.15-10 1.02-13 6.96-17 6.21-21 2.65-25 1.58-30 3.06-25 
5.80 1.02*00 1.00*07 4.56-Cl 4.9007 1.46-02 1.55-03 1.35-04 4.'2-07 7.35-15 4.51-13 1.21-16 1.35-20 5.92-25 4.00-70 6.31-29 	- 

. 	 •. 	 - 	 . 	 - 	 - 	 - 	 - 	 . 	 - 	 - 	 V 	 - 	 V 	 -- 	
- 	 V 	 - 	 - 	 - 
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C 	?.-4' 0. 	.F7'-9* . 	'.°c-(1 4 V. 	1.fl.9 	t6Z. 	7.33*74 COPI. I000 6400. 1.65,-01 Sit- 	'CO 07. 	560 

113' 	16°c) '116T8'15 (7) 
I4C•ESOI4T 0i1J36t9 5 

I 9 r, Cl''.. 3. 7. . . 12. 0. 3. ô.  

0.4"-n 
 18.5 5515 5_ 7 r_*7 •. 1"-" '.#'-'l l.'I 1.00 .440.1,0 .3 2.5 36.3 

27.5  
.0•n • ''- 97 .'7-nt 1.1' .Cr l.46'.'7 1.711*93 .5 29.5 sS.3 

40.3 57.3 
.6") 5. 'Sr_ 7 ' • .17_cI l.0,01) 1.tPf,7n I .0sr.,o •0 33.5 51.5 

0.3 69.5 

.3 36.5 57.5 
66.5 70.5 

-02 1). 377-C' 7.S'.ffl 2. 1 50000 .3 39.3 62.5 
73.5 06.3 

%17n !.750-'7 , .7 , .r., l_o.o, 0•IAf*o3 ,•ssç.n, .3 42.5 
05.5 04.5 

)••* 3.°'.r I. I).t1) I. 7'.Cl' 2.2*1,91 
- 

7.5,0.90 .5 44.0 
66.5 
70.5 

05.0 101.3 
1.'F.CC 2.'5(.')'. ?.'lr.5O .5 47.3 

00.5 107.5 
1.605 t..'-0' 1.'.t•1 1.°l.Cr '.4.00 Z.°or.ni' .5 49.5 

73.5 04.5 8)2.5 
I .7fl 7 1.'".Cr 0 	9)9,7* 7_5* F**fl501(.9O 

.5 31.5 
77.5 0.0 810.3 

1.°' I .c7 -"2 8 • '4'* 01 7. tor, Cl 2.4nr.03 ".7l.9' . 00.5 103.3 525.3 
oC" '.lt.0C 2. 701.51 .31f.nP •I 

53.5 
5..3 

03.5 107.1 129.3 
2.?*'l 5.276-r? '.4!''71'.:or.'n 7.5 • 0O 7.AIF.9fl .s 

66.5 111.5 1 1 3.5 
I. 7'- 7' I .00-' "1 7.'iO 'Cr ,.'r .010 3.5*1.50 .0 

36.5 
58.5 

80.5 11*.5 126.9 
l."-C2 1. '1o(r 2. 3 00.51) 5.fl'1*05 7.540.1)5 .' 60.5 

91.5 
54.5 

11 	.' 141.5 
' • 77 
2.fl 

1 .750- r3 
t. 6 ' -7 ? 

5. 540.07 .d'C 1 .111 01 3.'I(.0fl  
121.3 
124.5 

845.5 
848.5 ?.oc'.ns .t'0*35 3.'!t.9n .5 63.8 05.3 127.5 '.IF.70 .70F. CC '.?eF*05 '.'I(.00 .3 54.5 101.3 
152.5 

1.'fl0 3. 	5F-r1) 3.0 70*09 . 5'0. Cr '."F.00 3."t.flfl .5 66.5 103.9 
130.5 
133.3 

154.9 

.30-1.1)0 .' 67.5 105.5 156.5 
199.3 

.3fl 4.14'.flO .0 69.3 107.3 
642.3 

1.'"-)5 1.7'F.Cl '. 7'e.Ø1) '.5*1*913 4.'4F.05 .3 70.5 110.5 
135.3 166.3 

' • 5*fl 1.256-" I. 7".Cl) '.".F'fl' 5.41 6*00 0.TIc*475 . 71.5 
141.5 163.5 

4•30 ."-C2 1..4'.'C 7. 0'0.0 5.S'r.flO s.'qr.On 1." 
112.5 344.3 172.5 

fl '.75'_c7 I • "S.C' _. 5*0*09 '.7*5*013 4,040.711 1.5 
73.5 114.5 847.3 175.3 

2.3 
74.3 
75.5 

115.3 145.5 178.3 
•. 7"- Cl I • 	r' c 3".on '. 5 f.os .ot 1.00 5.5 77.2 

117.5 
113.5 

186.3 
154.0 

108.9 
'.64* 7_.7r_73 

1.12'-flI 
557.70 

1 .cf. 79 
C''.0fl 1.1 '*01 '.*sr.on 4.5 78.0 121.5 156.5 

104.5 
166.5 

4 .'60 1.3"-Ol ?.701.30'.)o.. 
. 707*90 

CC 
'.*t '.10 4.'41*53 .5 79.3 123.5 156.5 100.9 

'.12" 1.'7'-e 1'.0"'C0 
4.r.7tfl '.381.50 5.5 81.5 125.5 168.5 102.5 ). , "*CO 

00 
'..0*r,05 '.941.90 6.5 82.5 120.5 862.3 854.3 

•045 • .071-51 7. 11'.CC 0_74t7n 
4.140*75 
4.801 .013 

0.540*00 
5.5801)0 

7.5 
7.5 

93.3 128.5 163.9 17.5 
5.'fln '.12'-rI 2.1 0'.17 1.0)5.97 4O ..'1'.'.00 3.5 

84.3 
•6.5 

130.5 
132.5 

167.3 205.9 
'.7'l?.''F-ol '.1 

7•97 
'.2'F.00 .1l900IC 3.0 

165.5 202.3 
3.520 '.o'c-ol 7. '10.50 1 .31'.ol 4. 3 46.t'fl 0.11)6*1)5 10.5 

97.3 153.5 *71.5 204.3 
'.0'S '.'7I-'1) 7.247*7)7.'.)0, CS 4.3*1*00 5.7'000c, 

85.5 135.3 173.5 207.3 
3.24fl '.127-01 7.e'.cn ?.'.n') 4.5*0*03 5.356*09 

18.5 89.5 136.5 1 73.5 205.3 
4.000 '.52-'1 2. 11!*C0 '.'I , .O, '.450.05 '.lsc.vrn 

52.5 
12.5 

90.5 130.5 177.5 212.5 
6.56''.'' ,  -'1! 2. 'Af.Cf' '. "'*79 4 .5OF*1)0 '.486.1)81 1'.5 

92.3 
93.5 

140.5 
141.5 

179.5 284.3 
4•775 .P?'-3l 2.10'.C5 '. 5 °'*O5 0.000*01) 3.451.130 14.3 94.3 143.5 

181.5 
883.5 

254.5 
6.R7 1 . 0 7'-Ot .'i'.00. '.610.00 

'5*'.  on 
4.640*05 5.5*6.00 13.3 53.5 144.5 155.9 

218.5 

7.201 
'.1?'-CI 20I'.C) 4.501,53 ".39*1)0 86.5 96.5 148.3 187.5 

271.5 
223.9 

7.300 
0. 337.'5 '.AA'.CO '.' 0 '.0O 4.7*1*011 5.640.1)0 17.5 57.5 147.5 185.5 225.5 

7.571) 
4.021-01 
.470l 

2. 	'*CC '.140*97 4.701*00 5.601*00 10.5 59.5 149.5 158.3 227.5 '1"CC 3. 1.75'.flfl 0.010.51) 3.741.1)0 13.3 100.5 150.5 1 72.5 '.90' 4.07'-31 01 '.'l*.flrt 4.060*00 5.706.130 15.3 101.5 152.5 104.5 
223.3 

?.4) '.52'-flI '.5''.r'0 '.P46*"7 4.IIF.fl0 0.351.01) 	• 70.5 102.3 103.5 
231.3 	- 

5.090 0. 3-7) 2. !°5*cn '.057.00 4.150.70 .0'1.oO 21.3 103.3 155.3 
156.5 21.5 
106.3 235.5 

IT. 	Sn 
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