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DISCLAIMER

This document was prepared as an account of work sponsored by the United States

Government. While this document is believed to contain correct information, neither the

United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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. ABSTRACT

The dispersion’of bacteria by their own motility was measured

" by three methbds and was found to follow the behavior predicted by
-diffusion The diffusivity was found to range from 2 to 3x10 -

. cm /sec at 26° C in a uniform nutrient medium. Methods are presented-

for estlmatlng the rate of dlsper51on of motile bacteria that are

,multiplylng as they diffuse.
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The diffusive f bacteriz is of eng ipeorwng 1nte*ect ‘

in cracks, along the interior surface in pecked beds, and
in any case where convective forees haveAbeﬁg damped out by the pres-
ence of soiid surfaces. » E._ ' .

The maintenance of sterility can be'hf great importence in

_ ntation, for one bacterium canf

spoil the entire 5 of a feed tank in less than a day. A kno l-
edge of all mechanisms of bacterial transpofﬁ is necessary to evaluate
the probabll ty of btacteria gaining access to & sterile process.

‘Three different expérimental meihods were used to measure the

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



using fhe.Eihstein relafion;hip,l ‘The extent to which the motion of
the bacteria had Become random codld also be evaluated in this experi—
ment . | o ‘ | v |
In the second_eiperimental method, a steep baeterial concentra-

‘tion gradient was established on a microscope slide and vas photographed
at various times fer counting. From these photographs bacterial'con—
| centration profiles were obtained. Different diffusiviﬁies were then
used‘in a numerical solution to the diffueion equation, each diffusivi-
ty gave a different coneentratien 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 ekperimental»meﬁhod,'a capillary tube was filled

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

allowing time for diffusion of bacteria from the tube to occur, the
tube was removed end the number of bacteria in the tube and the number
of bacteria in the solutlon was determined by platlng on nutrient agar
and counting the colonles of bacteria that grew from each v1able
bacterium. ‘The diffusivities were obtained by solving the partial
differential equation for dlffuulon, sedimentatlon, and . growth numer-
ically to give concentratlon proflles at many different times. These ‘
.concentratlon profiles were integrated to give the fraction of the
"bacteria remaining'in ﬁhe'tube ae'a function of dimensionless time;
Dt/lg. The diffusivity could be determined from this function once
the fraction of the‘bacteria‘remaining in the tube had been experimen-
tally measured prov1ded that the time for dlffu51on, and the length
 of the tube were known. ‘ _

The experlmentally determlned dlffu51v1ty of bacteria was used
10 calculate the rate at which contamlnatlon by motile bacteria would
spread through a crack fllled with qulescent medlum An example was
also calculated for the diffusion along the in31de surface of 'a feed

line against the flow of medium.

-

’
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IT. CHARACTERISTICS OF THE BACTERIAL CULTURES |
. For the pronosed eyperlments to be valld, it is essentlal ‘

that such propertles as bacterial motlllty and multlpllcatlon rate

" be coastan during an experiment. Scoutlng experlments vere made

on several strains of E. coli. to determlned how the multlplicatlon

brate, pvercent of bacterla that are motile and bacterial veloclty

were affected by tenoerature, stage of growth and’ comp031tlon of '

the medium. :

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

from the Department of Bacterlology at the University of Caiif— :

ornia. They were. : : : .
E. coli U. C. 27,_a hlghly motile strain isolated in 1958
B. coli 3000, motile but slightly less motlle than U C. 27
E. coli B (Hershey), a non motile strain.
E. coli U. C. 27 was selected for the diffusion measurements because'
the fraction of motile bacteria was hlghest in ‘this straln.

Nutrlent nedium (5 g. peptone,vB g. beef extract, 2 g.. glu-

A-__cose, to 1 1. water) was used in all experlnents because in the

absence of peptone onry about half of the bacterla were motlle at 20°
|

C; This decrease in motlllty vas observed in all deflned medla regard-

less of sugar energy source and was not due to contamlnatlon, for the

' definitive test for E. coli vas made on all samples. The dlsadvantage:

of nutrient medium was that the growth rate was so hlgh that the dif-
fus1on expériments had to be limited to three hours. Antlconvectants
such as gelatine, agar, and methyl cellulose were not used because

they are renorted to accumulate on f1 agella and make them large enough '

’ to be seen with a light mlcroscope.2 Since rlagella are belleved to -

be the motor organs of bacterla, the heavy dep051tes mlght affect

bacterlal motllwty and dlffu51v1ty

The diffusion. emue ments in this repor+ are based’ on the

;premiseJthat bacteria move randomly. Bacteria would not be expectedr

-
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to move’in a random maﬁner ff there were zones in the medium that.
were depleted in some essential nutrient. Under coﬁditions'of |
unfavorable environment bacteria often undergo a “shock reaction”,
thelr motion 1s erratic and cnaracUer;zed by rapid, ‘random changes
in direction untll they locate a’ Lavoraole env-ronment. The term
chemotaxis is used to describe fhiseability of bacterie to locate
and move preferentially toward a fevorable environment. Adlei'3
recently described the ability of E. coli to deplete the nutrient )
at one end of é tube end then migrate down the tube'in a band
- following the oxygen and energy source front; a depleted reglon _
was left behind the mlgratlng bacteria.

A typical growth curve based on optical counts is shown‘
(Fig. 1) 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 exponentlal phase to statlonary phase. At the onset of
stationary phase. the Veloc1ty of the bacteria was observed to decrease
rapidly. A growth rate discontinuity in which the bacteria ceased to
divide for a two hour reriecd can-be seen.ih the growth curve aﬁ a '

7

concentration of 5x10' bvacteria/ml. ‘Cathefine Fowlérh has observed
a 51mllar discontinuity in the growth of E.'Poll at 37°C, and has
demonstrated that this falluse to multlply oacurs coincident with
.the depletion of oxygen in the medium. At 5] C she observed that
there was a 30 to 50 minute lag before growth continued in the .
absence'of'oxygen.' After 7O minutes, the anerobic gfowth rate was
the same as the previous aerobic rate Based on the work of Adler5
and Fowler‘,!+ it would be anticipated that nutrlent medium (exposed

to air for a week after autoclav1ng) ‘would have,suff1c1enu dissolved
. oXygen for E. coli to gfow aerobically to a coneehtratioh_of about
5x107

random oehav1or of cnenot°x1s, and would be swgnaWed by fallure of

bacteria/ml. The depletion of oxygen would result in the non--

the E. coli to multiply.
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Fig. 1. A typlcal growth curve from opulcal counts for E. coli 27 in -
nutrient medium at 20°C. Growth is:aerobic until the oxygen ‘is
~ depleted. No further multiplication occurs until anerobic growth
“-has started. 'The upper ‘graph shows that a high percentaga of the '
bacterla are- motile unull the ‘onset o; staulorary phase._~ s
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The microscope lamp vas fqﬁhd'to stimulate motility during thév.
onsét of stationary phase. Multiple ekposure photo-micrographs showed
ﬁhat about half of the bacteria were either stopped or moving very
slowly. These btacteria 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 _
féund to have no effect'on the growth rate or motidn_during the'majér-

- ity .of the exponential growth phase. - : » v'

The heating caused by the microscope lamp was measured With.é
copper-constantan thermocouple in the medium between the slide and cover-
élip. The temperature rise for a 100 micron depth of medium was O.2°C.
during multiple exposures, and l.7fC during continuous exposure. The
motion of nonmotile E. coli B in the slide chamber when it is vertical-
is evidence that the microscope lamp will cause convection currents in
"a vertical slide chamber.. - o ‘ ' _

) A wide range of bacteria lengths was observed ?t all stagés:of
growth. There was no significant effect of size on bacterial velocity.
The majority of bacteria stay in the close proximity of a surface,
_Vértical or horozontal, once they have éncountered it. 'Thé surface
might be expected to exert a drag on the moving bacteria; hoﬁevér,'no
significant changelin.velocity was observgd at different distances

o
i

from the surface.

A
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1o denenaence of D on £ .

III; DIFFUS¢VITI?S BY THE MAAN DQUARE DISDLACLMEN” METHOD
Multiple exposure pho+ographs vere taken of bacue"ia 1n a thin’

£ilm of nutrlenL medwu betveen two T 1croscope slldes. The photo-

‘graphic imeges of a tec erium appeared &s a series of dots (Flg. 2)
Fron cnese Dhoto grapns the dlsuance that a- baCUerLum traveled in a

given time 1nterva; could be measured (Fig. 3). Thus sufficient

1n*ormaulon was aveilable to treat tne dispersion o? bacteria in the

same manner as Brownian motion had been originally treated by the -

\ 1
Stokes-Einstein relationship.

A. Theorz
Diffusion can be thought of as a vandom walk of paruicles;
and treated in the same manner as Brownlan motion. At the turn of
the century Einstein derived the re’atioushln that relates the dis-
placement of a perticle that moves random y to uh° diffusmv;ty.

This relatlonsblp is:

¥-ont o T

or , e L :
D1ffusiv1ty (cm /sec) ="'.A.‘; i

the time 1nc"e ient of observation (sec)

the mean of the squares of. the dlsnlacement in a

My o
W

fixed arbltra“y direction (cm )

;2'= the mean of the squares of the dlstances between tne
initiel and final positions on a surfece (cm )
For short times, before the nartlcles have mede their first
turn, X is D*oportlonal to t, and the apn arent D will inc*ease
linearly with t. Ac the paru1CWes make more turns their. motion,

proachcs *andon otion and the denendence of Don t decreases

- to the linwtln case Jxere mo+1on is com leuel - randon and’there is '
g

. 3
. .
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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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' o Fig. 3 Schematlc dlaoraﬂ show1ng tbe experlmental procedure used in
X S the mean square dlsp1acement method S S

N
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The_calculétions Can'eésily be.accomplished by haﬁd. ;2'15
determixed by scuar:ng the x-components of all of the displacements at
a given time, and averaging them. The d1f1u51v1uy is obtalnea by divid-
- ing the x27byvtwice the time interval.for the di splacgncnts. The same A
.calculaﬁions can be accompiished on a computer; program\to do this ié

. given in fAppendix A.

B. 'Equinment, '

The mul*-ple expe ufe'photojicrogra?hs were_made by using a
”obary shutter to interrupt the beam of light frém the microsccpe lamﬁ.
The rotary shutter was a disk with a slot cut in it; thé‘disk vas driven
by a clock motor et 1 rps. With a dark field condenser, the bacteria-.
appeared as bright spots moving against 2 black background. Every -
second the slot in the rotary'disk permitted the light from the‘Bacteria'
to reach the film. The 1mage of a bacterium in motion'is a string of A
bright spofs. A good dark fieia condenser permits over 200 multiple
exposures to be made on one negative, with no noticable washing out df.
the image by the background. ' ' .

A Bausch and Lomb microscope with a low _power dark ;1eld con-
denser ang a la;ge area light source was used for all runs 1n this
experiment. Both high sneed Polar01d film and medium speed pan—'
chromatic films were used quh equal success. All optical systems

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



-11-

 ‘C. Experlmental Procedure

Prellﬂlnary experlments quickly established that an 1nd1V1dual

‘bacterlun mould have to be followed for more than a minute for its

motion to be random. During a minute an E. coli travels two mlllmeuers.

These long distances require that the magnification be decreased to the

,1ower-limit.‘ At 18X the area of’illuminatioﬁ limited further reduction

in magnification. Construction of & large dark field condenser would

5perm1u the bacteria to be follo’ed for longer norlods of time. .

The bacterla vere grown for six hours in exoonentlal phase by )
freouent dllutlon before they were ulaced 1n the microscope viewing
chamber. These chambers (Fig. L) vere made by separatlng tvo carefully'
cleaned glass slides with a thin spacer. After partlally coatlng the
edges with hot paraffln, the spacer was removed, and the rest of the
edge was coated except for fllllng and venting holes. Capillary action
sucked the bacterlal suspension into “the cnambe&. fter the fill and .':
vent holes were ‘coated; the suspen51on vas completely enclosed ina’
chamber of unlform thickness.

Multlple exposure photomicrographs were taken (F;g. 2) Several
reference p01nus vere made in the tracks by c1051ng the mechanlcal

shutter briefly during the multiple exposure photomlcrographs These

\

1

reference points 51mp11f1ed measurements and permltted the dlrectlon
of travel to be determined. ' 7
The displacements of a bacterium from the initial image to the

1mage ‘at time t was measured at times t = 5, 10, 20, Lo, 60, and 80

~sec by prodectlng the prints in a mlcrocard reader and traclng ‘the tracks

on graph paper. A'photomlcrograph of the stage micrometer was also pro-
jected to give a scale factor. The introduction of oias was prevented_"
by selecting only those tracks that could hot'Heve reached the‘edge of

field 1- they had moved dlrectly to:a”ds the nearest edge from uhElr

origin. The Ouher tracks discarded were those Uheﬁ could not beAxollowed N

- at. all because they moved in ulghb c1”cles.-5'



‘Microscope
slides = |

“Mylar _'.f‘i‘llm spacer -

: - DI R Fi_lling,ho]fg, -

e R SRR
’M’ UB.'13213
F:Lg. N Dlagravn show:Lng thc technlque for the Iabrlcatlon of the
L mlcroscope cnarr‘bers uaed for obsew”v1nD bacterla. S -
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‘D. Discussion .of Data

The diffusivities ca;culﬂued from the ﬂcan square dqulace-

ments are 1n1t1ally proportional to tlme (Flg 5) As eynected the‘

'tlmc eryh nce dec*eases with the 1ncreas¢nc size Ol the tlme inter-
val. The data are compared to the Suralghu line that would have "
resulted if +h cteria had gone in a straight line at a velocity

- equal to the velocity measured over a 5 second interval.
Since thn time ‘increment could not be 1ncreaseu, tﬁe data'waé |
extrapolated to infinite time Wluh the assumptwon of an exponential -
approach to the time independent diffusivity. The results are'shown-
in (Fig. 6). ) ' ‘
The data vere fested'fof movement of the fluid by plotﬁing fhe
end points of the ‘tracks on a scatier dlagram mhere all tracks have. ‘
the same crigin (Apbendwy A). The centers of gravity of all of- the
scatter dlagrams were very close to the origin. BRulk flow would
have displaced the center of gravity. The data and calcglationé for

one experiment are included in Appendix A.
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IV. DIFFUSION FROM MEASURED CONCENTRATT “RovILLs T

A Exnerimental Procedure and Equinment

In th;s series of experiments ﬂwcroscope chambers were built

N

that would per it dlrer obse;v*tlon of the dltlus*on of motiie bacteria
into a chann 1 filled wi th nutrient medium. The concentratlon prollles
of tne bacteri Were obtatned by counting the nwnber cf becterla on
phovogranhs taken at various positions along the chaﬁnel.i The diffu-. -
sivities were obtained by matching the measured profiles tolﬁrofiles:“

- e

calculated from different, known di u51v1t1es.

The diffusion chambers for this experluent (rlg 7) were similar -
in constfuction to the chambers in the previous experlment, eycept t}‘a+
"Mylar" spacers 2 or 3 mils thick were left in the chamber to form a
channel at the right hand end of the =11de. The open chénber on the
left end f ocrmed an unstirred reservoir. The channel was then filled:
with fresh medium. Many cnawce*s had to be dlscarded at stage because
Noki) oveffilling or the inclusion of alr ‘bubbles. Once the-channel was
Tilled, a suspension ot E. coli was added to the reservoir. The filling
and vent holes were wa xed over 50 that the entire chamber was sealed.
The initial distributlon was immediately photographed for subsequent
countihg. ' ' | » t

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

Athese experiments because the calibrated stage permitted the same loea¥1
tions to be'photographed at different tlmes. ”he objective lenses were
stopped down by plac1ng an aluminum foil, fixed aperature above the lens.
This modification gave tﬁe lenses-a depth of field of 100 microns with-
out excessive loss of resoWutloﬁ. Two different magnifications were
usea for the counulng, 256 X for hlgh eon“en‘“atlons, and h8 X for low
concentvatﬂons. This combination of lenses enabled a -concentration - '
range of ten thousend to be covared. The most accufate meaeurements
vere made at high concentrations where as meny as two thousand bacte ia

_were counted. For high counts the photograph -was covered with a grid, T

3 . ..
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Fig. 7. Chamber for the direct observation of bacterial concentration
gradients with a microscope. The chamber was made by separating
two microscope slides with thin sheets of "Mylar" then waxing the
edges of the slides. The bacterial suspension was placed in the '
left hand chember and fresh medium was placed in the channel on
the right. Diffusion occured down the chennel and could be

~ recorded by photomicrographs. . = ' o
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. . o _ , _ _
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

.large as the main siot, The smaller slots produced two additional

4

dimmer images bet

Z.

een the usual bright images. The additionzl images
facilitated the identification of the tracks of a bacterium when many

‘different tracks overlapped.

B. Czlculation of Concentration Profiles

The diffusion chambers used for this experiment approximate
the case of one dimensional diffusion into a finite slab that contains
some of the diffusing substance. The partial differential eguation

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

tion profiles at various times was:

i

Boundary Conditions are: S . o

Initial condition: " “the measured initial distribution
Boundary copditidn no. 1 C-= Co'egt, x <0, all t o
Boundary condition no. 2 4¢€ o, : c i g e1nt .
: dx
' C = Concentration (number'bactéria/ml)v {
t =Time (sec)
D = Diffusivity (cme/sec)
X = Distance from reservoir (cm)~
R‘= Crowth rate (l/sec) -
£ = Total length of chamnel (cm)

=]
]

Distance segment number - s

n = Time increment number

L=
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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. '

by
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Concentration profiles can be calculated numerically

Ey finite

difference equations which can be derived from a material balance 

around &.typical section m.

% -1 | o ] e ¢, q ¢,
= J42RAL : . g
Diffusion Diffusion Diffusion
| : i
X =0 o
Diffusion ‘Growth,~
m: A ( m-1,h " cﬁ,n) Rhoie “m,n
L. Dot S
ouc: AX m,n <Cm+l,n) . - | -
accumulation: ax(C_ -Cc_ )
: ‘ _ m,n+1 m,n
Combining and collécting,terms,_.
R Eé% * Cpa1 n'+ (x.0 - gQgE +'tR)°Cm n
0 Ax T T _ CB8x. 7
Axe m+l,m -

Accuracy of this method is greatest Qhen Dgfﬁgxg =.1/6. This sub-

stitution givesi



v

c oo,
m-l,n N . o_m#l,n 0 '
cm,n+l = -TL— + (2/5 + A»R) C m,n + TL— o o (1)

.The channel of length CAPL was divided into 100 egual secticns.

, Ax = CAPL/lOO
since Uﬁt/&x = 1/6, then o
at = 7% = caprPio™ /6D - , ’

The initial concentration profile was determined experimental;
ly so that the concentration in all 100 sections, Cm,l’ is initially
known. The concentrations in &1l segments, C m, 2’ at time At later
can be calculated from C by Eg.(1) except £or the Tirst segment

val to (1.0 + 2R At). 1In order to calcu-

ceoncentrations which are é
late the cégcentraticn in the last segment, C1 o7 the concentration in
the segment cl+l,l must. be known. For the b“unc¢ y condition that no
diffusion occurs through the end of the channel C1+1'= Cl-l' In like
manner the concenuratnon profiles after sﬁcceeding At's can be calcu-
lated by Eg. (1) from the previous concentra ions. A computer program
that permits calcul atlon of concentration prof les at many different

times from a given d1+;u51v1ty and initial distributicn is contained

' in Appendix B.
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_Fig. 9. Comparison of observed sitributions of becteria with calculated

-distributions at 55 and 235 min for a growth rate, R = 2,32x10""/sec. .
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Fig. ll Comparlson of uhe observed dlstrlbuulon of - bacterla with the |

‘ calculaued dﬁSurlbuElon at 5, 175, 330 mln, for a growth rate . :
} = 2.32%X107"/sec.” ‘At 330 min’ there is.a verJ Dronounced mlgratlon'
.of bacteria down uhe channel. S 2 S L ‘
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= 2.32 x lo-h/sec_
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chtefia per mi

‘A Observation chamber.
N G In bottle- .

(s;a&eq tefore sampling)

_ . : R Muaaazzojk‘-“
'Fig'."—"l?.’ chma”lson of ‘the. groth of‘ ‘B. 'coli in the vnlcroscope c"xamber-
L ol tne growth rate O.L":»':'Lrhe rest of the sample in a bottle at 26°C.
" The zgreems nt is good until: annarenu erle ion’ of OYJgen swbped
,_»_'fﬂululp¢1<:atlon in. me'chambﬂr.: .Shaking. the Bottle _prior.to sa:mlwng:_
renlen*shsd somc oxyéen consu"lea by th ’bacterlc~ ana pern ‘tteu a;
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bacterla/ml the oacterla in the chamber stopned multlplyﬁng Fowlerh

has sho”n that the cessatlon of multwpllcatlon is caused by the deDle#4d

5

tion of oxygen in the medium. Adler's experlments‘
taxis and the formatﬂon of bands of bacteria begln wheh oxygen 1np

part of the medium is depleted. 1In thls experlment tne cessation of -

'multiplication and'the movement of the bacterla ‘to form- bands océur

.at the same time and are probably caused by oxvgen starvatlon..v

As was previously mentioned, the reserv01r of the mlcroscope
chamber could not be stirred. This means that the bacterla that
diffuse into the channel have to be replaced by the two dimensional

diffusion of bacteria in the reservoir to the depleted zone around

.. the opening of ‘the channel. The lack of stirring in the reserv01r

would cause the measured diffusivities to be low.
- The dlffu51v1t1es calculated for the 1nd1V1dua’ data points
for three runs are shown .on a summary graph (Flg 13). There does

not appear to be an effect of length of tlme for diffusion on the -

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

' prohounced at short distances than-at long distances. This scatter

at short distances is probably'inherent in the method.

show that chemo-
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Fig. 13. The diffusivities from three concentration gradient runs at
" times where migretion v t ant are summerized on a |

-single plot.




“of Mxlo 9Cm /sec’ cannot ue‘verified. Lol

D. Eyp riment to Evaluate'?iow in the Diffusaon Chamber

. The possitle ,ieseﬁce oi- onvect on currenus in the d*fiusionj.”'“
%amber ves evaluated fo3's aeacu.*ng uhe rate o-.d*soer51on o_,_.j '
micron diameter pulyvinyl toluene latex spheres. The sn&eres were

suspendec in 8 nt aCl ‘a’ solutioq tha+'had the same den31tv as the'

spheres.' The suspension ‘was: uhen cenurifuged to ren ove.anything

+that might settle or float during the experinent. VA suspension of /

spheres was“loaded-into a m*croscone chalber in the same- manner as -

the bacterial suspeusions had teen loaded _
. The dlffusion of these spheres of neutral denszty can be cal-

culated fron kﬂnet*c +heo y by the Sto&es—Einsteiu equation.

- -

kT . | ».: . . “:’ A:-‘.

iD;zloﬂ&n o : : -
k = The gas constant ’or one mclecule.'
. T = The absolute uemperature ;_:f;_;_$f;»
) " a = The paruicie radiuslfﬁ'fi ‘5i;.'
j_q.=.The VISCOuity A'fffﬁﬂT:fin;:.v

_.Wor the experimen*el case of the 1. 3 micron spheres, the diffusivity
_ vould be about Ubx10™ 9 cm /sec.; l..'§ff;,;fffi}fa;H.y- .' '

' The oiffusivities of the spheres could not be measured accurate-f;v}:f
, ‘1y because the spheres stuck. to the surface of the glass sl1de when * :

:"they encountered it An. the course “of their random motion. er severalx

days equal numbeis fory spheres were stuck to top and bottom surfacesu

- The experiment reveaied a very slight flow. of about 7x10 T cm/sec into
. the . channel " Flow of’ tnis magnitude would have no effect on baecterial _
‘diffu51v1t1es. The totEl disolacement by flow 1n a tnree hour diffu51on"

experiment woulo be- less than the accuracy ‘of posiuion measurement.. The‘ UL

' distribution oT snheres is shown in (Fig 1h) From the calculated con-¥'” 

centration profiles, the solid iines, it can be seen. that the d~ffu51ty

'f:is substant*ally less tban lO 7cm /sec, out the calculated diffu51v1ty

I3
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Dispersion of 1.3 micron latex spheres by'Eorwnian motion.

The dotted lines show the measured initial and final distributions.
The solid lines show the calculated final distributions if the:
dispersion were caused only by Brownian motion.
the calculated curves and the shape of the curve for 1660 min

shous that *there must have been bulk flow of fluié down the

channel as well as alf‘u51on, and tha* the dlf;u91V1ty must” have T,

been less than 10‘

cwe/qev._‘

The poor fit by .




V. Di FUSI,OH FROM A CAPILLAPV TUBE )

In thls set of eyper nts a caplllary uube that was closed

at the bottcm vas filled with a bacterizl suspen51on and was 1mmersed

in bacteria free nutrient medium.. Scme. of_the moti‘e bacteria diffused-

but'of the eap"lary After a known length 01 time uhe caplllary +ube .

' was removed from the medlum and the numoer of 1 viable ba cteria in the

uube and in the meulum was determlned by plating on nutrﬂent'agar.and o

'countlng the colonles that “esul ed. Thus for a known time for
diffusion the fraction ¢ of the bacterla remaining in the tube could
'be experimentally measured. A diagram of the exnerlnental _procedure -

- for determlnlng ¢ is' shown in (Flg. 15). The dlffu51v1ty was obtaln-u

ed by solving the partlar differential eouatlon for diffusion, sedi- -
mentation, and growth to give ¢ as a functlon of dimensionless tlme,'

2 . - B R v . . )
Dt/1”. Thus the diffusivity could be determined if the fraction remain--

ihg ¢ , the time for diffusion t, the capillary length 1, sedimenta- :

| tion_veloeity, and growth rate were all known.

A. Experimenual Procedure

The select 1on of experlmental condltlons was based on experl-

© ments using NaCl in Dlace of bacteria. NaCl#was used because of

_51mp11c1ty of analy51s, well established dlffu51v1ty and freedom

from the requirements of sterlllty. The condlulons flnally selected

: were vertical capillary tubes O0.17. cm in alameter and 2 ¢m long with -

~ the bottom ciosed Larger diameter tubes were not used because the
Asalt solution was washed out of the end of the capillary tube by the

" motion of the bulk fluid. Smaller dlameter tubes dld not permlt the .

diffusion or surPlcweno materlal for analys*s. The stir rlng rate used

was 2rps; hlgher stlrrlng rates wa.shed salt solution out of the end of

the tube. Lower stlrrlng rates caused a decrease in the measured

_dlffu51v1ty, probao Yy oecause a concentraulon gradlenu mas es»abllshed

1n the-bulk medium around the entrance of the'caplllary tube. When .-
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Fig. 15. Diagram of the eéxperiment used in the.tube diffusion method.

Usually the diffusivities were measured over four different time
_interwvals, and the growth rate was measured in the two extremes.
of concemntration.- : A S :

s
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R S C e - BN PR
bacteria were used, the tubes were kept vertical because inclined sur-

faces are reported to increase sedimentation rates by the Boycott

'effect.é

The procedure used in these experiments (Fig. 15) was to fill
a sterilized capillary tube with' a bacterial”suspension of E. coli that
was in exponential grovth. Thewfilled capillary vas then partially v

immefsed in 125 ml of sterile medium in a 150 ml Erlenmeyer flask. The

‘system was allowed to come to uhermal eoulllbrvum with a 26°C constant
"temperature bath before the tube was completely immersed and the experl-

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

immersion of the caplllary tube. Usually, five dupl;cate capillary setr

ups were used with each experiment. One capillary was never 1mmersed

-and the other four were immersed and removed au time intervals ranglng

"from flve mlnutes to four hours. The contents of the ‘tubes and the

concentratlons in the flagks were measured by dilution and plating in
nutrlent anar. The fraction remalnlng in the tube was the measured

contents of the tubeAd1v1ded by the total number of bacterlaAfound in
the tube and bulk medium. Sometsemples of the bulk medium were with-
drawn at .times prior to the removal'of the tube from.the medium. Slnre,"
the contents of the tube could not be measureﬁ dlrecbly, the fraction

1
remaining in the tube was based on the total ?umber of bacterla orlglnal-'

4

ly placed in +he tube and the known rate of multlpllcatlon of the

3

If the growth rate in the tube were dvf erent from uhe growth

_rate in the bulk medium, the fractlon renalnlng in the ‘tube would be

a function of the growth rate as well as the clffu51v;ty. 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'grow h rate, blanks also 1n-:_
dlcated the depletlon of. oxygen and - the énd of the Derlod of random : '

motlon of the bacterla..”' ST

: NN




e ' - B. Numerical Solut

ion to the Diffusion Ecuation

In this expe;lmenu b
up out of the capillary tube

The partial dlxlereptlal equ

'ch ude
3x2

. The boundary condltlons are:

@la/
[y {e!

Initial COndltlon

" Boundary Condition
Boundary Condition
‘Program Equa
C. C =

. .
D D=
U U =
R R =

. X =

. CAPL £ =
| K ‘ m =
J n =
T At =
H - Ox =
THETA Df/z? =
PHI. -~ . . ¢ =

cro - -

CTMAX =
mop B

actorla are multiplying as they diffuse
against the force of gravity (Fig. 16).

ation representing this system 1s: A

+.3X + RC

=C, all'x t=0
1  ¢c=0  x<0 allt
2 ' ' ‘
4c '
. S . = =4 :
e 0, U=0. x al;.t
tlon

Concentration (bacterla/ml) o

‘Time (sec)

Diffusivity:(cmz/sec)

Sedjmen?ation‘velocity‘(cm/sec)

Growth rate constent (1/sec)

Distance from the top of the canlllary (cm)
Length of the caplllary (cm)

Distance position

‘Time position

Time increment

Distance increment
Dimensionless tlme )
Fraction remaining in the tube

Concentration in the tube if no diffusion

Total time for diffusion

Dimensionless time increment
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x,

, ,7554‘;,i .

Sedimentation.

.Dlzfﬁsion“ . . E . >. .

CAPL = 1.98 cm

%

.

\

|
_ . X =2

é‘— 0.17 cm -
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Fig. 16. Drawing of the capillary tube that was closed on one end
and that was used in the tube diffusiqn method.




- BMOD . :  hx T Dlmen51unless sedlmentatlon velOC1ty
- DH ‘= Number of diSuance segmenus
T - = Number of time increments.

The'procedure used in the numerlcal solution to the partlal
”different4al eéuation 1s.to divide the ca p111ary tube wnto DH ecual
1ségments} ‘The finite difference equat 1on is then derlved from a
ﬁaterial balance around a typicel segmenu m. ;he finite difference o
equétidn can be used directly to calculate the concentration profilesi'

" at many'dif¢efent times. These concentratlon profiles can be 1ntegrated_

vnumerlcally to give the total number of bacte*la in uhe “tube. The frac-:" o

tion remaining in the tube, ¢ » was then calcuWaued as a function of _
the dlmen51onless tlme Dt/ﬁ (ng. 17) This plot permits evaluatlon,-

" of D from measured values of ¢ and t , from a tube of known £,

m-l Sedimentation | - - i
N [ Lot R
.Diffusion
C ,
- m ) -
K ' .Sedime,!_",;ltation ,
_Diffusion . '
S T e
1

- . . . . . . ' "_
The material balance around segment m- is: x : coL .
.. - . - . . - '_ o . . .::: o .

 Diffusion' _ .Sedimentation - ° Growth
_l?"> .” (C l , 11 Cm,n) * 2 4(cm—l,n +-Cm,n).+ RAxA§Cm,n
LoDt .y L lat o ’
‘ogt._ > Qmﬂi ¢m'1ﬂ3:+f,2 (Q. *C ,.).4

accumulation: AX(C -C -
2 _ . n+l m,n
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Flg. 17 The e?fect of- sedlmentatwon and growth on dlf;u31on out of
a tube ‘is shown. The fraction of the bacteria calculated to be
-out of the. tube is plotted against dimensionless time. For the . -
conditions of these experiments there is little effect of sedlmen—"
tatlon on diffusion. (D 2x10°~ 5cm2/sec R =.2. 8x10’h/sec, '
= 1.0x10 2cm/sec, 1 = 1.98 cm) -
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The beundary eonditions for the tube diffusion method are

combining and collecting terms -

(2

b
FE
=

thet‘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 bacterla causes accumulation 1n the bottom segment of the tube.
The condltlon for accunulat ion was handled by assuming that accumula-
tion occured in the bottom 5 percent of the capillary, and that this
»bottOm 5 percent was well ﬁixed- " In actually the sedimentation zohe
A'would be smaller and the concentratlon gradlent in the bottom of th
tube would be very steen and would introduce errors into the subsequent
numerical 1ntegrat10n. The assumption that sediment collects 1n 5 per-
cent of the volume will not affect the diffusion at the open end of
‘the caplllary tube. To satisfy the boundary condition of no transport
.through the bottom of the tube, the sedlmenfatlon velOC1ty and the con-~
centration gradient were set equal to zero.. C _ N

' .The finite dlflerence equation for the boundary condltlon at
uhe b0utom of the canlllary can be’ derived fr om a materlal balance
| around the bottom segment of the capillary. The volume of the- botton
segnent is one twentieth of the tube volume, and is larger than the
‘'rest of the sections. Slnce the tube is divided 1nto DA sectlons, ‘the
" bottom segment centains DH/?O regular size sectlons. The finite alfle”-

ence equation is‘derived_from the material balance around.segment £.

Accunulation = Diffusion out. . _% ) sedimentation,in
CDHAX,. . - ' _y._ AtD - A ' oy
20.(C£,n+l (CLn) =5 (Cﬂ ,n Cﬂ 1, q) A (Cz K C%-l,n)
4 AmAtRDH ¢,

20 L, n-



-comblnlng and collectlnc terms gives the finite dlffer nce eouauloﬁ

for the sedin eutatlon section at the bottom ﬁf the tube.

' AtD AmU | ; MU DA B (5)'
2 n+l E-l,n 2A%x A 2) % -3 TR

+ (1 O + AtR)CE

The actual calculatlon of the concentratlon profwles is very 51mp_,.

The 1n1t1al concentratlon in all of the segments. 13 knovn. The con-"'

" centrations at tlme 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 segmenus whlch are all eoual and are calculated

by Eq. (3).
After the concentratlon proflles have been calculated the total

number of bacterla conbalned in the tube was determined by summlng and -

averaglng the incremental concentratlons The total that would have .

been in the tube with growth but without d\ffu81on, CTO, was calculated.

The.ratlo of the contents of the tube with dlffu51on to the contents
without diffusion is, PHI, the fraction remaining.. The computef program
for‘the'above numerical calculations is included in Appendix C. ! The

numerical calculationS'are summarized by the plot of 1.0 - ¢ as a func-

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

curve that would have resulted had there been only dif ffusion. The
analytical solution for diffusion into a_seml—lnllnlte slab 1.0 - 0)

= 2(Dt/n 22)1/2 is valid,up to Dt/422= 0.3 with an. error of less than

’ 1.3 percent.

The value of the sealﬂentatlcn veWOC1t1es used in uhe nunerlcal

SOluulOH were measuled by allow1ng a cul*ure of - nonmotlle E. coli B




S-bo-

to se*tle in a tube that vas: thermo stated © The position of the'intef4
face oetween clea” mealum and =uspen51on vas measured at severa; tlme .
intervels. The sedimentation Velocltles ranged from 0.0j,to 0.1 v

micron/sec.

' C.. Discussion of Results

' The diffusivitiée obtained in the tube diffusion expefimentU
- are shown plotted agalnSt the length of tlme allowed for diffusion- to
occur (Fig. 18). The X's and the solid dots are based on actual
' measurement of the tube concentratlons whereas the open dots are cal-
"culated from the number of bacteria loaded into the tubes. There does
not.appear to be any addlolonal scatter caused by use of uhe“calculated_.
values. This observation is not'surpfisingAsince the percent recoueryg_ )
"of bactefia; based on the total number of bacteria accounted for_with o
a correction for growth,;rangedAfrom 85 to 105 percent.. The spread in
the recovery retes is notrunusual considering’tne inherent errors in ..
“both platlng and in growth rate measurement. _ _ L
The dlffu51vlt1es measured over shorb perlods of tlme are con-:;'
siderably higher than the diffusivities measured from runs'lastlng “two L
hours or more. The short time diffusivity measunements.wouid‘be much
more sensitive to some mechanism sucn as the bulk flow-of medium wash—‘
ing the_suspension4out'of the top of the capillery tube. The diffubi:“t
'.siuity measureﬁentéfmade at longer periodshof time:should be more :
‘accurate.A | _ S o ' |
The va‘1d1 ty of this experiment is contlngent on the condltlont;"
" that the grOWth rate in the tube at high’ concentratlon be the same as
the growth rate of the diffused bacteria in the dllute medlum. The
'measured growth rates agree. Wlthln efperlnental error. )
. There are several 51gn1;1cant dlLferences between bhls set of

experlnents and the two prev1ous methous. In thls eyperlmenu diffusion

occurs ;n tlrce dimensions in the caplllary tube 1nsteaa of. in two dlnen~u’ff

sions across a suslace. in th s experlment Vlabl° bacter*a are counted

'rrather than only mot11e bacterwa., The SnlerlOH of a straln thau is ﬂy~cii Lo

'ifhlgnly motlle nlnlmlzes the'of’ect:of 'h dlfference.f
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ethod for two
For

very short times the measured diffusivities were high probably
because bacteria were washed out of the tube. ' o
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| VI.. CONCLUSIONS . womiee o
.The lack of understanding ofldiffusive transport has'led to:
some apparent contradictions in the literature. For ekalee, Oglutl7 -
measured the velocities of many strains of E. coli directly with a
microscope and observed that the strains had Velocities'which fell

into two groups differing by a factor of two. A different-teéhniqué 

_ 8 .
was used by Clowes, Furness, and Rowle:/;’9 and independently by -

L 10 | .
Mazloum and Abdel-Maguid  to measure the speed of E. coli. They

measured tre speeds by innoculating one end of a capillary filled
'wlth sloppy agar, incubating the caplllary, then extrudlng 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 érowing culture. The differences in the two types of
experiments are substantial The flrst experlment measured bacterlal
velocity whereas the second experiment measured the diffusive-trans-

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

change.
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VII. EXAMPTVS OF" THE SPREAD OF BACTERIA BY DIFFT SION .
rron an engineering p01nt of v1ew the diffusion of Dacuerwa

is most S'gﬂlflcanu in cracks, such as on a gasket seal in a thin |
almost stagnano film al the inside surface of a feed 11ne, or
'perbaps in a porous bed. The dlffu51v1u;es uhat were measured 1ﬁ ;o

the. previous sections o; tnls report can now be used to determlne
v hhe_lmportance of alffu51ve transport,ln engineering problemsf A

rather general pertial differential equation was solved which is very
..useful in estimatiné how fast motile bacteria can diffusezinto'a .
_sterile system. -~ B _' . '-, | . - _
The equatloq 50¢ved in th;s section is the equation governlng
the dispersion of multiplying ‘bacteria up a film of finite length,
counter t6 bulk flow of the fluid. At the upper ‘end of this film
is a well stirred reservoir. The growth rate is G in the film

and R’ in‘the_reservoir.i>The boundary conditions, shown -in (Fig. 19),
are that ‘one end of the film is.at_iero‘concentration and the other .-

end is at a constant'concentration, TOP. Gfowth occurs in the film,
which is initially sterile, until it reaches concentration TOP. This
behavior would be entieipated from a knowledge of batch cultures and

is confirmed by experiments by Mazloumlo in which he inneculated‘one
end of a tube fllled w1th slonpy agar, permlutea dlffu51on to occur,
then extruded the agar, sectioned it and measured the concentration
~of organisms. There is no back dif u51on ‘or loss from the reserv01r,v
all becterie entering the reservoir stay there‘und multlpLy at growth
rate R. u e o s . '.e: | .- -

_ iThe numerieel solution to the partial differential equation is
solved by first dividiugAthe fluid film into a finite‘numbervof sectibns;l’
'Ihe-finite difference equatiens are then derived from the material bal-
ances around the individual sections: Sectlon Cﬁ 1 1s tvplcal for all

sections from uhe second through the next to Wash sectlon._j

-
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Feed tank
X=0 s . K -
Thin film of medium X = CAPL
F——-——=convection
C = TOP =_Co . | . C~0 )
nq growth Diffusion ———> . - Growth rate = R - -
Grovwth rate = G .
fer C < TOP
D
Well
stirred )
(>
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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.



LI

-b5-.
CZ-l’- CZ CE+1' B
Dy —= Dyf— D, —1+ D, ——
) . eservoi
S AX et
Diagram of Fluxs
Diffusive‘Flux T Convective Flux | .Grbwth
- AtD AU g N s
Dy =74 oo C51,n) Us =72 (Cppnt -Cz.,-l,n) Gy = &XAYGC, |
_ D | Aty o R
D, T Ax ~ (C ‘41 C;Z,n) Up =53 (Cz.-l,n * C;z,n) Gy = &XBYCC, -
_AtD SRR - ; U _ SR
D = (c 40" - 0) B Ul (cz n +0) | .Gl = MGC, )
D =0 " .U =0

..o' - . . O
Material. Balance for Typlcal Sectlon (CZ l)

A"(Cz,-l,ml -C l,n) = (D3 - D2) + (U, - UB) + Gj:

' substitdting and simplifyiqg

- AtD AU C oALD b
Cy- -1, n+l Ax?u- 2/x Cﬁ-?,n +.<;'O B Ax2 * At%) Cz-l,n:'

'1') AU c. e )
Mo fx)em L

Ax
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Materiel Belance for last Section (C.-)

ax(c

g,nel Cﬂ,n), = (DpDy) + (U)-T,) + 6

. | I (5)
: AtD ALY 2ALD .

c, - == -0 +{1.0 - +,At(JC'

£,n+1 (Ax2 2’_\.1) )Z-l.,n ( . Axe o L,n _

0

Material Balance Tor Reservoir (CAI)

A X(szl,n+1) =D - U Gy - i 6
[otd Aty o
C,'z+l,n+1 _&Axg 2Ax Cﬁ,_n + (104 AtR)C.,Z.rl,n
substiting
. 2
AMOD = mMt/Ax
 BMOD =.4tU/2Ax
" AL = AMOD - BMOD
. AN = AMOD + BMOD
AM = (1.0 - 2AMOD + AtG)
M = (1.0 + AtR) |
Typical Section
g (4) ¢ = AL i C
Eq. (%) Cm,n-x~l AL (_"m—l,n + AM Cm‘,n * AN‘Cm+l,n.
Last Sect'ioln
Eg. (5] Cy pey = AT C'g,-l,n.+ AM'_CZ).H
Reservoir Section -
Ea. (8) ¢ ., =ALC, +afcC, .

£+1,n+1 & 2+1,n -



The ab Ve three ecnatloqs are the equat;ons used to Calculate
the concentrations along the path of diffusion at any given time, n+l

from the previous concentr rations at time, n. For example at time At

ct.

after the initial cenditions, the concentration in the first section
vis zZero, fromlthe boundary condition. The concentration in fhe eocond
through the neit to last section can te directly calculated from Eq. (h)
The concentration in the last section can be calculated from Eq. (5)
The concentration in the reservoir, if it were the same volume 2s any
typicel section, can be calculated fromiEg. (6). The explanation of
‘the program is written directly in the program as comments. The proi
gram for the azbove calculations is included in'Appehdix D.

| The'first example is the case where motile E. coli diffuee
through 1n1t*a’ly sterlle med’um in & crack at room temperature. Figs;
20 and 21 show the calculaued distances at wnlch a given low concentra-
tion of E. coli would be expected to travel 1n;a given length of tlmef
Mazloum's datalo for sevefal strains, df E. coli'diffusingAin sloppy”
agar are shown in Fig. 20 and are in good agreement, con51der1ng that
| the sloppy agar slowed the bacterla.

Figures 20 and 21 can be used to make est 1mates of the progress
of motile bacteria.through a crack in the absence of flow of the bulk
fluid. Fof example the concentration -C of bacteria.5 cm from the
entrance of a crack can be estimated at a time 5 hours after steriliza-
tion and innoculation of the crack entrance with a concentration,co-of
lOBvE. coli/ml. From Fig. 21 C/C is found to be 10_6 at 5 cm and 5

.hodrs.' The concenbratlon .C of bacterla at the desired 1océt;on is
: then equal to 100 ba"terwa/ml. | - :
: In the event that the bulk fluid is in motion, the- penetration. -
rate of bacteria by diffusion and convection will be.ehanged;“Ihe ;.
effect ‘of 2 bulk flow rate of 1 micron/sec is shown in Fig. 22.

of diffusion counter to convection

=

An 1nterest1ng ap icatio

“is the dlsper51on 01-m0t11eloacperie through the fluid along the wall
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Fig. '20. The d1’1u51on oi‘ E. c011 into qui escem, medium was calculated.
for several velues of C/C_. ( = 2><lO' cm /sec, = 2. 8XlO‘]“/sec)
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Fig. 21. The diffusion of E. coli into gquiescent medium was.calcu- -
lated numerically for several values of C/C0 for short times.
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Fig.AQQ‘A Growth and convection effect the dispersion of bacteria. Thne
effect of growth is to increase the dispersion of bacteria, where
~ &s bulk flow counter to diffusion decreases the dispersion.
' -5 2 : e S L
(D = 2x10 5cm,/sec, R = 2.8x10 "/sec, U = 1.0x10 cm/sec C/Co-= 10_5)
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of a feed line counter to the bulk fiow of the feed. "he oacberi in
' . o = ‘- . \ - ) X
the fluid nearest to the wall (5 to 10 microns; would dlsnerse faster
since the ’lu*c velccity is slow there. For exanm n;e Lan;nar flow in
a pipe has a parabolic velocity profile. ‘
. r\2
V « 1.0 - (—)
Z
\'s = occurs at r =0 ) 4 ' -
Z max ‘ e . e . S
v =V x/2 : - :
z ave zma

1.333 em

1.3325 cm, 5 microns from the wall

]

for a one inch pipe, " R

' Smicrons _ . _ (g) — 0.00075
Z max ' |
i Vs microns 1 mlcron/§ec “he? v, max 0.133 cm/sec

and v, ve = .2 cm/min

Thﬁs it cén be seen that if the velocity 1n a 1 inch plpe is 2 cm/mln,
the veloc1ty 5 microns fram the wall will be 1 mlcron/sec. From Fig.

22 it can be seen that this low flow rate would decrease the distance
traveled up a feed iine in two days from 26 to 9 ecm. It can therefore
be concluded that the ﬁotility of bacteria normally would ﬁOt be .2 majdr'
factor.in the mcvemen+ of bacteria througn pipes counter to any appre--

.ciable ’low in the pipes.
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] VIII. SUMAR | o
. The averace diffusivities of E. coli obtaihed.by thefthree.-
different experi mental m methods Vere°' ' Sk
' Mean square displa eement"eihod ' Sk x 1077 cmz/sec;
Measured concentration gradlent meuhod 1.7 X 10 j cm /sec
Diffusion out of a caplllary tube -2.5 X 10 -2 cm /sec-
_ in the meen squzare displacemeht method the bacteria- whlch moved in -
tight circles could not be evaluated. The exc1u51on of these bacterla
wOuid 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.. Probebly the best
renge of values for the diffueivity'of E. coli is 2 to 3x lOfscme/sec.
Theee.ﬁalues.hold for E. coli subJject to the following necessary con-
ditions. ~ S AR B |
" 1. 90 to 100 percent motility o
2.: Cells in exponential growth at 26?C¥-

3. The medium have excess nutrients and no concentration

: "
gradients - il
- N
- . . . ot .
L. Absence of convection _ 'f-

Several hundred individual bacterla were followed as they dis-

" persed across a surface Multlplo exposure photomlcrographs revealed

that as a group tHeir motion was random prov1ded they met the above IR

necessary comd itions. Tt was found that when Eanterla were subJect _
to a gradlent in bacterial coneentratlon tnat they dlspersed follow1ng '
uyplcal diffusion behavior. o '

' " The dwffu51onal transport of bacherla is usaa'ly secondary to
- convectlve transport. nowever, nesr surfaces, in cracks or i in packed

- beds, the d1¢1u51on becomes potentially. szsnlflcant, partlcularly when

,rap;d ovtb occurs in conjunction wltn tne alL;u51on. The solution
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of the partizl & ifTerentla; eguation for diffusicn convecticn and
~growth yields a method of estimating the probability of contémination-
by diffusional trahsport. The examples calculated show that bacteria
could diffuée through a crack to a sterile system in a few hours. It
can also be concluded that bacteria would not mako much headway back

up a feed line agalnst any significant flow of meulum.

presm.
IR
==t

RETNNEFRIC S
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APPENDIX A -

Dzta and Calculetions for the Mean Squa*e DWSLlaceM,u > Method

the X, Y, coordinates of an. 1na1v1q-

(D
4]
[
ja
ct
wn
C

)
(

_ The data that re epr
ual bacterium at six different tlmes, were read in and correc»ed to
centiﬁete* units. The s*”algnt llqe dist ances and ‘velocit 1es beuween

. the time intervals were then calculatea. Slnce the ve70c1ty of a
given bacperla is fairly censtanu, a cnanée in. veloc1uy vas a good
indicaticn of an error in the data. For all the runs ‘the dlffu-.”~

>51v1t1°s vere calculated from the X and Y compenents and from the

'calculated dlrectloral dlsplacemenb for each time interval by sunmlng
the sguares and averaglng them. The average total of the X and b4 dls--
placements were calculated. These averaves should approach zero for

a large random eamn*e. The data were plotued on a scatter diagram for
each time 1ﬁuerval one such flgu“ 1s 1nc1uded in the following program.

The complete explanaticn of the Drog“am is included as comments '
written directly into the following Drogran. r1"he title contalns the .
‘run-number, date, bfganism, medium, microscope obJectlve and eyeplece,

et

and temperature in degrees cenulcrade. _
The following program was used for ealculating diffusivities~

in the mean square dispiaéemenf method from- the X, Y coordinates of ‘

data points from N bac terwa tracks at six d;fferent times after the-

-

‘initial exposure. The c1rcled numbers refer to the locatlon of the
listed step 1n the program. ' . '
Read in - the data the X Y coordinates (“ela 1ve to

R o t 0) for the locatlon of each bacte*lum at t = 5,,
e '; o 10 20, Lo, #o, and 80 sec for all N tracks
. 9 Echo print date o _ ) . _
a Multlplj input daea by C" (converts 1nput measurernents :
“to cm) . . - S :
g P"w’nt corrected data i ‘ B N , S s

uum a11 b'e anq Y Vﬂlues at ea»h tlme




CREEEE GO

’ 7z
- =50~
Sguare and sum X and Y valuss at each time

Caiculate distance Ifrom origin to X, Y, and. the sum.

R = (X2 + Yg)l/?

-Square and sum the R displacements for each time.
4 ‘ 5 ,

Average all X, Y, R, X, Y, B° . .. o
Calculate the diffusivities D = ig/zt, D= '§2/ht '
Calculate the incremental veldbities, R[At'v ‘
Print diffusivities - N

Print scatter diagram of data for each time



.757_vt";:;.

PRCGRAM CLICK  (INPUT,CUTPUT,TAPE 2= ouTPLT)

——-i.—— TH1S PROGRAM SQUARES THE X-Y CCORDINATES OF ‘THE LOCATION OF -~ .

BACTERIA AT DIFFERENT TIMES ANC CALCULATES THE DIFFUS[VITY
FRCM THE MEAN SQU‘RE CISPLACEMENT

X(N,J) = X COORCINATE CF TRACK N AT TIME D'
- “Y{NeJ) = Y COORCINATE CF TRACK N AT TIME J . .
""" . -~ RENsJ) = DISTANCE FRCM ORIGICN 'TC THE PCINT X-¥ -

T{J) = LENGTH UN TIME INCREMENT
AN(J) = NUMBER CF PCINTS.AT EACH IIME

CXPEP\SICN x(ZOO.é).YﬁZCC.U.SX(lO)ySYHO);SXC(lO )1SY°(10,0 R
o ICRUL0DY,y - AN(ZOO),T(IO),B!(IO"BY(IC)'BX4(10’0370‘10)'R2(20016|' CoTTTT T T
SCX(1C)yR2S(100),R{20C46), VI2C0:61,LY(10), . ’ )
SRS(2CC)4VS(200), RAVIIC), VAVILO) ’
$oXMINEIC), XMAX{10), YMINI1O), YMAX(1C)
$,CC(2C),0QTL 20}
"55(200110) .75(10’

SET INITIAL VALUE CF ALL SUPFATICNS = 0.0
CATA USX{J)SY(J)sSXCUIIeSYCUIIGR2SIIDI= 1'6)/30‘0 o/
DATA (ANUJ)y RSUJ)y VS(J)s J=146)718%0./
CLTA (TS{Jd)y J=1,60/€%Co/ .
!lC F(PPAT (1H1'113H ’ . ’ : .

THESE NEXT 3 CARCS WERE CHANGEC FOR EACH RUN

$RLN NC. & 7/11/66 € CCLI 27 NUTR. 2.%8, TENP= 24, .11y
CATA (T(J)y J=1463/5.y 1C.420es 40.4 60.¢ 80./ ' ’

CF=5,33E~-04

START PRINTING PAGE 1 ECHO PRINT CF LATA

PRIAT 110
PFINT 1C4 :
FRINT 106, (T(J), J=1,¢) A
R - PRINT 1C9 o SR
0C 15 N=1,200 ' )
(:) READ IN DATA - : hi
REAC 1, { X(NpJ)' Y‘NvJ’g J=1!6) i

IF (0 X(N,1).EU.0.).ANC.( Y(N,1}.EQ.0.)} GO TO 16

'(:) ECHO PRINT OF CATS L

PRINT 1CO(XINsJd)s YINyJ)e . J=1,6)
1€ CCANTINUE
1¢ CONTIALE

N=h-1 '

START PRINTING PAGE 2 CORRECTED CATA ~°

PRINT 105, CF

FRINT 110 : ’
PRINT 1Co, (T(Jd}, J=1,6)
PRINT 1C9 ’

CC 4C X=1,N

CC 30 J=1,06
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(:)' CCAVERT RAw DATA BY CF T0 CM UKNITS
XUK G J)=X (K J)#CF
YKo JI=YIK, ) 6CF

FIND THE NUMBER CF PCINTS AT EACK -TINE
AMN(JI=AN(I)+]1. -~ :
IF ((X(K.J).EQ.O.).ANC.(Y(K'J).EQ.O.)) AN(J)=AN(I)-1."

(:)' SUM OF ALL X VALUES, SLM OF ALL Y VALLES
SXUJI=SXUd) +X (Ko d) . R
SYUJI=SY(JI4YIK,d)

SUM UF X-~SQUARES ANC Y-SQUARES . .
SXTCI)=SXQlII+X{K,J)EX{K,yJ) -
SYC(J) SYQ(J)*Y(K'J)*Y(K'J)

CALCULATE THE DISTANCE FRCM CRIGION TC X-Y AND SUN
RUKyJI=SQRT(X{K,JIEXTIKySI+Y(KyJI2Y(KyJ))
RS{JI=RS(J} ¢+ R(K,J}

: CALCULATE THE AVERAGE VELDCITY TC EACH POINT AND Sum.
S VI JIERIKG I /TUS . » : A
VEEJI=VS(U) + VIKsd) : - : :

SCUARE AND SUM THE CISPLACEMENTS
R2( s J)=R({KyJI*R{KyJ)
R2€ (J1=R2S (J1 ¢R2UK,J) , e
- -3( CC'\"RLE o s emam . ._........a_....v.._-‘. e M e e s e e e
(:) PRINT CORRECTED VALUES FCR ALL Xy ANC Y o
PRINT 3, {XUKyJd)y YIKyd)y J=1496) . o ' : .
4C CCATINCE . : S Lo -
cc 5C J=ll6
(:) FIND AVERAGES OF X, Y, R, vstoc:v:es. X-SQUARES, AND Y- SQUARES
BX(J)=SX(J)/ANEY) _ . .
BY(J)=SY(J)/AN(J)
RAV(JI=RS(J)/AN(S)
VAN (J)=VS LI /ZANGJ)
- BXCEJII=SXQIIIAANL I} e
BYCCJI=SYQ(J) ZANL J)

CALCULATE DIFFUSIVITY .
CX(II=BXQ(II/(2.3TLIN) -
CY(JI=BYQUJ)I/(2.5T(J))

“ o BRUJI=R2S(II/ L4 #TUI)$ANLIN I~ - -

£C CCATINUE
CC 19 K=1,N

@ 'CALCULATE THE INCREMENTAL VELOCITIES CF EACH BACTERIA
SS(Ks1)= SQRTEX(K,11#X(Ks1) ¢ YIK,11#Y(K,10) /T(1) ,
———BC-18 =246 -

SSUKyJI=SORT LXK I =X 1Ky J=11 12224 (¥ (K, J1-YK,I=1))%42)
$/0T(I-T(4=-1))
IF ((X(KyJ1.EQ.0uJoANC.(Y(KsJ).EQ.0.)) S$S{K,J)=0.
18 CCATINLE : . . .
1S CCATINUE :
———BC-44-d=1,6 .
OC 43 K=1,N . . o .

SUN AND AV&RAGE IACRENENTAL VELOCITIES



TStJ)=

TS1II+S5UKy )

&2 CONTINCE

TStdi=

TSt{J)/ANLI)

&4 CCATINUE
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PRINT PAGE 3, INCREMENTAL VELOCITIES INC AVERAGE

"FRINT
PKINT

= PRINT1C3,7 (T(J) 7 J=1,8) —— = = = oo =
44 ((SSIKedly J=1,6)4K=1,N) '

PRINT
PRINT
PRIANT
PRINT

110
2

111
4y (TSI} J=1|6,.
110

PRINT
PRINT
- PRIANT

T PRENT

.PFINT
PRINT
PRINT
PRINT
PKINT

T T PEINT

PFINT
PRINT
PRINT
PREINT
PEINT
=t PRINT
PRINT
PRINT
PRINT

S
1C3, ( T(J}, J=1,€)
S
4y t SXtJl,y J=1.€)
4, ( SY{J),y, J=1,6)

€

4y  {SXQ(J},e J=1,€)

Gy (SYQUJ),y J=1,€)
e .
112, (ANCJ)y J=1,6}%
1C .

44 { BXUJ}, J=1,+6)
4y ( BY(J); J=1,6)
11 oo

4y (BXQ(JI}y J=1,8)
4y (BYQ(J), J=1,6)
12 )
4y ( DX{J)y J=1,6)
4y ( OY(J)y J=1,€)

oN )- . . . e R I

PRINT PAGE 4‘SUPPARY OF DATA C2LCULATED

e
o

(
1

.

CISPLACEMENTS FRCM OﬁlGION AND AVERAGE cmerm et

i

I

P ST pu— PR

'

AVERACE VELOleY_FRC? THE ORIGION AND AVERAGE

PRINT 4, (DR(J), J=1,€)

PRINT 1C7

PEINT &, (RAVEJ), J=1,6}

PFINT 108

PRINT 4, (VAV(J), J=1,6)

FEINT 111

PRINT &4, (TS(J), J=1,6)
PRINT PAGE 5,

PRINT 110

PRINT 1C1

PRINT 1C3, ( TUJ), J=1,6)

PRINT 4y ((RIKsJ) 9 J=1,6) K=1,N)

PRINT 1C7

PRINT &, (RAV(J), J=1,6)
PRINT PAGE 6,

PRINT 110 -

PRINT 102

PRINT- 1C3, ( T(J), J=1,6)

PRINT 4, 1(VIK,J),d=1,6),K=1

PRINT 1C8 .

PFINT 4, (VAVIJ), J=1,€) |

1 FCFMAT

(9X412F5.0)
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FORM2AT (2UX20HINCREMENTAL VELCCITY)
FCRMAT (1X,12E10.2)
FOFMAT (1X,6E15.31)
FUFMAT(/20Xs11HSUM OF CATA)
FOFMAT (/20X,21HSUM /F SCQUARE CF CATA)
FORMAT(/20X 42 1HNUMBER CF CATA PCINTS) ) -
FCRMAT | /20Xy 21HTIME FCR DISPLACENMENT)
1€ FCRFAT (20X,20HAVERAGE CISPLACEMENT) .
11 FCRMAT(/2UX,24HMEAN SCUARE CISPLACEFERT)
12 FIRNMATI/20X,11RDIFFUSIVITY)
1(C FTRMAT (1XFb.1411F1CL1L1)

I I N T R N PO N

1C1 FORMAT //72YHABSCLLTE DISPLACEMENT//Y
102 FCRMAT | /720X 16HAVERAGE VELGCITY)
1€2 FURMAT (/1X46FLS.1yTH (SECL3//)

1C4 FCRMAT |{ 20X, 18FECHC PRINT<OF CATAY

1CE FORMAT (20X,21HX-Y UXSPLACEPENT(CN.)'SX-ZCP(CONVERSION FACTOR =.
$E1C.342X,7HCM/DIVY)

1€ FORNAT (/1X,10HTINME (SEC).FA.O;SFZ0.0'«

107 FCRMAT (//20X,16HNMEAN RACIUS (CM)//)

1CE FOFMAT (//20X,22HMEAN VELCCITY (CM/SEC)//)

1CS FORPAT (6XslHXyIXsIHYSX1HXs9Xe1FY TR | ETCL)

111 FURMAT {(/20X,28HAVERAGE INCREMENTAL VELDCITY//)

11z FORMAT (/1X,6F15.2/7/71) : : T

IN THIS SECTIOUN RCLGH PLCTS ARE MADE EY THE COMPUTER USING
PLCTTING SUBROUTINE PPLTY .

“PLCT PAGE 7 DIFFLSIVITY VS TIME R R

0C 71 J=1,6
CClJI=Cx(J} %

11 CT(=T(I . E
cCc1z J=17,12

CLtJdI=CY(J-6)- e o e s
12.CT(I=T1J-6) : ) . .-
CC 74 J=13,18 IR : : :
CTJI=T(J-12)
74 CC(J)=CRIJ-12)

CHAX=CC(1) ) . .
T DE—F3 - Je24 18 - e - --
If (GCU{J).GT.OMAX) CFAX=QOD(J) W
73 CCATINUE ] ;ﬁ

CMAX=1,2%DMAX

THEX=TLE)*1.2 o -
AB=C. . - ]

-~ --NC=18--—

CALL PPLT (QT, QD, AB, TMAX, AB, CMAX, NO}
PLCT PAGES 8-13 SCATTER DIAGRAMS OF X-Y AT DIFFERENT- TIMES

i

- -—0C 81 J=146 - - — ,._
AVIN(I)= XU1,J) B . A .
XM2X(JI=X{1,J) . ' : . - K
YFIN(I)=Y(1,J)

YPAX(I)=Y(1,4)
.LC B0 K=2,N

S IE XK, Y LT G XMINGI Y — XM INEI =X (K 3}
IF (Y({K,J)LLT.YMINISDY  YMINIJ)=Y(K,J)
IF (YUK, JILGTLYHAXII)E YNMAX{J)=YI(K,J)
IF (X{KyJ).GT.XMAX{J)) XMAX(TJ)=X{KyJ)
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| EC CCNTINUE - C : o ) . .
EX=AMEX1 (ABSIXMAX{J) ), AESIXNIN(JI)), 2BSCYMAX{J)), ABSIYMINULJI))
YV EX{J)=EX : . : :
YFIN(S)=-EX )

CCRRECT THE SCALES FGR THE FACT THAT THE VERTICAL SPACES ARE
NCT EQUAL TO HORCICNTAL SPACES
XMEX(J)=1423EX
VIR J)==1.2%EX
AL¥=N . . ) ' :
— o CALL PPLT(X(Lsd) oY (o d) o XMINCID,XMAXCIY, YNINCSD, YHAXE 3) (NUKY ~ = = ——
€1 CCNTVINUE - : ' :

sice
383
i
l
C
- . : L AU P S
: 3
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r .

SLERCUTINE PPLT (X, Y, X¥IN, XMAX, YMIN, YMAX, NUM)

“ THF1S SUBRUUTINE, GIVEN A SET CF N X-Y CCORCINATES, WILL PLCT THEM

Ch A 51-101 "X-Y GRIU, THUS PAKING AFPARENT THE CHARACTERISTICS OF

TtE ECLATICN FROM WHICH THEY WERE CBTAINEC CR REPRESEhY

X.= X COURDINATE CF EACH POINT »
Y = Y COOKRDINATE CF EACF PCINT -

XMIN = MINIMUM VALLE FCR X SCALE
YMIN = MINIMUM VALUE FCR Y SCALE
YVMAX = MAXIMUM VALLE CF X SCALE
YMAX = NAXIMUM VALUE OF 'Y SCALE

* AUM = NUMBER OF CATA PCINTS

CIMENSICN X(1)y Y(1), XGRID(11}, YGRIC{11); GRIO(1O1}
C2T2 BLNK¢XXXXX/LH ,1HX/

Tl= (XMAX—=XMIN)/10.

T2 = (YMAX - YMIN) /7 1C.

XGRIC(1}) = XMIN

YCRIC(1) = YMAX

EC 25 1 = 2, 11

XCRIC(I) = XGRIL(I - 1) + T}
YGFIC(I) = YGRIO(I - 1) - T2
WRITE (3, 35) )
FCFEMAT (1H]1).

CC 4! = 1, 3

WEITE (3, 45) .
FOFMAT (20X, 1HM%, 10(SX, ‘1H®})

Lt =1

v =1 .
CC ¢S5 ¥ = 1, 10
CC 5c 1 =1, 101
CRIC(I) = BLNK

A = FLOAT(N)
C = (YMAX ® 151, - A} + YPIN # (A - 1.1}/ 50.

€C 53 IL = 1, NUM ] S
IF (ABESEQ - Y(IL}) — (YMOX ~ YMIN} / 16C.} 41, €3, 53
IXF = 100. * (X(IL) = XMIN) / (XMBX - XMIN) ¢ 1.5
GRICUIXP} = XXXXX

COATIALE
WRTTE (3,75) YleD(L).(CPID(!). I =1, 101}
AN= Vs 1
¥V = N ¢ 3
CCr €C J = Ny M
CC 55 1 = 1, 101
CRICCI) = BLNK

A = -FLECATLY)

C = (YMAX ® [S51. =~ A) + YMIN * (A - 1.})/ S0.

€C €7 IL = 1, NUM - : :

IF (ABStY - YUIL)) — (YMAX -~ YMIN) / 1CO.) 4&, ST, ST
IXF = 100. # (X(IL) - XMIN} / (XMAX = XMIN) ¢ 1.5

If (IxP ,GT. 101) PRINY.4682, IXP

FCRMETLGH IXP =,022) '

GFPIC(IXP) = XXXXX

CCMTINUE

$RITE (3,761{(GRID(I}, I =1, 101)
vV 4+ ] )

L =L+ 1

CC ¢6 1 =1, 101



CRICII)-= BULNK

€e
CC 72 IL = 1, NUM ) , . .
IF (ABSUYMIN - Y(IL)) - (YMAX = YPIN) / 100.) 69, 72y 72
€S [P = 100. * (X{IL) = XMIN) ./ (XM2X = XMIN) ¢ 1.5 o
CRICLIXP) = XXXXX - e et -
72 CCATINUE . )
WRITE (3,75) YGRIOI11),(GRIC(I), & = 1, 1C1)
7€ FCRMAT (10X, 1PE9.2, 1X, 101A1) :
i€ FCRMAT (20X, 101Al)}
cec g0 1 = 1, 3
€C WRITE (3, &5) Coem e See s mmm emmem e s o i
®RITE (3,85) (XGRID{(I}, I = 1, 111}
€5 FCRMAT (16X, 11(1PEY.2y 1X}}
FETLRN .
ENC




" RUN NC. & 7/11/66 € COLL 27 NUTR, 2.88, " TEMP= .24,

TIFE FUR LISPLACEMENT _
£.C 10.0 20.0 . 4c.0 . e0.0 . 80.0 (SEC.)

SLM UF DATA

~4 4ECE-CE -3.312E-02 -1.232€-01 8.25CE-02 -2.146E-02 ~7.044E-02
€ €Z4E-CZ 1.343E-01 3.C2¢E-01 4.236E-01 2.7996-01 1.493€-02
SUF JF SCUAKE OF CATS
3.656E-C2 1.359E-02 $.C156-02 1.555€-01 2.387€-01 1.899€-01
4.7188-C2 1.879E-02 6.561€-02 2.171€-01 1. 868E-01 1.438E-01
NLMEBLK OF DATA PCINTS i
£C.C 80.0 80.0 75.0 56.0 ©29.0
BVERAGE DISPLACEMENT
—ELECE-C4 ~4.140E-04 -1.539E-03 1.957€-03 ~3.8326-04 .  ~2.429€-03
E.ZECE-C4 1.685E-03 3.784€-03 5.3626-03 4.598€-03 5.148E-0%

. MEAN SQUAKE OISPUACEMENT : A
4 ET4E-CE 1.698E-0% €.343E-04 1.573€-03 4.262E-03 6.548E-03
€. ECTE-CE 2.349:-04  8.7C2€-04 2.748£-03 3.336€-03 4.960E-03

CIFFUSIVITY " -
CETLE-CE 8.491E-06 1.566€-05 2.467€-05 3.552E-05 4.093€-05
E.ESTE-CE 1.174E-05 Z.115E-CS 3.435€-05 2.780E-05 3.100€~05
$.z25E-CE 1.012£-05 1.881€-05 2.951E-05 3.166E-05 3.596E-05 -
FEEN RADIUS (CM)

S.EE2E-C2 1.955E-02 2.72¢E-02 6.402E-02 7.909E-02 9.702E-02
MEAN VELOCITY (CM/SEC)

1.$77€-c2 1.956E-03 1.863E-03 1.6C1€-03 1.318€-03 1.213€-03
AVERAGE (NCREMENTAL VELCCITY

1.677€-C2 2.110£-03 1.771€-03 1.723€-03 1.8326-03

2.CC6E-C3



r
. L d
RUN NO. &' T/11/66 E COLI 27 NUTR. 2.¢3. TEMP= 24,
A-Y CISPLACEMENTICM.) (CONVERSICN FACTOR = 9.3306-04 CH/01V) . - .
TIrE (SEC) 8 10 20 40 0 - 20
. x Y x Y Erc. : : R
~€.86E-C2 3.€4E-03 -1.87E-C2 3.73€-C3 -3.73E-02 -3.73E~03 -6.906-02 -2.336-02 -9.80E-02 ~1.216-02 ~1.C9E-01 2.61E-02

ToAGE~CI -4, 86E-C3 1.49E~02 ~6.06E-03 '9.805-03 1.40E-03 S5.50E~03 ~3.456-02 S.60E-03 -6.906-02 3.736-03 -1.02E~01
“1.C2E~C2 2.73E-03 ~1.35E-02 1.26E-02 ~8.40E-C3 1.87€-C2 3.27E-03 4.20E-03 =1.87E-C3 ~2.43E-02 1.4CE-02 —4.20E-02
2433E~C3  T.46E~03 4.66E~03 1.68€-02 §.33E-03 2.38€-02 3.55E~02 1.776-02 S5.888-02 S.13E-03 $.526-02 1.12€-02
~$e336-C3 ~1.40E-C3 =1.59E-02 ~4.206~03 =3.556-C2 ~B8.40E~03 -1.555-02 =5.60E-03 ~4.206-02 7.46£-03 -4.ClE-02 «.11E-02

€.8EE-C3 1.4CE~C3 2.10E-02 2433E-0C3 3.64E~02 ~1.4CE-C3 2.52E-02 -6.48E-02 O. 0. Ce O.
“1e21E-C2 ~E.4CE~CI ~2,52E-02 ~L. 6EE-C2 -5.13€6-02 -2.61E-02 O. 0. _ O Ce Q. Qe

1o826-C2 ~§.€68-C3 4.66E-03 -1.77€-C2 1.59E-C2 -2.B9E~02 6.53£-33 -3.17E-02 O. O. 0. 0.

To4LE-CI  E.ACE~C3  1.31E-02 1.73E-C2 3.1TE-02 2.99E-02 6.728-02 4.436-02 O, C. C. 0. . -
=16C2E-C2 ~5.S7E~C3 ~1.12£6~02 -9.33E~C3 ~2.85E-C2 ~2.806-02 ~5.50E~02 =4.20€-C2 ~4.4B8E-02 -3.97E-02. O. © Q. o "

$eC5E=-C3 T 4E-C3 1.316-02 1.776-C2 1.21E~02 4.20£-02 4.11€-02 5.886-02 1.59€-02 4.29E-02 O. 0.
~hebLE~CY =L 82E~CY ~TutbE~03 -1.3)E-C2 ~1.87€-03 =1431E-02 ~1.31E-02 1.49£-02 -2.80E~02 4.296-02 =7.466-03 7.37€-02
=2e276-03 S.80E-0) ~1.036-02 1.59E-C2 ~2,43E-C2 3.64E-02 ~64256-02 3.69E~02 -2.33E-02 3.83£-C2 2.80E-03 -4.39E-02

<. =$.33E-C3 9.33E~06 —1.96E-02 -1.40E-03 —-3.73E~02 ~1.66£-02 -5.32€-02 O 0. 0. (-5
1e4CE~C3  1.21E-02 4.66E-03 2.33£~C2 1.40E-02 4.396-02 3.55E-02 8.21£-02 ‘0. 0. a. G. -
($+3IE~03  T.(CE-03 2.156-02 1.31E-02 &.40E~C2 3.45E-02 9.33£-C2 3.36E-02 1.35E-01 1.49E-02 O. 0.
€eS26-C3 ~1.21E~C2 1.215-02 -2.9CE-C2 1.96E~02 ~5.13E~02 1.94€-02 ~1.09€~01 0. 0. 0. a.
*1el2€~02 =4.LEE-03 =2.05E~02 ~1.40E-02 ~3.92E-C2 -3.55€6-02 ~5.60£~02 ~5.41E-02 ~5.88E-02 -5.32E-02 0. D)
S52E~C3  1.€3E~C2 1.87E-02 1.21E6-02 A.29E-C2 1.82E-02 8.59E-02 3.63E-02 8.306-02 B.586-02 O. 0.

=1eC2E~C2 4LoltE-C4 ~2.15E-02 -2.¢0E~C3 =4.18E-02 -2.156-02 ~8.02E-02 ~5.13E-02 O. 0. C. Q.
€eBCE-C3 1.(76~C2 T.46E-03 1.56E£-02 =3.27€-03 2.24E-02 ~3.926-02 4.66E-03 =6.53E-02 ~2.15E6~C2 ~9.24E~02 ~4.48E£-02

2072E-C3  1,63(-02 E.86E-03 1.96E~C2 2.52E-C2 3.36E-02 6.726-02 2.996-C2 0. 0. 0. 0.
=1eC3E-02 1.87E~C3 ~2.056~02 3.276-03 -4.20E~02 4.65E-C3 -8.126-02 -2.33E-03 ~1.196-01 -1.87E-02 O. 0.

$e32E-04 $.23[-03 4.206-03 1.B2E-C2 8.40£-03 3.36E~02 B.40E-03 S5.50E-02 1.266-02 2.338-02 O. * Qe * .
=4.668-04 €. J2(~C3 9.33E-06 1454E-02 1.40E-C2 1.73€-02 3.36€6-02 3.73€-02 4.0lE-02 2.52€-C2 3.176-02 1.875-02
=2027E-03 -€.ACE-03 -56.53E-03 =1.68E~02 —2.433E-C2 —2.15€-02 =3,08E-02 ~5.13E-02 ~1.49E-02 ~4.29E~-02 O. 0.
“4,EEE-C3 ~3.22E~C) ~4.66E-03 +31E~C2 ~1.87E~03 -2.80E-03 ~1.876-03 -1.68E-02 -3.73E-03 -1.87€~-02 0. - Qe

=1012E~02 2.32£-03 -2.43£-02 —2.80E-C3 =4.56E-02 3.73E-03 ~8.77E-02 ~9.33€-06 O. 0. 0. O. X
~Te46E-C ~$.23E-C4 ~1o40E-02 ~9.33£-04 ~2.89E~02 B.4DE-03 -5.50E-02 2.71E-02 —4.116-02 6.05€-02 =4.76€-02 1.04E-OL

$e32E~CA  1.46€-C3 T7.46E-C3 1.96E-C2 S.60E-03 3.83E-02 1.87E-02 7T.46E-02 0. Q. 0. G.
Ta46E~C3 €, 2.526-02 2.80E-C3 4.11E-02 1.31E-02 B8.S8E-02 2.8CE-C2 1.28E-01 3.926-02 1.32£~0L 7.B4E-02
1487€-C2 ~S.220-C3 3.73E-03 —-1.87E~02 7.CCE~03 -3.45E-02 2.43E-02 -6.906-02 . 0. 0. - G.

. @e33E~03  §.33E-C3  R.40E-02 1.49E-C2 3.64E-02 1.59M-02 7.74E-02 3.17E-02 T.286-C2 7.65£-02 O Oe

1.87€-C3 ~1.12E-C2 -1.B7E-03 -1.6BE~C2 -1.96E~02 -2.056-02 ~2.43E-02 -2.716-02 O. 0. . 0. a.
=1.87E6-C3 =1.31€6~02 ~4,606E-03 ~2.436-L2 9.33E-04 -4.48E-02 3.55E-02 -5.50E-02 7.16E~02 -3.08E-02 8.966-02 1.40£-02

Sel3E~C3  S.33E-C3 1.31£-02 1.87E-C2 3.03E-C2 3.83E-02 4.66€-02 8.C26~-02 9.14E-02 9.89E~-C2 0. C.
Ce =1a12E-C2 ~3.73E-03 -2.156-C2 =1.59E-02 ~4.48E-02 -4.486-02 ~6.50E~02 ~9.14E-02 ~5.576-02 -1.CSE-01 -1.49E-02
$33E-C3  3.73(~03 1.96E-02 9.80E-C3 3.41E-02 2.57E-02 5.69E-02 5.606~02 O. Q. 0. Q.
~1eC€2E~C2 ~2,72E-C3 -1.87£-02 ~8.40E-C3 —2.99E-02 ~2.33E-02 -6.06E~02 ~6.34E~02 —8.66E-02 ~9.426-02 -1.21€6-0} ~1.18E-01
~2.72€-C3 $.23E~03 ~5.13E-03 1.96E-C2 =3.2TE-03 4.20E~-02 -?.46E-03 B.I7E-02 -4.76E~02 1.09€-01 - Oa
=~£.4CE-C2 ~2,736-C) ~1.77€~02 =9.33€6-04 -2.156-02 1.77€-02 1.126-02 3.08E-02 2.24E-02.-6.53E-03 0. Q.
~4€EE-C4  1.4SE-C2 1.B7E-03 2.80E-C2 7.00€-C3 S.32E-02 1.128-02 1.076-01 O. 0. 0. . T Q.
=1.21E-C2 5,48£-C3 -1.87€-02 1.54E-€2 ~2.€61E-C2 4.11E-02 9.336-C&¢ B8.026-02 O. 0. . 0. . Qe
«S3E-C3  S.€CE-C3 1,21E-02 1.31E-C2 1.49E-02 2.80£-02 3.17€-02 5.606-02 O 0. C. - . 0.
=$e328~C4 ~1.(36-C2 ~7.935~03 ~1.87E=C2 ~2.61F~02 -2.52E~02 ~2.89E-02 S.13E-03 ~1.49E-02 3.2T7E-02 O. . Q.
~Z.€CE~C3  $.23E-C4 ~4.20£-03 ~9.33€-03 9.33E-04 -2.71E-02 2.80E-03 -6.44E-02 -5.60£-03 ~6.31£-02 0. - Q.
—1.836-03  2.93E-C2 =5.13E~C3 1.31E-C2 =3.73£-C3 3.03E-02 ~1.03E-02 6.44£-02 -2.996-02 9.05E-C2 0. 0. .
=T492E-03 ~4.£6E~04 —6.536-03 9.33E~C3 -1.496-02 2.80E-02 1.68:-02 3.086-02 -2.15€-02 0. 0. ' C. .
~4.6€E-C3 (. 1e12E-02 4.6bLE-C3 2.47E-CJ 1.40E-02 3.78E-02 4.$4£-02 7.56E~02 S.88E-62 0. Q. '
TabCE~CI ~S.23E-03 1.12E~02 ~1.8TE-C2 1.216-02 =3.736-02 ~9.33E~06 -6.62E-02 2.80E-03 -1.03E-C1 1.87€-02 -1.45E-0]
«S3E-C3 S.12E-C3 2.26E-02 1.03£~02 2.43E-C2 2.5TE-02 S5.41E-02 4.66€-02 O, C. Ca | 0. - .
=3e72€6-C3  1.21E-C2 ~8.40E-C3 2.52£-€2 =2.99€-C2 2.61E-02 -2.15E-02 -2.71E-02 0. 0. a. Q. -

=1e4CE£-03 -1.40€-C3 ~1,12E-02 —1.406-C3 ~5.136-C3 1.96E-02 1.31€-02 6.408~-03 ~1.31€-02 2.80£-02 -2.80€-02 &,72E~0:
€.53E-C2 - § E=Cé J.54E-02 1.87€-C3 3.176-02 1.31£-02 6.36E-02 3.926~02 B.TVE-02 6.906-02 1.13E-0L 1.C2E-0)
“1.21E-CT ~S.J3E~G3 -2.43E-C2 -9.33E-C3 -4.856-02 ~1.21E-02 ~9.806~02 -2.9YE-02 ~1.42E-01 —-3.836-02 O - Ge L.




=$+33E~C4 ~1.12€6-C2
4o8LE~C4 ~ ). 4CE-03
$e33E-C4 ~E.4CE~C3
Ce “J.4LE-C)
-2033E-03 ~€.(6E~C3
2033E-03 1.27€-03
€e53E-C3 4.2CE-C3
1.358-02 ~3.73E-C3
1eC7E=02 4.t€E-C3
~4e66E-C3 $.22E-C3
Ro4CE-C3 —E.E6E-CD
T.CCE~C3  EoteE-C3
2.236-CY  S.&CE-C3
$e33£-C3 §.23E~03
=4, €6EE~C3 S.23£-C3
~i.80€-C3 -1.21€~C2
~Ta4EE-03 Z.2CE-C3
1.878~C2 1.32E-C2
~E.4CE-C3  Co
2.73E-03 $.33E-C3
~3.21€~02 ~4.E¢E-C3
*~71.CCE~C3 -2.40£-03
FahbE~C3 -4, ¢6E~03
$.60£-03 C.
-2.73E-C3  1.C3E-C2

~1.12€6-02
~$.60E~03
4.665-04
1.87€-03
9. 343E-04
3.27E-03
~4.208-03
2.24E-02
2.15E-C2
-€.£3E-03
~3.B7€-C)
l1e21E-02
6.53E-03
1.128-02
-3.738~03
~4.20£-03
-2.60E~03
§.40€-03
~1.08E8~02
$.608-C3
~2.156-02
~1.59E-02
1.07&6-02
2.05€6-02
-1.03&-62

-1.59€-02
-1.316-02
~l.6B8-C2
~1.458-02
~1.436-22
1.126-62
7.92€~03
-1.21€-02
9.33E-03
2.C5€-C2
~1.59E-C2
1.776-C2
. 1.87E-C2
2.33E-02
1.87€-02
~2.89€-02
7.46€-03
2.05€-02
-1.87E-03
1.968-02

~5.126-03

=1.31€-02
~1a4CE-C2
La4CE~Q2
la96E-C2

=3.45E-02
=1.21E-02
~6.53£-03
Lle4SE~02
~4eb66E-03
~9.33E-04
~1.77E-02
20 24E~02
4.205-02
-1.59€~02
~1.125-02
2.33€-02
t.31€6-C2
2.52€-02
1.€7E-03

‘wl.406-02

~2.80€6-C3
1.128-02
~3.08E-C2
1.12¢-02
-4 AEE~C2
—2.59E-C2
1.556~02
4.20E-02
“1.576~02

-2.61E-02
-3.36E-02
~3.68E-02
~1.717€-02
~3.73E-C2
2.995-02
1.87E-03
~4.20E-C2
le4SE-02
4.CLE-C2
-2+8%9E-02
3.27€E-02
3.64E-C2
3.456-02
4.ClE~-02

~5.41€-C2,

~1.063€-02
4.01E~02
- 8.40E-03
4.29€-02
~2.8CE-C3
-2-52E-02
-3.55E-C2
$.33£-03
3.92€~02

=3.3%E-02
~2<528-02
~1.55€~02

3.55e-02
~l.68E-02
~2.71E-02
~2.15E-02

9433E~06

2.24E-02
-2.61C~02

~1.698-02

9-33E~34
2.528-C2
6.346-02
1.56E-02
9.336-03
1.35€-02
2.806~03
~5.978~02
S5.41€-02
-9.52€-02
~3.26E-02
=1.03E-02
T.656-02
~1.12E-02

-1.96E-02
0.
-6.16E~02
-~2.80€-02
-8.21E-C2
2433£-02
1.40€-03
~9.24£-02
2.246-02
8.85£~02
-3.73E-02
5.60E8-02
7.008-02
2.61€-02
T« 84E-02
-8.026-02
-2.61€-02
8.3C6-02
~1.03¢-02
7.656-02
"3.738-03
~6.34E-02
~5.69€-02
2.80£-03
8.028-02

A

-6.8lE-02 -5.13E~02
0. Ce.
O Ce
3.27E-02 -5.41£-02
=~1.875-02 ~1.15E-01
~5.976~02 2.0SE-02
~3.83E-02 -2.33£-02
0. 0.
T.93E-03 1.45£-02
3.73£-03
-3.27€-02
6.25€-02
8.40E-02
4.85E-02
4.548-02
2.89E-02
2.52€E-02
~8.21E-02
9.706-02
~1.40€-01
4. 64E-0)

T.46E~02
7.00€~-02
-1.77€-C2
1. 09E-C1
~5.13E~02
~3.83E-02
1.14€-91
6.53EL~03
1.0¢€-01
5.13£-03
~6.53E-932
“4.666-02 -3.45£-02
1.22E-01 8.40E-03
[ 2% 0.

-
~4,T6E-02

~4.T76E-02

-1.12€-02
Q.
-4.29€-02
4. 54E-02
0.
2.158-02

7.65€-02
Q. :
Qo

“9.61€~02
1.18E-01

-1.68€~01

-3.27€-03

~6a34€~02
1. 46E-01
0.

-4.20E-02
0.
Q.

Q.
-1.42E-01L
0.
~4,39E-02
1.77€-02
0. .
~2.61E-02
0.

c. -
-9.33€6-03
0. . -

0.
3.64€-02

1.56E-0L

~3.64E~02
~2.89€-02
9.33E-04
1.59€-02




¢

1.S51¢cE-C2
L.T60E-02
2. LEAE-C3
LeS€4E-Q2
l.ee7£~C2
1+755€-€2
3.1C6E~C3
1.812E-C3
24247E-C3
24375E-C2
2.3EZE~-C]
2.6C5€6~G3
&eCESE~C2
1.866E-03
24442E-C3
24332E-C2
2.921€-C2
Ce426E~C3
2.433E-02
2.CSSE-C2
2.21€E-C2
2.184E-C3
Z.CEEE-CI
1.875¢-02

clel8ZEE-C2

1.8C2E-C3
1.155€-03
Se2ETE~Q3
1.5C4¢E-03

«SC4E-C2
1+452€6-02
1.$C2E~C2
1.923€6-C2
24270E-0C3
2.¢35E-C3
2¢12CE-Q2
2.235€-03
2.C1CE~C2
2.184E-013
Z.G1CE-C3
l.63€¢-C3
2.587E-C2
2.€728-C2
l.72CE-02
2.CE1E~-C2
1.135€-C2
L.£2SE-G2
1.585€~C2
$+330E-04
2.35CE-C2
l.6€1€E-02
2.717£-G2
3.95€EE-C4
1.315€-02

10.0.

1.9596-03
1.519£-03
1.8896-C3
1.9238-03
1.4216-03
2.4336-03
2.950E~G3
1.8596-03
2.0928-03
6.9725-04
2.1526-03
1.421E6~03
1.852€-03
.2.061E-03
2.3326-03
2.7126-03
3.16896-03
2.639€-03
2.4545-03
2.3326-03
2.0036-03
2+130E-03
2.0726-03
1.8896-03
1.4826-03
1.8026-03
1.866£-03
2.8076-03

<206E-03
2.755£-03
3.5896-03
1.903¢-03
2.5876-03
1.346E-03
2.3086-03
2.4496-03
2.184E-03
2.384E-03
1.9216-03
2.0726-03
1.948€~03
2.654E-03
2.3556-03
1.866E-03
2. 186E-03
2.0725-03
1.216€-03
1.979€-03
3.3076-03
2.010E-03
1.589€-03
2.599€-03
1.959E-03
1.7826-03

_wlNCREHENIAL.VELOCLJ!;____;_

20.0

2.,010E~03

9.G58E-04
T.944E-0%
84410£~04
2.004£~03
1.£84E~03
2.774E-03
1.583€~03
2.251E-03
2.574£~03
2.428E-03
5.558E-04
2.484€~-03
1.7E68E-03
2.2558~03
3.169E-03
24449E-Q3
2.844E-03
2.5006-03
24106E-03
1.106E-03
2.150€-03
2.150€E-03
1.596E~023
1.31%€-03

1.743E-03 -

3. 064E~03
2.332€6-03
1.76CE-03
1.875e~03
1.889E~03
1.619E-03
2.241E-03
1.812E-03

2.128€-03

2.411€-03
2+629E~C3
2.146£-03
1.864E-03
2.247E-03
1.9036~03
2.571E-03
2.8726~03
1.5196-03
1.9336-03
1.845E-03
1.778E-03
2.C46E-02
1.6642E-03
1.8686-03
1.531€-03
2.148E-03
2.185e-03

1.5€0€-03

RUN NO. & T/11766 € COLI 27 NUTR. 2.%8. TEMP= 24.

. 40.0 -

1.864E-03
1.8056~03

9.289E-04

1.341E-03

9.896E-04
2.240E~03
0.

4.870€E-04
1.904E-03
1.482€6-03
1.672€-03
1.507€-03
1.913¢£-03
1.207E-03
2.193£-03
24426E-03
2.892E-03
14255€-03
2.365E-C3
2.463E-03
2.003€E-03

. 2.108E-03
1.990E-03 .

1.073e-03
1.402E-03

1.539E-03 -

6.997E-C4
2.C66E~03
1.6035E~03
1.933E-03
2.360E-03
1.930€-03
2.200E-03
4.013E-04
1.301€-03
2.2528-03
1.887€6-03
1.899E~-03
2.529€-03

2.2956-03

1.759€-03
2.714E-03
2.381E-03

.1.632€6-03

1.523€-03
1.868E-03
1.711€-03
1.592g-03
1.889E~03
1.587E-03
1.825€-03
2.692E-03
1.068E~03
1.984€~03

60.0

1.551€-03
. 1e726E-03

l.446E-03

1.325€-03

1. 460E-03

Ce

0.

O. .. -

Oe

54 262E-04

Y.488E~03

1.586E-03

1.961E-03 .

Qe
0.
2.297E~03
0.
Le475E~04
2.383E-03

Q.

1.847E-03
O.

2.080E-03
1. 600E~03
6.888E~-04
8.973€E-04
1.319E-04

Ce :
1.81%E-03

0.
2.173E-C3
0.
& 2.251€-03
firo-
1 2.187€-03
" 2.426E-03
' 2.379E-03
‘0.
2.081€-03
2.275€-03
. 1.948E-C3
C 0.

"1.544£-03

4.594E-04
l.633E-03
2.455€~-03
1.3946E-03
1.829E~03
O.

C.

1.633€-03
L.984E-03

80.0 (SEC.) .

1.973€E-03
1.635€~03
1.1898-03
1.6844E-03
1.682E-03
0. ..

1.850E-03
1.336€-03
Q.
G.
0.
0.
O.
Oe

°.
1.786E-0
0. .
0.’

0. ‘
5.3196-06

Q.
1.973E-03
C.

0.
0.
2.408E-03
C.
2.346E-03

O.

1.954E-03

. ) :
2.244E-03 .
0. .
0. .
2.097€-03
2.062E-03



Z.€634E~C2
2024782
2455CE-CA
1.6SCE~C3I
1.453E~C2
1e2CCE~C2
S.974E-CH
1.5£3€~C2
C.ECTE-C2
2.34CE~C2
2+CEEE-C3
1.795E-013
2025SE~C2
2+CS7E-C32
2.€3SE-C3
2.CECE-C2
2.6728-02

«ES4E-C3
2.27CE-C2
1.&75€~C2
2.010E~02
2255%E~C2
2.186E-C2
1.76CE~C3
1.$5SE~C32
2.184E-02

§.977E-C3

2.567E-03
24255603
2.625E-C3
1.6828~03
1.448E-03
1.7156~03
1.8756-03
2,272E-03
2.442E-03
2.340E-03
2.270E~03
1.544E~03
2.0486-03
1.859E-03
2.824E~03
1.875E-03
3.1856-03
1.3196-03
2.2TLE~03
1.72CE03
2.0866-03
1.868E-03
2.003€-03
1.977€-03
2.164E-03

24278E-03
AVERAGE lNC%EHENTAL VELOCITY

2.110€~-03

!;68;

2.4425-C3
2.548E-03
2.154€-03
1+565E-C3
Le346E-03
2.3$9E-03
1.$13E-03
L.423E-03
2.586€-03
2.128E~C3
2.170€-03
1.6C5E-03
1.866E-03

“1.889E-03

1.752€-03
2.218£-03
2.7C3E~-03
l.773E-03
1.979£-03
L. 544E-03
24399E~03
24344E-03
1.8526-03
2.206E-03
2.28BE-03
2.C28E~-03

2.606E-03

2.627E-C3
3.299€-04
1.802€E-03
1.609€-C3
le147€-02
2.320€-03
1.346€-03
1.881E-04
2.738¢-03
1.048E-03
2.479E-03
4.594E-04
1.617€-03
1.786E-03
1.958£-03
2.108€-03
1.751E~03
_..1e138€E-03
2.187E-03
1.449€-C3
2.725E-03
2.540E-03
1.922€-03
1.650E-03
1.757€-03
2.066E-03

1.771€-03

2.232£-03

*24344E-03

o.
0.

1.314E-03""

1.635E-03
1.639€-03
1.494E-03

0.
8.247E-04

0.

1.921€-03
1.866E-03
2.421€-03
2.112€-03
2.473€-03
9.T99E-04
1.904E-03
1.395€E-03
2.614E-03
2.2408~03
1.915E-03
2.136E-03

1.7958-03 -

0.

1.723€-03

1.065E-03

o . ’
1.127€-03
C. '
O.

0.

"1.403£-03

0.
1.052E+-03
°'
2.082€E-03 |

0. .
1.392€E~33
0.

O.

0.

0. :
2.497€-03
°Q .
0. .
1.649€-03
2.695E~03
2.504E-03
1.862E-03
1.962€-03
1.766E-03
O.

1.832g-03

«



-
.
: o -
-69- : .
. :
. :
-
.
.
.
‘ 1,0
.

L]
- oo
L 4
X N 3
*ee
L N 3
oe
see !
LN X ]
ede

Ry . K . e e
S . Dl

ToB2ECl . o e e et e e e —

e c1E-ca . A : x.

“g.e16-C2 o . T . 1

: o X . .
2.84-C3 : : A x : - . L
c. . - : T x x

-2.848-C2 : . . o ) x

»”

»
=
T

-

~S.e7t-C2

i

»n

»

»
G

~€.%1£-C2

“1.12E-C1 ) _ x .

-l.428-C1, . . l
. . L] . * . . . s s .
* * L] * L * * * L] L] L I
. . ) . P . . Coe . . *
-1,70€~CL ~l.30t=-ul =~1.C2E-0) -6.B1€-C2 ~3.4CE-02 0. 3.40E-02 6.81E-02 1.02E-0! 1.36E-01 1.T70E-01
. . i -
S
. i
- . .'. . . -
oF . N - .
Vo .
i- .
N N - . B




. =T70-

APPENDIX B’

The'followino program was used in the coﬁcentration gradient

method for calculating the concenuraulon profiles from a given 1n1t1a1

proflle and from an assuﬁed value for the dlifu31v1ty

(:) Read in values for the constants used
a. Trial value of bacterial diffusivity (cm /sec)
b. Growth rate of the bacteria (1/sec) .
c. Time limit, TMAX, for the duration of the dlffu51on (mln)
(:) Set the values of the initial concentration in all sections,.
if not zero-use meaéured values. '
-*(:) Calculate the concentration in all sections At later than
the last profile using the boundery conditions and Eq. (1)

Section number m =

Repeéﬁ o - ,. z,n+i = (1 0'+AAtR)' L
2 throagh 1 Corel = e, n/6 (2/5 + AtR)C An‘+
+‘Cm 1, n/6
i+1

“2+1,m+1 = %-1,n01
Calulate elapsed time for diffdsioh

Time (n+l) = Time (N); % (min)
Print every fiftieth profile . ’
Set ¢ _=C -

m,n 'm, i+ 1
Vhen time = TMAX STOP

Ge0 ©
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S -T1-

PRCGRAM Tan lluFUl.UUTPhT)
UFFFUSICN IRTQ & FInlTe SLAS «iTH ulVEN IN(TIAL ulSTh[aUTIOV

C= CIFFUSIVITY (CM*CM/SEC) .o o
K = CGRUrATH RATC  (1/SEC) '

TMAX = Fulai T1lMgE FCR OIFFUSION (MIN)

LAPL = LENGHT UF OIFFUSISN CHANREL  (CH)

FL{J) = CisTAnCE LCCATIUR GF PRINTS (PERCENT COF CAPLY
ClMyld = CuNCenTRATION AT DISTANCE M AND TIME N

TN = WuM@zR UF PRINTS (1750 TIMZ INCREMENTS)

IK = Len8Tr OF TIME ENCREMEST  1SEC), 2ASED ON D‘fK/(h*H) = 1/6
LUMBER OF DISTANCE [KCREMENTS = 100 .

UIMENSION £LiU542)¢ FLILS), CMI16), P(LT7)

KEAD [N vATA

READ 9, J,K,THAX
8=C.
Ctl.1)=1.0

CATA {(FL{JIy J=14150/0ey 3ey 520100y 1549 200y 25+, 30.s
$35.5 4Cur 45.5 SUey 0.4 70y 100.7 - :

IF (TMAX.E£Q.0.0) STQP )

FURMAT (1dl,113h v o s

THE .FULLOWIWG RUN SECTICH 1S CHANGEC WITH EACH RUN

4 FUN NC. £ 8/ 1768 E¢(COLl 27 Nufé «32%4,5%*.0050

42

43

&4

CAFL=4.5
TIME=S5.0 B . ce . .

THE GdbbAvED INITIAL OISTRIBUTION IS PROGRAMEC ASSUMING LINEAR
VARTATIUN BETWEEN LATA PGINTS o : o

CC 42 M=2,4 :

Ce{Myl)=Ctit~1,1}-0.019

IF (CtMy1daLTo0.0) CIMs1)=0.0

CCATIRUE
0L 43 M=3,12 : - .

CUM,11=Cl-1,10-0.120 S S
IF (C(,L0eLF.0.0)  C(M,1050.0 T co i
CUNTINUE - S '

DL «4 H=13,1u2

Cl¥,ll= C(n-x,x;-u U906 . . )

IF (C(Ms1).LT.C.01 CUM,1)=0.0 - ) 4

CONTINGE - L o e
ENG OF RUN SECTIUN

ECHG FRIRT Ur UATA e . , Lo C .
PRINT 10 . . . S .
FRINT 8, UQR'LAPLv7qAX N ' . .

CALCULATE (ONSTANTS uSEU IN PRGGRAH
TK = CAPL®LAPL/ L v.uwowm
TA=1.29THAX/TK
CC 4! J=1,415 _ Co
CriSY= c»chvL(J)/Luo. e T T S

. FhI\T PERKCENT UF LEmbTH AND ACTUAL L-NGTW
PRINT 90, (1L(J)| J=1.:15) .




R

PRINT 914 (LX{Jly J=1415)
PRINT 92 o
PLLI=TINME

CC o0 J=1,15

SELECT ANU PRINT CONSTANTS USEDS IN PROGRAM
¥=FL(J)+}e. ’ . S
&C PLU+1I=C(H 1}
FRINT 100, (PLJ)y J=1,16)

(:)f START MALN TIMz LCC®, TIME INCREASES BY T EACH TIME THROUGH = - -

"B 83 n=1,~ouu

CALUULATE oUUNUARY CONCENTKATION AT OPEN END OF DIFFUSION CHANNEL . .
ClLeZ2)=ClLls ) eTKSR¥(CEL1,1) . L
oL 55 M=ge101

. BOUNUARY LUddITluN THAT DXFFUS!DA FLUX EQUALS ZERO CLOSED END
C(lOZy‘) Clivu. ) . .

LCALCULATE CURCENTRATION » CUMs2) IN ALL DISTANCE INCREMENTS ©
‘ FRUM PXEVIUUS CUNCENTRATIUNS, CiM,1) :
5 CUMI2)CUAN LI o S (Zo/3- s TRARITC, 1) $TIM=2410/60
=E¢1la .
TIMESTK/oue +TiME -
I (TINELGT.IAAG) o3 TO 8T
SELECT 50 PRUFILES FOR PRINTING
(® i tsTan wu T 8L
B=C. ) A
PILISTINE & . o T
EC 61 -J=1,15 . ST
B=FL{J¢1.
€1 PLUsl)=LiN,2)

PRINT CUNUENTKATION PROFILES
PEINT 10U, (PUJd}, J=1,16}
€1 CLATINUE .
’ CC 82 M=1,10¢
@EZ ClVy1)=CtMc2}
€3 CUNTINUE :
END CF TIAE LUUP

€7 CCATINCE _ v _
| PRINT THE TUTAL NUMBER OF TINES THROUGH THE TIME LOOP -
CPRINT 7, 6 . . . : o 5

.. 6L TG 6 : o '
7 FURMAT (’)\J'vfb,(.’('LuHATtK IU\S’ ) ) o
& FURMAT (/Ltx, ZHU-.c’u.)oE’X“ﬁHR-.ElC 3, 3X.znbAP‘—'F7 3'3x! o ER

BSHTHLX= 40,1 /1) .
. S FLRMAT {1X,2C1043,Fi0.33
T SC FLEMAT | Xy MY ERCERT 22X 15FEL1)
Sl FLURMAT (/LlXx;sALenNGTH CMy2X515F8.3 £}
§2 FLURMAT LiXx lOHTIMe (MIN)Y .
LCO FLCRMATILX, F2.2,15F0.4) - L o - - e
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FebCend €
LirLTr Cr Co
HTNIIY

$.08 1.CCU8
3016 Llalevs
2iadL Lo2ias
2%.47 1l.aley
31,00 19134
4b.tk lilels
53456 1.%03e
64408 daziua
1a2s  Conlin?
T6eal  2.1002
bbb JedCia
Sasdd d.40dt
1C2.8) 3.0893
111,02 4.2¢20
$19. 18 4.éEa)
127,36 S.adil
148.9C s.1doy
lad et o.eta.
Isl.al  ectiln
15987 éd.0lue
168.34 %acdsl
LT0a20 1C.ECus
J84.44 12.C5060
162,56 La.5420
200,75 Ib.10a0
28,91 10,5688
20100 45.C32%
d5422 4hadlun
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adlat3 26,7240
249,69 25.%¢¢l
257,64 33,4291
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135, 4000000448

342.5¢110.64091Cs. 0328
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%.leos 4.i00s 3.0uéld
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Lleodla doliov Todlus
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1%.0

v Y

0.
sUL T
aULYS
«1112
«lol3
4295
«2991
«3178
4673
o093
689y
s8iN2
«9le
1.16%3
1.343¢
l.v102
ie8232
241222
2.4507
2.8313
3.2700
3.7015
4.319%
4ov529
S.0212
b.4d5%¢6
T.408w
644537
Y372
1d.9te7
12.492¢
lae2vol
losles2
te.33872
20.0u8?
230056
20.7031
Ju.s28¢C
3e.5519
38.8¢30
46.ulos
€2.7957
55,3135
63,0628
T1.5481
sl.28?y
Y1e8L17

308.340C5.55771834020v402.4635434:3074105.06708

356450420 2012C0aCUVOIBELIYTolnl.1878L0T.03138
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ETERATIUNS
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RUN NO.

400.0

2C.9

5 0O 1.129 1.350 1.575 1.800 2.€25 2.25%50 2.700 3.150 e.500

Qs

«3327
e TO
+3158
-597Y
+B81ds
Lelul2
L.1490
Lesus2
1.8%39
1.9395
2,200
226423
3.0717
3.5827
4.125%
4sT055
5,035
043253
Te21%0
€350
S.5700
1c.y702
12.5563
16,3520
16,3437
1B.7uve
214335%
24,3124
21,6657
31.5007
25,4334
43,7312
40.2735
5249433
4946340
6T.6522
Te. 7149
B0, 95646

& er1/66 €. COLI 27 NUTR * .3244.8°,C050

25.0

0.
“eUOUY
a0Jul
0012
20045
«Ui10
U212
« 0357
«0551
<0192

«live

oledy
1951
«2500
«3109
3950
o4d885
25917
12517
«815)3
140435
1.2521
L.4dld
1.7591
2.0139%
244363
2.6543
3.23354

Je.80dl:

4.52¢7
5.250%
6.0942
T.0348%
841299
9.37111
10,4013
12.4403
14.2794
1643912
18,7964
21.5344
24069
28,1916
32.2178
36.7819
“la9 )06
e?.8829
$6.5738
62,1033

30.0

Q.
20000
+u000
<0UJy
«OUY3
20U}

29202
1.113%
1.3325
la588L
L8850
2.2312
2.6321
30962
3.0309
4.2524
4.9¢H9
$.7¢97
647306}
1.8242
9.0731
10,5058
12,1677
14,0260
16,1795
18.563917
21.4509
24,6611
20,3248
32.%5045
37.2071
42,6965

‘35.0

Q.
«0000
AL
<0220
«-QuQo
<0001
«GUde
<0610
0023
«Q04 4
0079
«0129v
<0200

0298

0423
0588
.0797
<1061
«1384
#1791
+2284
#2881
«3601
ab40%
09497
6126
8178
9495
1.1v18
L.429%

1.7080°

2.0337
2.6137
2.8554
3.37118
390606
4.6612
$.4630
6.3900
T.460)
8.0946.

10.1i75

11.7545
13.6372
15,8003

40.0

0.

Q.
<0300
0300
<0023
0u0d
20093
+2331
<0003
-0007
«0u18
U286
3048
U9
«0122
01482
«0263
-0370
«0509
«0686
«0v10
1150
<1537

- e1984
«2686

«3120

#3236

+4807

#5911

1228

«B794
1.0050
le2846
1.9431
1.047¢
2.2045
246228
Ja1i47
3.6823
44,3420
5.1202
6.,0123
T.0601
8.267%
9.60637

18,2835 11.2790
2144317 13,1420
24,9963 15.2920
2841355 1T.7678 10,7668

45.C

d.
J.
«Q00¢C

4217

5207

«039¢

.Tél18

9512
t.152¢€
1.3917
1.6742
2.0075
2.3998
2.8627
3.40)2
..0338
4.773¢C
5.06356
6.06434
71.2096
9.188¢C

50.0

* Qe
O.
«000¢
<0000
«3C00
«0C20
+0322¢0
- 0000
.0000
<0000
<0000
~0001
«0002
0303
<0020
-9011
«00i6
«C030
. 0047
-0071
«01Cs

1.5146
1.8240
2.1899
2.6217
3.1303
d.T2¢82
4.4300
5.2522
6.2141

60.0

0.

Q.
+0000
+Q000
<0000

+0000°

-Gooo
0000
«0000

<6314
1.0152
1.2355
L.4988

1.e128,

10.0

Q.

Qe

C.
-0000
«0000
-« 0300
«0000
«0000
0000
+0000
«0000
0090
0000
«0020
«0000
«0000
«0000
- 0000
«0000
+ 0000
-0000
+0001
<0001
«0002
«C003

' 100.0
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APPENDIX c

The *ol¢ow1ng program was used in the tube dlffus1on method '

"for calculatlng the fraction remelnlng, ¢ , as a function q; the

dlmenslonless time, Dt/g

' Read in the values of the constants used.
a.  Bacterial dlffusivity, D (cm [sec)
b. Multiplication rate of bacteria,'Rf(l/sec)e-‘.
c. Sedimentation velocity of bacteria, U (cm/sec)
d. Length of capillary tube, CAPL (cm)
e. Length of time for diffusion, TMAX (sec)

'g.’,g' f. Number of length segrcnts in the tube, IH

g Number 'of At 1terat10ns, T
DT was usually selected by .setting
AtD or D{ mMAY

176 = AMDD =

. s cartor
- : E ) .
" _AMOD must be greater than EMOD,
AW op TMAX.DH
. 2Ax 7’ 2+-DT -CAPL
(2) ‘Priat AMOD and:echo. print input f,i‘
. e Calcilate constanus ased in progran for Eq. (2)
M sty omt
AL = ==X - 8% ' aM =1 F = .
AL . AU !
AN = —QF%«+ ‘
j'AXQ 20
(:) Set 1n1tlal concentraulons in the sections of the tube
equal- to l O i




s

Calculate the concentrations,: C'n nel from the known con‘-
- i : m, ’
- centrations Cm n for all sectlons. m o, of the tube at tlrne,
. ,n .

' I”+_L, At later than time n. . N
5. Flrst sectlon, c = 0.0

m,n+l : : I
' Second througb the first 95% of the sectlons
" Ea. : + ' g
Ee. (2) ¢ ,n+l = AN C m-1,n A C m,n AL Cm+1 1
@ Last 5‘}'0 of sections are equal to:
t‘ (3) ‘cm,n_l_l..:.(AN C “An " AL ?ﬁn,'n) eo/Dh
, . + (1+ RAt) C,n '
< 50 ) =,

-~ 8. After calculatlng every "1ft1etn p*'of:.le make the :
followmg calr'ulatlons i

' Calculate elapsed time-

time (min) = 3At/60 .~
Calculate TI-IETA
: Theté. = D:t/l =D ulne(sec)/CAPL o
@ Integra‘ce the profile and find average concentratlon
c .. =2 /a - : .

ave ' '
— Calculate PHI PHI f C /exp(R tlme)

@ Print final concentratlon proflJ_e . ' _
@) Print: time, PHI, THETA B | \
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PROGRA* BJVES . (li’UTvJUT’UTl

RESTRICTE) DI=FUSIIN OF BASTERIA OUT JF A CQ°ILLARY YUBE
WITH. SEDI*ENTATIOY AND GRIWTH . .

D= oxFFUStvltv : e
R = GROWT4 ATE { 1/SEZ ).

U= seoxnenrarton RATE  CY4/SEC ) 1 : : S ':‘:,_ f"',:';*'»
CI¥eN) = 239C. AT POSITION M AT TINE N . Co T e T
CAPL = LEYGTH JF CASTLLARY TJ3E (24 : S T R

CAVE = AVERAGE CONCENTRATION IN TUBE

CT3 = A4IUNT IN TU3E IF NONZ ESCAPE

PHI = FRACTION LEFT IN TJBE - .

THETA = 9 & TIMZ /- CAPL & CZAPL

TMAX = TITA. TIME FI DIFFUSIIN { 55T ) . o
OH = NUMBER OF DISTANCE IMCIEMENTS. R L I
OT & NUWN3ER OF TIME INCREMENTS R ] A

O IMENS ION C(QQQ.Z).TI‘E(IJJ!'CAVE(IOO)._TG(lOO),P*l(lOD)o
lTHETA(lOO)yCS(LV(lJOIvPilC(l))) .

"READ IN DATA
READ 940.%, UeCAPL o TMAXI4,0T
IFI(THAX.EQ.0).OR. (CAPLLEQ.D.)} STI?
4=CAPL/D4
T=TUAX/DT
AMOD=T®D/(¢H)
BMOD = UsT/{2.4H)
If (AMOD.GT.0.5! 50 Y0 6

ECHO PRINT JF DATA
PRINT 8o DsRyUrCAPL o THAX 4 A4OD, DH, DT

CALCULATE CONSTANTS USED IN PROGRAM .
AL = AMOD - BNM)D ' RS
AM=]1,=2.8AMOD+I #R
AN s A40D + BMID

SET COUNTERS EQJAL TO 2ERC
A=0,.
830, ’ -
L=s0 : i . )
STARTING VA JE SELECTED AT INTERISECTION OF 83UV9ARY CONDITION
CiMoel) = 1.0 AND ClL,N) = J.0 S
ct1,1)=.5 .

T=D4¢t.
IF (I.GT 100901 i o) T0 84

SET INITTAL .JV)IYIONS r+ar TUBE CONC EQUALS t.D
00 %5 M=2,1 . B - '
CtMyld=t.

“CT=1.0 S C . )

J=0T . . T .

START MAIN TIME L3OP, TIME INCREASES BY T EACH TIHE THROJGH

38 83 N=1,4 . AP v:, I




Cg)- Cl1.2)=9,
1=04 + 1.0
KD=0,95*DH

CALCULATE CINIENTRATIONs {4,2) IN ALL DISTANCES xqrasnsnrs
FROM PREVIQSS CONCENTRATIONS, C(¥,1) o
DO S4 M=2,40 .
(:ys COMy2)=ANAC (N=1, 1) 4A4SCEN, 1) 4aL U441, 1) S IR
NY=MO#+1 ‘ :
(z) COMY, 2= (ANSCINY=1,1) = ALES(MY,111€20. /34 +(1. +RET)ESIHY 1)
DO 57 M=KY,! - : ,
ST CUM,2)=C(KY,2)
CT=(1.0+T#R ) #CT
50 A=Ast.
B=B+l.

. “SELECT FIFTY EVENLY S>AZED on:serArxau PRITILES FOR PRINTING
(:) tF (R.LT.DT/5).) Gﬂ T0 81 : .
t=tel
:E) TIME(LI={AST)
TH= TIKE(L) /60,
10)76 THETA(L )= D‘T[V'(Ll/CAPL"Z
8=0.
croti)=ct
1=DH .

. INTEGRATE THE SELECTED ZINZENTRATION PRIFILES.
(:) SUM=Z(T+1,2)72.
D0 78 M=1,1
78 SUM=SUM#CIH,2)

CALCULATE AND STORE QUANTITIES BASFD I INTESRATION
CAVE(L)=SUH/DH : o
CSOLVILY=CTOLI-CAVEIL) : .-

(:) PHI{L)=CAVE (L I/CTI(L)

PHIZ(L)=1.0-PHI (L)

81 CONTINYF
1=0D4¢1. :
D3 82 ¥=1,1

82 CUMy11=C{H,y2)

83 CONTINUE

, END OF TIME L1322

.84 CINTINJE
PRINT 99. -

M=D4/10.¢1.’ . ' . -
J=0H/10. - ar : T . -
K=D4¢1. - .
(:) SIINT CINCENTRATION PROFILE. o : L ’
PRNI’ lOOQ (C(I'Z"l=2|6)' (:(’12)'X=H"KQJ’ ",
J=1 . - .
PRINT 101
(:) PRINT INTEGRATE) QUANTATIES

PRINT 102, (TIME(LI,CAVE(L),ZTI(L), PiI(L) 71 TA(L! ?HIC(L)-
$CSOLVIL) »L=1,0 .

CE=EXP{R&THAX)

CR=120.¢{CT-CE}/CE

PERCENT ERFIR CAJSED BY JSING FINITE DIFFEKE‘:: INSTZIAD 07 AN
EXPON:NTIAL T0 -ALCULATE GRORTH L - -
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LU

PRINT 193, CR . ' ) : : . -
1=04 + 1.0 : - . . s
8 FORMAT(1H1, 2HD:=,E1). 3.3x.zuz +£10.3,3X,- o ) _ S
$2HU=E10.392Xy3HCAPL=yFT 4343X,5HTMAX=,
$E10.3,3X,5HAND) =, E10.3,2%,34)4=,FT.N,2%X,34NT=,F1.077)
9 FORMAT (1X,3E13.3,F12.3, E13.3,2F12.1}
99 FORMAT (3Xy2H 1. 16Xe242.4+5%X, ’-(3..6)(.’-10..5( 34 5,95Cy3HLIee
$5X93H20495%X 43 H3D495Xe3H4D ., 5%y 3HS0.
$5X¢3460. 95X 13HT 04 93 Xe3H3D. 5%, IH90.,%4%y %H1DI. /)
107 FORMAT (11X, FT7.4y 13FB8.3, F8.27/} '
101 FORMATE 15X, *HT IMEL11X, 4HCAVE, 12X, 3HCT T, IZX-BHPHI 12%,
$SHTHETA,BXy TH1.0-P41 ,10X,54250LV /)~
102 FORMAT (RX,7E15.5) :
103 FIRYATI/B80X,2342FLENT EIOR IN Y[\iE =4E1).3)
GO 70 6
END
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APPENDIX D~

VV The following program was used for calculatvng the diffuéiqnv‘

of E. coll

el

ew

~®

__
W)

”V;and 10.‘

1nto a crack fllled w1th nutrient medﬂum.«

Reed in the values of the constants used .

a. Bacterial dllluSlVIhg, D (Cﬂ /sec) _

“b.: Multiplication rate. of the bacteria in the resefvdir, a
R (1/sec) o N -

c. Mﬁltiplication rate of the bacteria in the craek o
G (1/sec) | | - - |

d. Velocity of the flow of the bulk medlum, U(cm/sec)

e. Length of time for dlffu51on, TMAX (sec)

f. Length of capiliary crack, CAPL (cm)

- 8- . Number of length segments in crack, DH
h. Number of At iterations, DT. '

DT was usually selectea by setulng AMOD 1/6 A
and AM OD > BMOD, as in Anpendlx C -
Erlnt AMOD and echo p;lnt-lnput constants
Calculate constants used in the program.
Set the values of the initial concentrations in all;
sections equal to zero, except for the flrst section
whlch equals 1.0 at all times. o - q
Calculate the concontratlon in all sectlons At later than
the last profile using Egs. (4,5,6) T
Calculate the concentration in sect ion 2 uhrough
' .sectlon £-1, use Egq. (h) o -
0 Calculate the concentration in the last section,_'Eq;(5)
Calculate the concentration in the reservoir, Eq.'(6)1 R
Set any concentrations‘that are greater than the enfrence,
concenpraulon eoual to the enurance concentratlon.

Print every fiftieth concenuratlon ‘profile

- Locate the_increment nunber-and”nosition'of the first sec-’

3

. -6 _ O
tion wnose concent“auﬁon is less than l lO .10, 10.9,.'~

-12




e
@ Print the increment number and the distance to the above . )
concentrztions. ' ' :




PROSREM LEAK.  (INPUT,JUT2JTN . o 0 e

DIFFJSIOV_Jg EAZTEIIA "JVT RTI TONVED TIV~ FL3d

o

"

DXFFUS'fo( {C ﬂ/S::) .
. R= SRIWTH 4TI IN RESZIRAVIIR  (1/SEQ)
G= JIJN*H IATZ IN THE TUBE [1/SEZY
TMaAX = TOTAL TIME F3 JIFFUSI2VN - (SECZ}
" CAPL= LENSTH 3F CAPILLARY TU3Z . (LM}
DH = NUMBIR 2T LENGTA INIREMENTS
DT = NUMBEIR 3% TIMg INIREMENTS . :
LIS =L CZATICN FOT PLINTOUTS, PEITINT 25 LENSTH

1

DIMENSION 2{1C25,2), FLI1S), 2{17), QU1ID.11), 215}

6 READ 9¢ D546 oS THAXCAPL, 34,27

®

45

IF (THMAX.E2.0.) 573P o : :
DATA (FLUJY 3J=1+155/Dey Ser 10ay I3a0¢ 200y 2545 3Duy %Dus
$504s A3ay T0ey 2)es ©D.y 1204, 101.7 T
“H=zCAPL/DA ‘ .

F=T4AX/DT

AM0D=T3D/14%H)

IF (AM3D.GT.0.%49} 'G3J TC &

PRINT 8, DR, GrJsT4AX,CA4PL,AN3D, oH.ar

PRINT 90, {FL{JI, J=1,15!

PRINT 92

CALCULATE CTINSTANTS USED IN THIs PRIFRAM.

BYUOD=UET20.5/H ; o

AL=AMOD-3M3D" T

AM=1,0G-2.%AMOCH TG . '
AN=AVID+3NID

CM={1.0+T*)

1=D4+2.0 ) )
. SET INITI&L VALUES FIR ALU CONCENTRATIOV INIRIMENTS

DO 45 M=2.1 . . . ) ' .. : y

C{Mel1)=0.

Cllel¥=1.0

SET CINSTANTS AND COUNTERS -
TOP=1.0 o o
TimMi=C

“1T=0 .

8=0.° o e

P EE) S SR E e 'ﬂ';,f

e

'wA.u Tive 103>, £ach T14E BY HERE xx:::aaes rxvs 3v or]f

D9 83 Ne1,00 o -
Cl1,21=C01, Ly esT "
f=DH - -

START CaALZ J"'Z‘G T%” 1V’ENTKJTIJW§; '(* i' FOY THE NEXT

TIME INTEIVAL FRGM THE ”“\Cﬂvf!art)v;,-zw.l). ATTHE .
»PRFV!?HS'T!*ﬁ INTERVAL - . -




54

CE

57

60

813
814

815
816

17
818

319
820

. . .
r

DO 54 H 2'!

-83-.

CiMy2)=ANSED (H*l.l)fAH‘C(N.l)*AL¥C(W l'l)

CONTINUE

COI+1,2)=AM3C{I+l,L)4ALSCLE,1)

ClT1¢2,2)=CMsC(T1#2,1)¢AL

1=04+2.0

. TEST MAGNITUDZ
00 57 M=1,1.
IF (2(M,21.6T.T37)
IF (C{M,2).LT.D, )
CIONTINUE
TIME=TIME+T

8=B¢1,

PRINT ONLY 5O
IF (B.LT.DF/50.) GO
B=0.
PIL1)=TIME/3600.
DO 53 J=2,15

TD 81

«C(I+1,1).

Ct{My2)=TIP
CiMe2)=3.

OF NEW CINCENTRATIONS

LICATE THZ INZERMENTS T2 BE PQIVTED

M=FL{J-1}%JH/100.+41.0
PLJ)=C(My2)
PL16)=0(Me1,2)

PRINT THE SELZCTED CINZENTRATIINS

PRINT 100,
1T=1T+1
ALIT,1)=TIME/ 3530,
[=DH+2.0 .
00 813 M=1,1

P,

LOCATE [NZREMINT
IF (C(M,2).LT.TOP)
CONTINUE
Z(1)=M
JL=M
DO 815 M=JL,1

LOCATE INZISMINT
IF (C{4,2).LT.1,5-)3)
CONTINUE :
I(2)=M
JL=¥
00 817 M=JL,1

LICATE INZREMEINT
IF (C(M,2).LT.1,.E-)6)
CONTINYE - -
2(3)=M
JL=y

DO 819 M=JL,1

LICATE INZREMINT
IF {CIMe2)oLT.1.E-)9)
CONTINUE
Zl4)=M
JL=¢

NN a2y M- "

J=1y

16)

NJM3ER

GO 1) 814

NJM3ER
53 12

NUM3ER
63 13

NUM3ER
50 T3

OF THE

OF THE
316

0F THE
318

JF THE
820

FIRST

FIRST

FIRST

FIRST

JF THE CALCULATED P?JFILES

CINC.

ZINC.

CINC.

SINZ.

LESS THAN

LESS THAN 1.3

1.E-03
1.E-06

E3S THAN

v

"

LESS THAN 1.E-09




'jv(:) IF ot

0ZATE INIREMINT NU%B?Q.OF THE FIRST CONZ. LESS THAN 1.E-12
Me2).LTL1.E-12) 350 7D 822 T

821 CAONTINJE

822 It5)=M
D0 £24

MT=2,6"

| CALCULATE THE DISTANZE T3 THE ZINC. JE INTEREST

QUIT M
QUIT M

Ti= {2(MI-1) ~1.5)%+4
iT+#5)= Z({MT-1) -1.5

824 CONTINUE
81 CONTINJE

I=D4+2.

0

D0 g2 ¥=1,1

82 C(M,1)

CALL NEW ZINZ. 20D TONVZ. AND JEPEAT TIME LDJIP
=C(M, 2) . . Co

83 CONTINUE

PRINT HEADINGS

ORINT8 ,0, Q.G,J.T“i!,CAPL.A!OD,DH.DTv
PRLINT 101 o
PRINT 102
(:) PRINT TEVE, DISTANCES, AND INZREMENT VJM3ERS
PRINT 103, ((I{L,<) K= x.x)), L=1,1T)
PRINT 104, IT
GO T3 6 .
9 FORMAT (1X,E9.2, 4310.2, F13.3 42F12.1)

8 FORMAT

(/1HL 9240 =93342+3X424R=4F9,2,43X,245=,E3. 3('21J-'E9 2.

$3XySHTMAX =y EQ42,3X, SHCAPL=,F5.2,3X, SiA“D)—.c?.’.
$£3Xy34DH=,F5.0, 3X,3H40T=,F5,0/7}

90 FORMAT

92 FORMATY

100 FORMAT

101 FORVAT
$

102 FORMAT

{ 1X,74PERZ ENT.ZX'ISFB 1
[1Xy JOHTIME (HRS}H}
(1X, F9.2,1528.1}
{ 2K, LOHTI%E (H42S)o SX,134DISTANZZ (2M),
SOXs164INCIIMENT NJUBER)
(/5Xy94L06 C/20=42%9242. 98X 92H3443%X42H5.43X,249,,7X, 3412..

$  23Xy2HO0.48X4243.48X, 24549 8X,243., 7X'3412. II)

103 FORMAT
106 FORMAT
END -

(1X,F9.3, 5312.2, 13X,y SF1D.1)
(//lX.34If-o 16 ) ‘ .
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C= 2.00F-C

PERCENT
TINE (r0S)
L
22
- ee
et
«*0
o OA
1.12
1.2
LYok
160
1.7
1092
2.0¢
224
2,40
2.54
2.72

€.0P
t.24

F Ty
T.06

#,00

¢ me z.ecE-ck

Ne

1.0t +02
1.0€4C3
1.0F 40"
1.0F 0
1.0F +02
1.1F onn
1.1 00
l.0€ 409
TeNE 4CO
1.Nc 00
1.0F ¢nY
L1.0F 209
1.0F «01
1.0F+CN
1.0¢e0n
1.0F¢00
1.0F +01
1o NF o0n
1,050
1.0E ¢+
l.nfecn
1.0 +00
1.0F +03
1.0F #n0
1.0F 03
1.0E¢00
1.0F ¢CN
1.0€ 0N
1.0F 01
1e0€¢0
1.0F 010
1.05+CO
1. OF «0N
1.Nf 401
1.0¢ 400
1.0F ¢
1.N¢en0
l.0€¢CO
1. 0F +00
1.9F 00
1,0F +n0y
1.NE 0D
1.0Fs01)
1.0Ee7N
1.0F ¢y
1.0F 200
1.0F 00
1.0F «C1
1.0F +00
1.0F400

‘.0

2. 1F=-C4

€.,9F-02

e.4l-C1
a,7-01
8.9F-0]

947F-01
S.4E-01
. 8¢=C1

1.0741C
t.CFe0C
1.0£409

Ge 3,68CF-06

1.0

4o 1€yl
L1E-GY
1.56-C5
lel6~C4
. €08
C lIF=-Cé
1. TE~(CT
2,4F-02
4.17-C2

1e3F=C2
la6€-C2
1.5£-02
2.06=02
2 FE-CZ
3, 00=-07
3. 5E-L7
3. CE-07
A aE-C27
Sa PE-C7
€. 50-CF

¢.@
2.5F-n;
#2602
s, n5-n
€, pe(r
1.15-01
1,761
1.16-¢)
YebfF=p1
1.€c.c1
1.8E-C
1.77-0
t.eF-C)
2.6t-€1
2.26-C1
2.3¢-€)
2.56-C1
2.7-¢%
2,6F-C1
3.16-€1
el
3. 5E-01
1, %-03
4. 6E=C)
4,360
4.5E-C1

1%.¢C

$.5E=2¢
TeTE-14
3.¢E-1N

2 8€=nz

1 Lf-nT
Do CE-rn
TebE=0r
2.1F="%
“ bF=n€
R.AE-A%
1e8E=Ne
P.5¢-re
2,4F -2
CobF-Ce
T.5F-ne
1e0E-22
1.1€-77
1 7€-M
2.1€=11
2.4E=0"
3.7E-N1
1, 8E-m
L AE-NY
S LF-n
sorL-0%
T IE-0?
#,5E~-N2
0 7E-MY
1. 1F-0"
TeVE=NT
1obE=n?
JeAF=I2
1o *F=n"
2,0
I IENT
2.8E-N2
2.9F=n?
3.1E=-02
VSF-0Y
-1
-
by hF-02
Sel€-n2
Se6E-0
ba16-02
b6.7F =07
Teo€=n>
L34 S
8,967
S 4F =2

Ue 1.00F-06  TPAXs 2,8REe04

20,0

®, =43
a,0F-21
244E-14
6.1F-13
3.8F-11
*.1€-10
TeeF 09
L OF =N
1.4¢-07
4.£-07
1.1F-06
2.SF-04
& NE=NY
8. 6508
V1.4E-05
2.3¢-06
3.5C-0%
5.NE-NS
7.7 =05
9.9€-05
1e30-06
1.7F-04
2.2F-N¢
2.9€-04
2.6F =00
4, 5F-06
$.5F-04
8.7F-04
2,18-06
a,TF-06
1.2F-03
1.4€-0V
1.6F-02
1,9E-02
2.26-03
2.5€-93
2.9F-0Y
2L 3F-M
2,PF-03
£.)F-N3
£,9F-03
S.0€-03
b,2F -n2
T1€~02
R,O0F-N3
9.0F-0%
1.0£-02
1.1F-02
1. =92
1.4E-N2

?%.0 30.0

2.9F-68 B,
©,I€-24 B.2E-40
-26 2.3€-23
4.6E-10 3,81-26
£,06-16 7,76-22
G.L6-14 6,26-19
1.6€-12 T €-17
2.1E-11 2.€E-15
16510 S,0F-14
@.2F-10 €.CF-12
3.2E-0° 3,4E-12
1.0E-08 1,7F-1)
2.76-0% 6.7€-11
6.3€-08 2.2F-10
1e1F=07 €.2€-10
2,6F=07 1.6F-09
4,8-C7 2,6F-00
8.IE-07 T EF-00
1.4F-08 1.5€-18
2.1€-06 2.7€-00
3.2F-06 4,BE-0R
4,RF-06 €,1E-09
8.0F-06 1,3F-07
Q.VE-06 7,1£-07
1.3€-05 3,1F-07
1.AF-06 &,7E-07
2.4F-05 6, TE-07
3.16-05 9.¢£-07
4, 0E0S 1,2£-06
€, 1F-0K ],0E-06
b06F-NC 2,5E-0
£,0F-05 21,2606
0 AF-05 &,3E-0b
1.26-04 S.6€-08
1.%E=0& 7,2F-N6
1.8F-06 ©,1€-06
2.1€-06_1,1F=05
2.85€-04"1,4F-75
3.0£-04 1.0F-05
1.6€-Ch 2.2F-05
4.,26-04 2.76-05
4,9F-04 1,3€-05
5,76 G4 6.0F-05
6.TE-04 4,8E-05
7.76-04 €, TE-0S
2.GE-04 €,FE-05
1.0E-CY R JE-OS
1.26-0% 9.6F-08
1.4E-02 1.1E-06
1.5E-03 1.3€-04

40.2

a.

S, 8F-2¢4
R 4F="T
b.2E-44
2.9F=34
3,7F-7)
1.7E-27
§,9€-75
1,6E-22
7.8€-21
2.1F~10
2,610
1.8E-17
?.TE=16
1.6E-18
7.6F-15
0E-14
1.0F-13
2.26-13
A.0E-13
2,3€-12
5.36-12
1.2€-11
204511
4 PE-11
9.0f-11
1.6F=10
2.7F-10
L, RF=10
1.0€-10
1.3f=ne
2.0€-00
1.0£-09
4. SE-09

6. 6€-09.

9. 5E-09
l.4E-N8
1.96-08
“2.¢+E-nE
3.6F-N8
4. RE-OR
6. 5F-CA
f,6F=nN1
1.1€-07
1.5%E-07
1.0£-07
2.4E=-07
Y. 1607
3,907
4.9F-07

CaPLe 10.

50.0

L,5E-07
1.6€-66
1.

»

1.6F-46
A 1F-41
1.55-38
Ja4E-2

S5e3E-10
T.3E-10

L L] AN]ID= 1.85E-01

60.0

2,8¢-36
Lo TE-34
A,98-32
1.88~30
Sebt~29
1.16=-27
1.6€6-25
1.7€~ 25
1.56=-24
1.1£-23
5.6£-23
YehE-22
JetE-21
6.4E-21
244-20
8.0€~ 20
2.5€-19
TedE-i9
2.0£-18
S5.1E-1€
1.26~27
2.9E-17
6.36~17
1.3€-10
2.6E-18
S.5€-16
1.0€-15
2.0E~15
3.6E-15
6.3€-15
1.1€-14
1.8E-14
Yo 1E-14
5.0E~14
8.0E~14
1.3£-13
2.0E-13
3,0E~13
4.5E~13

T0.0

1.0£-19
2.26-19
4. 7E-19
9.5€-19
1.9€-18
3.66-18
6,9-18
1.36-17
2.3¢-17
4.0£-17
6.9%-17
1.2E-16

8C. 0
0w

Ce

3.0-236
3.5-166
Te3~133
E.0-112
S 4E- 9T
4.1£-86
1. 38~77
8 OE~71
20 9~65
le22-060
lelE-S0
2.6£-53
2.2E~50
B.1E-48
ia 5645
l. ¢E~43
1a18-41
4o eE-40
l1.4E~38
3.26~37
5. €E- D0
7.TE-35
8. BE-34
6. 3E~33
6. 7€-32
4o TE~31
2. 9%-30
1.8E-29
T.E6-29
3. 5E~2¢
1.5E-~27
$5.6€-27
2. 0E-26
6.€E~20
2.16-25
0e1E-25
Ll TE-24
4. TE-24
1a2€-23
3.0£-23
7. -23
Le&E~22
3.0E-22
ToBE-22
1.85-21
3.3g-21
b.€£-21
1«3E~20

DHs 400

2. 1-121
l.9-107
1. =98
4, 8€-48
Se 2E-81
3, *E-75
3. 58-70
6. 3E-66
3. 1€-62
8. 5659
4o CE-56
le 4E-53
2. T€-51
3,2€-49
24 =47
1. 26-45
by W44
1. 2E-42
2, 4E-41
4e JE~4O
e 5€-39
603638
6. 1€-37
54 2E-36
3, 8€-35
2. 5€6-14
1. SE~13
Te TE-33
3,8£-32
1. =21
7. 0E~31

5. BE-29

DT S600

100.0

6o6F-31
2.1E~32
6. T€E~32
2.0€-31
S.tE-31
1.5€E-30
4. CE-29

101.0

o,
Qe

Se.3=270
3.0-208 .

ch.0-173

3.7-149
1.3-13%
4.0-118
2.2-107
le2€-90
2.6E-91
4. 0FE-85
e,1€-00
3.3E-78

8.3€-29




C= ?2.0%¢upr

Tiwe (pogy

1t

Re 2,PNE-ry

NISTASFE (Cwy

106G € /M. B,

<140

@28

YLy

<640

oA

«2an
1.920
l.‘lh
1,449
1.600
1,740
1,02~
2000
2,240
3,400
2.t4n
P.720
Z.ean
nan
1,000

1.26%02
1.3erons
APLL SN o 4
10256=r
torer-ce
tossr-az

L250-72

1.%6f =)
Ve 2%k=r2
te2%c. 0
1a75roc2
1 76F-r

C.12F-m
e *I7-01

T 27%-m1

ce.37T-01

€. 128-01
-0
t.0tcern
1.1iFern
1.18Fe01n
le24%scn
l.%7ceCn
1s%renn
1. 24F0Cn
Vebleann
1.4ec0enn
1. %1% Cr:
1. 54F0
1. %%Fe 2
Ye41Fenn
1.ttt en0
1e4CCe%50
1. %4¢ce0r
1o 74FeCHY
1.1%%e¢n
l.%crace
tafscocn
te®6Eeln
t,ferecn
V. %8s 00
l.SSFe N
T NLFED0
3, 046400
b A LR 1]
2,115+ ¢
2.1¢F001

. 5LFenQ
2a2CEeCn

e Y 8zrona

L

LIRS
€ emEany
[P RLY.M

2,S5rEeCr
P ke o0
2.430400
2. 74Fe 0N
2.91fFs00
2. EsteCn
2. 8¢Fe0n
7, %4Cepin
2.9¢re0n
A, CaEs 0D
1.0z e0n
AP LY Y 4
3.tcace
Y. 21Fe0N
Y248 000
3.31Fe 00
.3ece0n
30D
A,41F000
A,447000
A,51F400
A kerecn
2, 50r40n
Yet)Fen0
T AL N
1,660
1, e OC
3. 745000
,91Fen0
T PUFe e
1. RSFe 00

s "l."‘)f-(‘l.

., TIF N}
1e21(s0n
lastFonn
1,445 600
ALY Y. 1.)
1e%7Fe0n
2.1474N00
2.74fF409
2e%4EeNN
2,48reng
2.%9F 40
2.5%TeN0
2. T7F 203
2.947 400
Yo CAFOON
ANEF 00
Tallfena
1, 195400
1.7¢Fe0n
Ve ¥ Fe00
1,41Fe00
1,495490
1, 86F000
Y. A1Fen0
Y. hOreng
NV TEenn
1. 79Fe0n
2, 96700
1,91 Fe09
1, FeNY
Ly MFann
4£,0°7400
4 14E400
%.10F+00
4,76 CeN0
4,2%F+n0
G, Y4Fenn
4edOFann
L huFenny
L,49F 00
4, 56Fe00
s, 5CF 400
4, 84Fenn
4,69 ¢n)
4, TaFs00
4,T9F 400
4 21 Fen0
&, A6F 4NN
4o Fe00
L 5F 00

-86-

12,

1.7 Fe00
1,465400
le7tFenn
1,947 en0
2.14F 00
2.34F+00
2.54F+n0
2,47 400
7.®1Fe0D
Z.98Fenn
1,030 400
2,21 fe0n
T,31Fen0
a1fern
31,5400
2,54F 40N
3, 71«00
3.%17 400
*.91Een0
3.3 000
4 ,04Fen0
4,157 400
4o 4E Q00
Ce11Fenn
£,29F 0N

4L LhF N
4,5&F e
“.61E400
Lo ASF oD
G ToF eND

4o®5Fe00
4,9 FeNn0
S+ N1F+00
T 14F 000
€ 1tEe00
s,13Fe¢00
Se24Fe00
Se31Fenn
%, 34Fenn
S.61Fenn
Se4SE 40N
5.54Fe00
£,52Fen0
S.66F 000
5.69F 400
4, 74F 200
S.TOF 00N
CLAMESON
£.87E 400

Toaxe 2,#RE00%

CAPL~ 10,00 AvDDe 1,65-01 Q= &GO

INCOERENT NUMBER

0. 3 [N 9
.S 18.5 27,8 35,8
8 24,5 36.5 48.5
o5 29.5 «5,.5% 8.5
5 33.% 51.5 66,9
.S 36.5 578 73.5
-3 39.5 62.5 - 79.%
5 42.% 66,5 . RS, S
-5 4.5 70.5 90.5
3] 47.5 73.5 94,9
3 49.5 7.5 @0, 5
S $i.5 €0.5 103,88
¥ $3.5 85 107.5
5 $4.5 6.5 111.%
] $6.5 89,5 114,58
5] 58.% 9.5 11e,¢
o T 60,8 9%.5 121.5%
8 61.% 6.5 124,83
o5 ©3.8 99%. 5 127.%
5 64,5 101.5 130.%
3 b6.5 103.5 133.5%
& 67.5 105.5 136.5
% 69,95 107.5 139,98
s T0.5 110.5 141.%
% 1.8 12,5 144,98
1.9 73,9 114.5 1 47,5
1.8 Th.5 115.5 146,85
2.8 15.5 117.5 151.9
3.5 7.5 119.5 154.%
4.9 78.8 121.5 156,83
4.8 19.5 123.5 158.%
S.5 81.5 125.5 161.5
6.5 82.5 120.5 1€2.8
Te5 83.% 128.5 165.%
1 84,5 130.5 167.%
.5 .65 132.5 165,.5
s 87.% 133.5 iT71.9%
10.% 88,5 135.9 113.5
115 89.5 136.5 175.5
12.5% 90.5 136,53 177.%
12.5% 92.% L1«0.5 179.8
13.5 93.5 141.5 ° 181,5
14.5 94,5 143.5 183,5
15.5 95.5 L4a,5 155.%
16.5 96,5 146.5 187,58
17.% 97.5 147.5 1e9.5
18,9 9.5 149.5 191.9%
18.3% 100.3 150.5 1%2.5
19,5 101.3 152.5 194.5
20,5 102.5 153.5 196.5
1.5 103.5 155.% 198.8

DTs S50

12.

41.9%

57,8

6r.5

78,5

06,5

A
101,58
107.%
112.5
1in.8
123.5
129,.%
132.8
126.9
141.5
165,85
148.5
152.%
156.5
159,85
162.%
166.5
169,85
172.5
175.8%
178.8
171,98
184,95
186.9
189,58
192,58
19649
107.5
200,.%
202.%
204,8
207.5
209.%
212.%
214.5
21645
218.5
221.5
223.%
225.%
227.5
229.5
231.5
23%.5
235.5
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



A





