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ABSTRACT

The following aspects of continuous flow electrophoresis were studied:
flow and temperature fields, hydrodynamic stability, separation efficiency,
and characteristics of 'vide-gap chambers (the SPAR apparatus). Simplified
mathematical models were developed so as to furnish a basis for understand-
ing the phenomena and compariscn of different chambers and operating con-
ditions. Studies of the hydrodynamic stability disclosed that a "‘wide-gap"
chamber may be particnularly sensitive to axial temperature variations which
could be due to uneven heating or cooling. The matheratical model of the
separaticn process includes effects due to the axial velocity, electro-
osmoiic cross-flow and electrophoretic migration, all including the effects

of temperature dependent properties.
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INTRODUCTION

Hydrodynamics plays varied roles in the continuous flow electrophcresis
of small particles, in some situations the suspending fluid does little more
than carry particles through the apparatus, in others iie flow is so con-
voluted that electrophoretic separation is impossible. One of the complica-
ting factors is the role of buoyancy forces which can destabilize the flow
or establish an unfavorable, but steady laminar flow. To circumvent such
problems it has been suggested that the apparatus be operated in a micro-
gravity e vironment where, due to the reduced size of buoyancy forces, the
chamber could be made larger and field strength increased. Then populations
of large biological particles could be fractionated into narrow subpopula-
tions on the basis of unique surface characteristics which are reflected in
the electrophoretic mobility. Such an undertsking obviously requires careful
evaluations of many types. The purpose of this investigation is to furnish a
basis for understanding the hydrodynamic characteristics of the chamber and
their effects on the separation process. Particular emphasis is placed on
the role buoyancy plays in establishing the basic flow and affecting its
stability.

Work began on this project in February of 1977 with the objective of
assembling and evaluating current knowledge of the hydrodynamics of continuous
flow electrophoresis. Four tasks were speciiied for the one year contract

period:
(1) Cevelop models to describe the flow and temperature fields;

(2) Investigate the hydrodynamic stability of the flow field;
(3) Develop a model to predict electrophoretic separation efficiency;

(4) Review the SPAR apparatus and experiment.
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Work on these tasks is camplete insofar as it is covered by this
contract and results are described in this report. The studies begun
here continue under a separate NASA contract with Princeton University.
The main part of the report is divided into two parts: SUMMARIES AND
CONCLUSIONS, and DESCRIPTION OF RESULTS, where more detailed information

is set forth.
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SUMMARIES AND CONCLUSIONS

More detailed information on the various subjects is contained in the
DESCRIPTION OF RESULTS sections, here we simply summarize and discuss

conclusions.

Flow and Temperature Fields

The temperature field enters the problem because it alters the electro-
phoretic mobility of the particles and causes density contrasts which lead
to buoyancy driven flows. The non-uniform temperature .. cld itself derives
from heat effects associated with the electric field and current. Although
the field is three-dimensional, it is possible to simplify matters using
perturbation methods. For present purposes we sought to establish the edge
effects due to cooling through the side walls containing the electrodes
(cf. Figure lfi the effects of temperature dependent conductivities for heat
and electricity, and estimate time scales for thermal equilibration of the
chamber.

The edge effects were found to be substantial in that they extend into
the chamber for distances of 1-2 chamber thicknesses from each side. This
alters the mobility of particles in these regicns and has a dramatic effect
on the flow through buoyancy effects. It was also found that the effccts
of temperature dependent conductivities were substantial, the calculated
temperature rise being 70% larger for a wide-gap chamber (0.5 am thickf than
that calculated assuming constant properties. Although temperature relaxa-
tion times for the fluid are only 10-15 seconds for a narrow-gap chamber
(0.15 cm) 2-3 minutes are required to establish the steady field in a wide-

gap chamber.

* Representative dimensions, fluid properties, operating conditiors, etc., are
summarized on Table I, p. 72. A schematic diagram is on p. 7.
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For the flow field analytical solutions in two-dimensions were constructed

to investigate ways buoyancy could alter the axial flow and to study edge v

Y

effects. One-dimensional models were then developed to investigate the effects

of temperature dependent transport properties on the axial flow and electro-

osmotic cross flow. | :

Several conclusions can be drawn from this part of the study.

(a) It is necessary to include effects of temperature on transport
properties. Models which ignore this, or treat matters inconsistantly, can
be qualitatively and quantitatiiely misleading, especially with wide-gap
machines like the SPAR device. With narrow-gap machines operated with modest
field strengths (cf. Table 1) the use of 'average' values is satisfactory since
temperature variations are usually small,

(b) 1n wide-gap machines operating in a l-g environment the steady-state
axial velocity profile is unsatisfactory at modest field strengths insofar as
electrophoretic separations are concerred. An earlier study by Ostrach (using
a 'constant properties' one-dimensional model) identified a buoyancy-driven
feature which made downflow operation unsatisfactory. Edge effects and
alterations due to temperature depending properties accentuate the buoyancy
feature making matters worse. Upflow, which was once suggested as a means of
overcoming the difficulty, turns out to be only marginally better for the
cases studied. In downflow the difficulty arises from a recirculating eddy
in the center of the cnamber; in upflow two eddys appear, attached to the
front and rear cooling surfaces, and these restrict the area available for
separation. A micro-gravity enviromment would suppress or eliminate secondary
flows of this sort. Of course other means of eddy suppression ought not be

Tuled out.
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(c) Experiments at General Electric using the wide-gap SPAR apparatus
disclosed a meandering sample flow pattern thought to be evidence of the
structure noted in (b). Subsequent calculations made with the models de-
veloped here showed that the actual power levels were far lower than those
required according to the theory and thus the meandering flow must be due

to another process.

Hydrodynamic Stability

In an attempt to ascertain the cause of the meandering observed in the
General Electric experiments the stability of several chamber configurations
was examined. Attention focussed on buoyancy driven instabilities for
obvious reasons and investigations of other sorts of instability, e.g.,
those due to viscosity stratification or electrokinetic effects, etc., were
deferred. Three sorts of instability were investigated: the inception of
cellular motion due to heat generation in a quiescent layer, roll cells in
a buoyancy driven shear flow and the effect of an axial temperature gradient
on a fully developed flow. Critical temperature differences for the quiescent
layer or the shear flow are much larger than those present in the =xperiments.
For the vertical chamber with axial flow a new two-dimensional instability
was identified with an expecially low critical Rayleigh number. For con-
ditions characteristic of the SPAR machine the critical axial gradient is

(ca.) 0.5°C/cm.
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Further experimental work will be required to establish whether or not
the flow 'meandering' is a manifestation of the instability predicted by the
current theory. If it is, then a micro-gravity environment will provide a
means of avoiding it. Other types of instability mechanisms should also be

investigated, however, so as to provide a comprehensive picture.

Prediction of Electrophoretic Separator Performance

Jsing the flow and temperature fields described earlier, a mathematical
model of continuous electrophoretic separation was developed. The model (in
brief):

(a) Accept. as input data the dimensions of the chamber, operating
conditions and flowrates, transport properties of the buffer, location and
size of the sample injection tube, mobility distribution of the sample, zeta-
potential of the wall coating, mmber and size of the sa. .le outlet streams,

etc.

(b) Predicts the mobiiity distribution in each of the sample with-
drawcl streams.

Calculations were carried out using computer programs which have
been tested on "model systems'. Further refinements will be made under the

curvent NASA contract with Princeton. ORIGIN/ I, PAGH |

OF POOI’ QUALITY
SPAR Electrophoresis Experiment

Throughout the course of this investigation attention focussed on
understanding the behavior of wide-gap machines and predicting their per-
formance. We now have models of the flow and temperature fields and can

estimate the elec.rophoretic separation characteristics of a given device.

S e T - . —
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Although refinements will be necessary, the requisite 'first generation'
models now exist for interpreting results from SPAR (or other) experiments.

Furthermore, the effects of changes in process variables can be exanined so

as to optimize the separation.

Final Comments

Work begun during this program is being .rried on under a joint program
coordinated by Dr. R.S. Snyder of MSFC. These tasks include:

(a) Experimental studies (at MSFC) to ascertain the reason for flow
meandering in wide-gap machines at 1-g. This will serve to prove or disprove
the proposal that observed unsatisfactory operation is due to a buoyancy
driven instability and assist in developing ways to circumvent the problem.

) Case-studies with the flow and separation models developed here to
ascertain the ultimate (theoretical) capabilities of continuous flow devices.

{c) Theoretical work to extend the capabilities of the model, to develop
an understanding of three-dimension-1 effects and finite sample concentration,
and to investigate other hydrodynamic instabilities which could limit resolu-
tion. Establishing the limitations due to gravity and those arising from
other phenome.

Frequent observations of particle agglomeration and 'clumping' phenomena
with cells underscore the need for an investigation of effects due to particle
concentration. Recent theoretical studies (Batchelor, 1972) suggest substantial
changes in sedimentation velocity at particle concentrations of a few percent
but none ui the extant studies deal with electrokinetic effects present in
electrophoresis.

(d) The development of experimental techniques to test the model using
mixtures of well-characterized particles. This will include micro-gravity

experiments where appropriate




I X

oy

-12-

PSPPI

DESCRIPTION OF RESULTS

I. Flow and Temperature Fields

Introduction

Inside a continuous flow electrophoresis chamber of the sort depicted on
Figure 1 the temperature and velocity have a three-dimensional character.
, Cold buffer enters one end of the chamber and adjusts to the new geometry
; within a dictance, X, which is given roughly by the formula (Schlichtiag,
" 1960)

x = 0.16 Re d. (1)
e

Here d stands for the half-thickness and Re for the Reynolds numner, uod/vo;
Uy, is the mean axial velocity and Yo the kinematic viscosity. Since the
Reynolds number lies in the range 1-5, the entrance length is relatively

short and here the velocity field can be modelled as being fully developed

(viz. irdependent of x). As the buffer flow moves into the electrode region

heat is added (voluretrically) through the action ~f the electric field and

the associated current, so, to limit the temperature rise, the front and

back walls are kept cold. For reasons that will be explained later (in the
section on stability) the adjustment icugth for the temperature field can be
substantial. Thus, in the electrode region the three-dimensional nature of
the temperature field alters the structure of the velocity field through its
effects on density and viscosity. Another contributory factor is the electro-
osmotic cross-flcw caused by the action of the field on the thin layer of
charge in the fluic adjacent to the lateral boundaries. Although this

velocity is typically much smaller than the axial velocity, it has a ma)or

role in altering the electrophoretic separation processes.

ORIGINAL PAGE It
OF POCR QUALITY
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(i1) The axial variation of the temperature is slow.

fiii) The effect of temperature on thermal conductivity and electrical

These facts justify the use of perturbation methods to develop a description
of the temperature and velocity fields. First, because of (i), the velocity
field can be split into two parts, an axial flow field due to forced and
natural convection with a superimposed electrc-osmotic flow. Next, due to
the slow variation of the transport properties with axial position, (ii), the

velocity fields can be split into a fully-developed part (independent of x)

with

simple linear variation, (iii), makes the description of the temperature

field particularly simple.

-13-

The models developed here to describe the temperature and velocity fields
advantage of three facts:
(1) The magnitude of the electro-osmetic velocity, Wy is small com-

pared to u,-

conductivity is approximately linear over the temperature range of

interest: 0° - 35°C.

corrections added later to allow for axial structure. Finally, the

Separate parts of the sequel are devoted to:
A. Mathematical models for the structure of the temperature field

a. A two-dimensional model in which the effects of temperature

on thermal conductivity are suppressed. This provides a means
of evaluating edge-effects due to heat trans{er near the side
wall electrodes.

b. A one-dimensional model to evaluate effects of a temperature
dependent thermal condictivity.

c. A transient heat conduction model to estimate thermal

relaxation times.
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B. Models for the structure of the axial velocity field
a. A two-dimensional, constant properties model provides a means
of examining edge effects and buoyancy effects using thc
Boussinesq approximation.
b. A one-dimensional, variable properties model is the basis for
evaluating thermal effects and is ased in the separation model
described in Part III.

C. Models for the electro-osmotic cross-flow velocity

a. A one-dimensional, variable properties model provides a basis

for evaluating thermal effects and is used in the separation

model (Part III).

}r Temperature Field

S ° The equation for the conservation of thermal energy is

' 3T _ .. 2
Cpua—x* V-koT + o E2 (2)

The symbols are: Cp - volumetric heat capacity, k - themmal conductivity,
o - electrical conductivity, and EO - the electric field strength. Eo is
assumed to be a constant throughout the analysis. Both k and ¢ vary with

temperature in a linear fashion (see Figure 2) and so we write

Q
it

00(1 + 010) (3)

s
!

= ko(l + klo) (4)

where kO and o, are reference values evaluated at the wall temperature and

0 stands for a dimensionless temperature, i.e.,

ORIGINAL PAGE IS
OF POOR QUALITY
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Thermal conductivity and electric-l conductivity of the A-1 buffer.
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T= Tw + AT o (5)

The wall temperature is Tw and AT is a characteristic temperature difference.
If we transform to dimensionless variables with u, as the characteristic

velocity and d the characteristic length, then

30
Pe u X - v-[(1 + kle)ve] + 1+ ;0 (6)

= = 242
where Pe Cpuod/k0 and AT ooEod /ko.

Both k; and o, are less than unity: k1 is typically 0(10'2) while oy is
0(10'1), and so it is convenient to represent the temperature by means of a

perturbaticn series in kl’ viz.

0= 0(® 4100 v il 4 )
Substituting into (6) we generate a sequence of equations for e(°), 6(1),...
(0)
Pe u 9—% = \720(0) + 016(0) +1 (8)
200 20), o) (0) ()
Pe u —5x = v°e 4-019 + Ve(0 /ver) (9)

etc.

From equation (8) we deduce that in the thermal entrance region
ai(o)/ax is O(Peul) and varies exponentially. Viscosity and density also

depend on temperature so that a description of the temperature field to the
order implied by equations (8) and (9) would entail an expansion for the

axial velocity of the form

(@, M, . (10)

u=1u
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where u(o) is the constant properties solution, u(l) accounts for temperature
variations, etc. This expansion would be used to furnish complete velocity
fields for (8) and (9). Because of the complexity of the problem it has not
been practical here to attempt a solution which includes axial variations.
Instead we have suppressed the axial structure and developed a 'zero-order'
approximation with which we can assess the orders-of-magnitude of the thermal
effects. An investigation of the details of the axial structure of the

temperature and velocity fields is part of the work being done now under

another NASA contract.

Two-Dimensional, Conmstant Thermal Conductivity Model

The major features of the fully developed temperature field can be found
by solving equations (8) and (9), omitting the convective terms. The boundary
conditions are:

(1) 1isothermal side walls, 0 = 0O,at y = 1.

(i1) heat transfer through the side walls at z = *H modelled in terms of

a heat transfer coefficient, h, i.e.,

3 TIUED We IR SF
3z

TB stands for the coolant temperature. For the zero-order field we have,

in dimensionless fomm:

0=- 920, 016(0) +1
(11
(o)
0l =0,y =21, 2= pol®, 2=
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The Biot number, Bi, is heg/ko; H = h/d. For Bi = 0 the end walls are
perfectly insulating and the temperature field is one-dimensional. For
Bi + = the end walls are isothermal with O(o) = (0. Fourier transforms

were used to solve equation (11) and the solution is

2 . I
e(o)(y,z) == i [Ancosh Azt Bn]51n-7F 1+y) 12
where
_Bi (1+(-D" [ . Y -1
An = 2 5 (xn51nh an Bi cosh an)
n
g = LCD"
n 2
n)\n
2.2
2 2 T -
An 4 °1

Figures 3-6 display representative features ot the temperature fields

for narrow-gap and wide-gap chambers. Figures 3 and 5 are perspective views,

Figures 4 and 6 are sections. A noteworthy feature is that the effect of
side walls, shown on Figures 4 and 6, persists for a distance of 2-3 half
thicknesses into the chamber at each side. For the wide-gap chamber (0.5
an wide) this distance is (roughly) 0.75 an and for the narrow-gap chamber

(0.15 am wide), 0.45 an. Thus, due to the effect of temperature, particles

within these regions will have a different electrophoretic mobility from

those in the interior. In addition, buoyancy effects will be accentuated.

g 15
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FIGURE 3.

Perspective view of the temperatur: €ield for the narrow-gap chamber
cperating at conditions listed on Table I (uniform thermal conductivity).
Note: 2d = 0.15 am, 2h = 5 an. Eq. (12).
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Sections of the temperature field as shown in Figure 3.
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%& FIGURE 5.

E Perspective view of the temperature field for the wice-gap chamber
N operating at conditions listed on Table I (iniform thermal
conductivity). Note: 2d = 0.5 am, 2h = 5 am. Eq. (12).
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‘IGURE 6.

-

Sections of the temperatire field as shown in Figure 5.
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One-Dimensional, Variabie Thermal Conductivity Model

A one-dimensional temperature field corresponds to a very wide chamber,

H - =, or one with insulated end walls at z = tH. The zero-order field is

given by
MY
(0)’_1[&5 Y
L s (13)
L 1
Ni =0

2 (1) 2
40 4ol = 2L polop (14)
dy*~ dy?
Using Fourier transforms the solution is found to be ‘
9 [ -]
oWy =2 g msin [ F aw)] (1s)
1

where

2 2
£(m) = - S R . sn{(e(°)) }
n2-401/1r2

Sn{ (O(O))Z} = sine transform of (e(o) (y))z.

Temperature fields for narrow-gap and wide-gap chambers are shown on
Figure 7, along with that for constant thermal and electrical conductivities.

Figure 7 depicts matters ir. dimensionless form and it is seen that with the

wide gap the temperature rise is 1.7 times that expected with constant

properties at the conditions shown, for the A-1 buffer this is nearly 30°C.
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With the narrow-gap, the temperature rise is so small, about 1.5°C, that

variable-property effects are negligible. Here we also see (upon comparison

with Figure 5) that the influence of variable thermal conductivity serves to

alter the temperature rise. Accounting for the variable themmal conductivity
lowers this maximum by about 2°C for the wide-gap chamber at the conditions

shown.

-
v

,.
w et

Ore-Dimensional, Transient Response Model

i
- ;
IR x?
A

An estimate of the minimum time required to reach a steady thermal state

an

T
Y

E can be made using a transient thermal model which ignores convection, since
7

f it tends to increase the equilibration time by adding colder fluid and with-
-«
e drawing warm fluid from the region of interest. A rough estimate can be

found from the characteristic relaxation time scale, dz/ao. For the A-1
buffer o = 1.39 an?/s so that for a narrow-gap machine (d = 0.075 am) the
time scale is about 4 seconds; for the wide-gap machine the time-scale is

45 seconds. To attain a condition near the steady-state generally reqiires

4T .

<
5 . AP i

4 s . L e

A B I st aisiontis Bide et b FPo|

e, .

2-3 'relaxation times', as shown on Figures 8 and 9. Data for the graphs
were calculated using the solution to a transient heat conduction problem

with heat generation, viz.

e 30 _ 3%
o 3T ;)72-*']*‘01@ (16)
with o(t,-1) = 0, 0(0,y) = 0. The solution given by Carslaw and Jaeger (1959)

is

ORIGINAL PAGE 15
OF POOR QU

——— - . e A —

B = ' g 7) D S —— - T R r o ga l



-32-

s

P

FIGURE 8.
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Transient temperature response for a narrow-gap chamber (one-
. dimensional, constant thermal conductivity) (cf. Table I).

Eq. (17).
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Transient temperature response for a wide-gap chamber (one-

. dimensional, constant thermal conductivity) (cf. Table I). . -
L Eq. (17).
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o= 1 cos :1y ) %] . 16 ; (_l)n exp(+)cos[2n+1)ny/2]
91 [*® ™1 "o [40,- (2n+1)272] (2n+1]
() = [-(2n+1)2n2+01]r an

T = aot/4d2, y = y*/d

Obviously a more refined estimate couid be made by solving a two-dimensional
with convection included, however, the characteristic time for equilibration
would probably not change too much. Thus, in any experiment with wide-gap

machine at least 2-3 minutes should be allowed for thermal equilibration.

Axial Velocity Field

Equations to describe the axial velocity are derived from the Navier-

Stokes equations using an expansion described earlier

uy,2) = u@y,2) + vy, + ... (10)

The effects of buoyancy on the two-dimensional flow field are described in
the first part of this section. In the second, where the effects of the
lateral boundaries at z = iH are ignored, exact solutions are possible

which account fully for the effects of temperature on viscosity and buoyancy.
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Two-Dimensional, Comstant Transport Properties Modc'

The 0(1)-velocity is described by solutions to

0=-K+N, - NSO(O) + v2u(0) (18)

where K is a constant (dimensionless) axial pressure gradient;

N, = gd3/vc2) Re and N, = gd3BAT/vé Re, Re = du /v . The parameter N,

2
describes the magnitude of the buoyancy effect while (-K + NZ) is a constant
to be determined from the fact that the volumetric flowrate is independent
of the temperature rise, since the velocity is scaled using the mean

velocity, u,- Using Fourier Sine transforms we find

u® (y,2) = 2

g (n)sin 5 (1+y) (19)

O™ 8

with

_ nm . o
gs(n) =B nc:osh >+ \,ncosh A2t Dn

The coefficients Bn’ Cn’ and Dn ar. found from the relations

nnH .
Bn cosh 5 + Cncosh )hH + Dn =0

N:An

Ch = - N
K-N N n
p =-A —2 - + = -C1) 20)
n nznz n n Az
n

Finally (-K + Nz) is found from ..e requirement that

ul®) (v.z)ddr = 4H 1)

T
—
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FIGURE 10.

© e e o t—

Axial viloeay field for the narrow-gap chamber (cf. Table I).
The velocity is almost indistinguishable from the fully developed
parabola, 3(1- y2)/2 except near the side walls at - = +33.3.

Eq. (19).
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5
v FIGURE 11.
§ Perspective view of the axial velocity field for the wide-gap

' chamber (cf. Tabie I). Downflow at g = 980 an/s?. Eq. (19).
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FIGURE 12.
- . . :
4 Central sections of the field shown on Figure 11. Note weak upflow
v ] in center ana strong downflow along front and back cooling walls
5 and near side walls at z = =10.
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FIGURE 13.

Perspective view of the axial velocity field for the wide-gap chamber
(cf. Table I). Upflow at g = 980 cm/s?. Eq. (19).
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FIGURE 14.

Central sections of the field shown on Figure 13.

Note downflow

along front and rear cooling walls and near the side walls at

z = %10.
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Results of representative calculations are shown on Figures 10-14
Figure 10 shows that buoyancy has relatively little effect on a narrow-gap
chamber due to the excellent heat transfer. The maximum temperature rise
for this case is about 1°C. End effects due to the no-slip condition at
z = #1 are sumilar to those encountered with the temperature field.

With the wide-gap chamber dramatic effects are present at unit gravity.
Figur: 11 is a perspective view, Figure 12 shows the velocity across two
sections of the chamber with downflow. Here buoyancy causes regions of
reversed flow throughout a large part of the central section. With a
finite length chamber this implies that a large recirculating eddy would be
present in the central section and the chaml r would be difficult to use as
an electrophoretic separation device. If the flow is reversed, the re-
circulating eddy splits apart and is attached to the side walls, as is
shown on Figures 13 and 14. Since the recirculating regions are adjacent
to the side walls, the central section allows more-or-less free passage of

fluid and any sample. Of course, any sample that migrated into the eddy

structures would be difficult to recover.

One-Dimensional Veloeity Fields

Effects due to a temperature dependent viscosity and buoyancy can be
investigated easily using a one-dimensional model and, in fact, exact
solutions can be obtained. Since variations are confined to the y-direction

we have

] 4 & :
0 =K+ Nyp+ 'y @2)

with
u(zl) =0
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The solution is

1 1 Y,
uy) = - K | Dy on, [ 2 foarey, 23)
y Yy ©

with I” determined from the fact that the velocity scale is the mean

velocity . Thus

11 11 vy,
1o -x [ [Dagayen, [ [L[odyay.a (24)
= dyydy + Ny || 2 fedydydy (

oy oy o

Given expressions for the Jdimeasionless viscosity, and density, both scaled
on values evaluated at "M wall, it is a straightforward task to evaluate
the integrals. In the calculation a two-term expression was used for the
temperature, viz,

. o =00 4 kle(l) (7

For purposes of ~omparison we can evaluate the velocity field for

uniform viscosity and buoyancy. The temperature field is
cos N,y
o(©) (y) = l:—N'—os L, le =0, (13)

and the velocity works out to be

- 3N
N cos N,y |
311 2 1 1
*q[; 7(1)’) o) cos N Nl J @5)

For oy * 0 we recover an earlier result due to Ostrach (1976),
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N
u@ ) =3 ayd) - 3 Ay -5 (26)

It is important to note that the magnitude of the buoyancy effect as

compared to forced convection is contained in the dimensionless group N3, viz.

234
8 coEod
v U
00 0

Here B represents an average coefficient of thermal expansion, - p'l(ap/aT).
Thus, all other things being equal, going from a narrow-gap machine (2d =
0.15 cm) to a wide-gap machine (2d = 0.5 cm) alters the effect of gravity by
a factor of (10/3)“, roughly two orders-of-magnitude. It follows that
whereas gravity forces play minor roles with narrow-gap machines the situation
with wide-gap machi.:ies is quite the opposite. .
For |N3] << 1 the velocity differs very little from the familiar para-
bolic profile characteristic of forced convection. For )N3] >> 1 regions of
reverse flow are present as illustrated on Figures 15 and 16. Qualitatively
these profiles are similar to those derived from the two-dimensional model;
quantitatively, however, they differ in the magnitude of the maximum velocity,
which is higher here due to the effects of variable viscosity and buoyancy.
Note regions of reversed flow in the center for dcwnflow and adjacent to
side walls for upflow (see insets).
The recirculating eddy present in the downflow configuration at these
operating conditions renders this configuracion almost useless for electro-
phoretic separation. Even if the flow was steady, the sample stream would

be deflected towards the wall where electro-osmotic effects would be strong.
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FIGURE 15.

One-dimensional velocity field calculated with allowance for
variable viscosity and density (cf. Table 1). Downflow,
g = 980 am/s?. Eq. (23).
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FIGURE 16.
One-dimensional velocity "ield calculated with allowance for variable
viscosity and density (cf. Table [). Upfiow, g = 980 am/s?. Eq. (23},
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In the upflow configuration the eddys attached to the walls take up nearly
80% of the cross section and severely reduce the region available for sample
separation.

At the same time, however, it must be recognized that the calculations
presented here do not exhaust the set of configurations and operating con-
ditions. The recirculations, for example, can be changed by independent
control of the pressure gradient. Lowering the field strength has a dramatic
effect on the buoyancy, since the temperature rise is proportional to Eé, but
would necessitate an increase in the length of the chamber, etc. There are,
therefore, a number of cptions which remain to be investigated, the calcula-

tions given here simply illustrate the hydrodynamic phenomena.

Electro-osmotic Cross-flow Velocity Field

The presence of a thin layer of space charge adjacent to the bcundaries
in the y-z plane (cf. Figure 1) alorng with the transverse electric field
causes a well-known electro-osmotic flow (Shaw, 1969). In a parallel plate
system open to reservoirs at z = +H where H >> 1 the velocity profile would
appear to be flat up 1o a very small distance from the wall (a few multiples)
of the Debye thickness, K—l) where a rapid transiticn occurs tc accommodate

1

the no-slip condition. For most purposes the double-layer thickness, «

is so small that we can approximate the velocity just outside this layer

using one of the Smoluchowski equations,

WO = - ¢ Eog/u (27)

where w_ is the velocity in the z-direction, ¢, the dielectric constant,

Eo, the field strength and, g, the zeta-potential of the wall material in

”’w"--" . e T T TR
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contact with the solution in question. This apparent slip-velocity is of
the order of a few microns per second for a potential gradient of ore volt
per centimeter. When the flow is constrained by walls at z = *H the profile
is forced to be (roughly) parabolic so as to accommodate the condition c¢f no
net flow across the y-z plane. Alth.ugh this velocity is too slow to affect
the axial flow substantially the cross-flow interferes with any electro-
phoretic separation by stretching the sample cross section. To provide an
estimate of thermal effects and furnish a consistent representation of the
velocity field for use in the separations model a simpliried model is used.
In this model end effects are omitted except insofar as the w "is force

the flow to turn round as sketched in rigure 17. The electre-osmotic

velocity can be calculated from solutions to

IR (28)

The pressure gradient arises from the need to balance viscous forces outside
the double-layer so as to produce 2 field with no net flow. If we scale the
velocity using Wy and lengths using d, and write the viscosity as uou(e) to

account for the thermal effects we obtain

which can be integrated to
y
"1
W= K2 J TT"dyl -1 (30)
1
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The constant l\'z is found from the requirement that the net flow across any
cross section in the x-y plane be zero.

Although effects due to temperature dependent viscosity are relatively
small and change the velocity only about 10% in the wide-gap chamber, these

could be significant if one were modelling the separation of particles with

small mobility differences.
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FIGURE 17.

Electro-osmotic crossflow velocity: A - plan view showing recirculation
caused by end walls, B - velocity profile with constant viscosity,
(1 - 3y?)/2; C - velocity profile with wide-gap (cf. Table I).




-59-

VELOCITY, w

" o -~ Wovad S bR i N B

L o, B PP ,.Aw,

S A

|




-60-

II. HYDRODYNAMIC STABILITY

Introduction

During the early s .ges of development of the wide-gap machines large
scale, irregular convective mixing was observed during experiments with dye

tracers. One of the possible causes is the flow reversal caused by buoyancy

(see Part I and Ostrach, 1976). At that time, the absence of quantitative

data prevented a rest of this hypothesis. Later experiments at General

Electric by H. Semon (1977) provided additional data and disclosed a
persistent '"wavering' of the sample stream at low power inputs; higher

power levels caused irregular mixing. However, the power levels corresponded
to maximum (centerline) temperatures only a few degrees higher than the wall
(buffer) temperature, far below those which could produce the w-shaped pro-
files described in Par* I. According to the analysis in Section I the
dimensionless group gscoEgd“/vokouo must be 0(10%) or more for buoyancy to
alter the velocity profile significantly; in the General Electric exveriments
it was 0(1). Changes in the orientation of the flow relative to gravity .
changed the allowable power levels somewhat but irregular flow persisted at
voltage gradients necessary to give a significant electrophoretic separation.
It was decided, therefore, to investigate the hydrodynamic stability of the
flow.

Several sorts of phenomena are included under the general topic of

hydrodynamic stability: the inception of motion in an otherwise quiescent

system, the transition from one steady laminar flow to another and transition
from laminar to turbulent flow. To establish orders-of-magnitude theories for
the stability of a horizontal layer and of a shear flow were reviewed. As a
result it appears that neither of the buoyancy mechanisms involved 1 these
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two situations would be able to destabilize the flow.

P

: Previous work on the stability of stratified fluid layers has centered
on quiescent layers (cf. Chandrasekhar, 1961; Ostrach, 1964). This body of
literature was combed to locate reports of special significance to the problem
at hand which is distinguished by the combined processes of volumetric heat

generation and fluid motion. Sparrow, Goldstein and Jonsson (1964) studied

AT
L

the buoyancy driven instability of a quiescent, horizontal layer bowided
above and below by rigid walls and heated internally. Although a nonlinear
- profile does lower the critical temperature difference considevably, calcula-
3 tions based cn parameter values for the wide-gap chamber showed that the

: critical difference is about 10°C which is well above the valiues reported by
g General Electric for the horizontal (or vertical) configuration with flow.

i Allowance for the effect of temperature on the rate of heat generation
(which is not part of the Sparrow-Goldstein-Jonsson theory) may lower the

LI T critical temperature difference somewhat but an extension of this sort was
not attempted, since it seemed best to understand the behavior of the

; vertical configuration which would be used in electrophoretic separation.

oF Vest and Arpaci (1969) studied the stability of natural convection in

a vertical slot, where however, since the base flow is driven by an anti-
symmetric temperature, it is different from that in a continuous flow

electrophoresis chamber. The stability with respect to roll wav.s, orient=d

perpendicular to the main flow was examined and a critical Grashof mumber of

7880 was found for this sort of instability. In the General Electric experiment
the Grashof number based on the maximum centerline temperaturz is roughly 10

and, although the circumstances are quite dissimilar, it seems unlikely
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that the observed meandering derives from a shear instability of the sort
studied by Vest and Arpaci.

If the meandering and subscquent large scale convection are the result
of an instability, then it must be one where the critical Rayleigh mumber
is small. One possibility is that the instability derives from small arial
temperature gradients which result from uneven heating or cooling. In
addition the thermal region near the entrance to the electrode section ex-
tends over a region of several chamber half-thicknesses. This gradient can
be estimated from an earlier equation describing the balance between con-

vection, conduction and generation,

(o) 2_ (o)
agax DR RN (- 8)

Pe u(y) 1

ay?

for temperature-independent properties. This equation has solutions which
decay exponentially with :x and have the form

e-Ag x pe’! ¢ o)

n

The mode which has the smr.llest eigenvalue, An’ fixes the relaxation dis-
tance, Xq An estimate of the smallest eigenvaiue ca:.. be found from the
problem where the variable velocity u(y) is approximated by the (constant)
average velocity. A more exact calculation would refine this estimate but
would not change the order-of-magnitude. It is found that the distance over
which the temperature adjusts to the ohmic heating is approximately (Pe)(d).
For the wide-gap chamber operation at the conditions listed on Tatle I the
Peclet mmber is about 50. Thus, since the temperature rise here is over 30

degrees, axial gradients at the inlet (and outlet) are of the order of 1°C/am.
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Starility of a Fully Developea Flow with an Axial Terperature Grad. cont

The presence of cold fluid above warmer fluid (in the region above the
electrodes with the downflow configuration and in the electrode ''outlet"
region with upflow) is an unstable configuration. To study the stability
of the velocity and temperature fields they were modelled with a fully
developed axial flow in a rectangular channel. The basic temperature field
consists of an axial gradient of magnitude denoted by A, with late¢ral
variations due to the balance between heat generation and conduction

through the walls, i.e.,
T= Tw + Ax + ATo(y,z) (31)
If we scale lengths, velocities, etc., as before we obtain

Ra Gr

u .. 3p . . R _Gr 2

3T ax Nz(l BAT) PrRe X Re© " vau (32)

Prg—f+RérReu=v29+1 (33)
where

Gr = gBATd3/vg Grashof number

Ra = gBAd“/voao Rayleigh number
Re = uod/vo Reynolds number
Pr = vo/ao Prandtl number

with u = 0 = 0 cn boundaries at y = #1, z = #H.

L
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The mathematical problem is to identify conditions under which tempera-
ture and velocity fields other than the steady-state, symmetric forms exist.
In particular we ave interested in forms with an exponential time dependence,

e“t. The demarcation between stable and unstable flows is w = 0. Berause

of the linear structure of the equations we can show thst the imaginary part
of w, Im(w), is zero so that the so-called "exchange of stabilities'" principle
is satisfied and any disturbance will grow exponentizily. Thus, we simply
1ook for conditions where w = 0. The problem is decomposed into the sum of
the sieady parts u,0 and perturbations u and o.

This problem is very similar to one solved earlier by Ostrach (1955).

Here those results are extended to include two-dimensional effects and other

disturbance planforus. In the early work the instability was identified

i through a degeneracy in a base flow, now we see that the disturbances are

S R superimposed on a symmetric base flow.

For the disturbance flow, u, and temperature, O, we have

L

v = Ra u

c >

v

“y .
Paca DO e a4 2

(34)

=152
= Ra VI[y

where V%I stands for the two-dimensional Laplace operator,

u=o0-= 0 on the boundaries. One set of solutions will, of course, simply
be multiples of the symmetric (with respect to the x-z and x-y planes)
steady-state solutions. We are interested in anti-symmetric solutions,

which represent nc change in the volumetric flow rate through the y-z plane.

In general, the solutions to these equations can be written

Qme s QU ALI“




:l = Ul + Uz
where
iy = 2y
Vi, = - 2,
A% = Ra

The temperature is

-1/2
©=Ra

Solutions are
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u,),

u, = sin qz(A1 sinh Yy * Blcosh yly)

+ COS qz(A2 sinh Yyt Bzcosh yzy)

[\V]
n

qZ.’.)\Z

u, = sin qz(A3 sinh Yoy + B3 cosh yzy)

+ Cos qz(A.4 sinh Yoy + B4 cosh YZY)

2
Y2

L]

q2_A2

To satisfy the boundary conditions

"
Lons]
>

(1) sin gH

or

1}
[
>

(11) cos gH

The first condition, (i),

on the
= B2 = A= B4 =
= B1 =A; = B3 =
corresponds to a

(35)
(36)
(37)
(38)
walls at z = #H e.ther
0, q=nn/H; (39)
0, q= &1 (40)

disturbance that is anti-symmetric

with respect to the x-y plane with upflow on one side and downflow on the
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other. This form preserves the volumetric flow rate. The second

condition, (ii), describes a flow with the reguisite asymmetry if

B2 = B4 = 0.

Next, with (i), either B1 = B3 = 0 so that A3 = 0 and Y, = tins which

gives

ntad (1 + Y (41)

>
£
f

or A, = A, = 0 so that B; = 0 and = 1(2n - 1)7/2 which gives

= 24[(2n - 1)2/4 + n2/H2] " (42)

>
P
1

With (ii), A4 = 0 and y,= :inr so that

A% = % [n? o+ (2n-1)3/4H3]2 (43)

The mode with the lowest critical Rayleigh r.mber -orresponds to th.

velocity field

. Z Vv
ul = 8s1in l;:r CcOoSs 1‘2— (44)

with the critical Rayleigh number

_n H 42 (45
P.ac = '13- (1+ ) )

For the wide-gap chamber with dimensions noted on Table I, RaC = 6.58 and
with a narrow-gap, RaC = 6.11. Using data for water at 10°C the critical
temperature gradient is 0.5°C/cm for the wide-gap and 53°C/cm for the
narrow-gap chambers. These results agree qualitatively with experimental
observation in that they disclose a great deal of sensitivity to axial
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OF POOR QUALITY




-67-

temperature gradients for tlie wide-gap machine. With a narrow-gap it would
be rather difficult to achieve the axial gradie..ts large enough to excite

the instability.

Although this explanation is consistent with experimental findings for

N [P . 0 e ot ]
P S :
rd
.t A ———————— - TN IO

a vertical configuration, questions still remain with regard to .ilted or

horizontal configurations. These cases have not been analyzed in detail

. - g B B Y

but it is easy to shcw (mathematically) that buoyancy effects coupled with

an axial gradient will destr the unidirectional character of the flow.

-
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At present, however, neither experirental data or quantitative theoretical

i
i results are sufficient to assess this matter fully.
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1II. MODELING THE ELECTROPHORETIC SEFARATION IN CONTINUOUS FLOW
ELECTROPHORESIS

Introduction

We turn now to the task of describing how a sample with a particular
mobility distribution will be altered in its passage through a continuous
flow electrophoresis chamber. To provide a first approximation we have
chosen to base the model on one-dimensional approxinations to the various
flow and temperature fields and ignore, for the present, two-dimensianal
effects due to side walls at z = *h (except insofar as they cause the
electro-osmotic flow to recirculate). Consequently, the temperature and
velocity fields and the particle mobility are functions of y alone. This
procedure is accurate as long as d/h<< 1 and regions near the side walls
are ignored. The effect of the side walls requires much more extensive
analysis and remains to be done.

The model for separation is based on the fact that the velocity of a !
particle of a given mobility can be written as a superposition of an axial
velocity, u(y), and a transverse camponent made up of the electro osmotic
flow velocity, w(y) and the particle velocity due to electrophoresis,

vm(y). Thus for a particle of mobility, m, say, the velocity is

u(y) + k() + v, 0] (46)

>~y

I

and particles which enter with the sample at y ,z will exit aty =y,

1 2=z +LwWy) + vm(y)]/u(y). If we denote the mobility distribution as

;’ Nm(x,y,z] , to represent the mumber 4~ ity of particles with mobility, m,

i then "
u(y) ;ﬁ“— + W) + v 0] -:—Zi"- =0 (47)
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describes the fact that the particles are conserved. The number density at

a point x,y,z, is, therefore,

N,{0,y,z - x[w(y) + v, ()]/u(¥)}

and the problem is simply one of *'tracking".
To predict the mobility distributions at the exit from the separator
we suppose that there are a mmber of collector tubes of area (2d)(a) at the

outlet plane. The mobility distribution in a given collector is simply
z.+A
1

1
N> -A-J Nm(z)dz (48)

2.
1

d
J Np(L,y,z)u(y)dy
-d

JH u(y)dy
-d

Z
Vann!
N
N’

\

(49)

A camputer program was written to implement this scheme; representative

results are tabulated in Table II.

Outline of the Computation Method

The computation of the mobility distribution in the collection strcans
proceeds a: follows

Main Input Data are:

Cnamber dime sions (2d and Zh)

Electrode length (1)

Number of collection streams
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The program then evaluates the temperature field using Eqs. (7), (13) and

X

2 Electric field strength

b, 8 Buffer flowrate

8, SN

e M Buffer temperature

o N . . .

?‘3 Constarts in the linear equation for buffer electrical conductivity
0

) "y Constants in the linear equation for buffer thermal conductivity
f: . Buffer conductivities for heat and electricity at the wall temperature
My I

b Coating mobility at 20°C

é",i Mobility dictribution of sample at 20°C

‘3‘ Location and size of sample stream.

(15) and calculates the local values of density and viscosity using

ATE G s

.4
"ui .’A; o

8¢ J analytical formulas supplied. (Other relations can be used if necessary.)
?“ Then the local axial and electro-osmotic velocities are calculated using
‘: ‘ the appropriate equations for temperature dependent properties cited in
Part I, Eqs. (23) and (30). Finally, particles on the edge of the sample
j are tracked to the outlet, using mobilities which reflect the local

i temperature, and the mobility distribution for each collector calculated.
: Numerical output includes
; "g Temperature field

ﬁ Axial velocity field

Electro-osmotic velority field

o ¥ Mobility distribution for each collector.




T

*
1
[

e
i S

* el N
S

s

¥

e S !
L ES

-71-

Results of two representative calculations, one with a narrow-gap
chamber, the other with a wide-gap, are shown on Table II. General con-
ditions are as shown on Table I. The sample contained two types of particles
in equal amounts. Although both configurations show complete separation the
wide-gap configuration separates the sample into two widely spaced collectors;
the narrow-gap chamber barely separates the two fractions and if either
fraction contained a distribution of mob:.iities there would be overlap. It
was not possible to operate the wide-gap chamber model at 1-g without the
recirculating flows described in Part II - so gravity had to be suppressed
in the calculation.

These calculations are intended to be illustrative of the sorts of
results that can be obtained using the models derived here. Much more ex-
tensive calculations are required to establish the differences in the

separatory capabilities of various continuous flow devices.
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TABLE 1.

Farameters used in numerical calculations

Fluid Properties (A-1 Buffer)

Buffer Temperature 10 °C
Density 1.0 g/cm3
Viscosity 1.33 x 1072 g/cm-s
Thermal Conductivity 5.82 x 107° watts/cm-°C
Electrical Conductivity 6.9 x 107" (ohm-cm) ™
Coefficient of Expansion 8.62 x 10°° coy?
Thermal Conductivity Coefficient 2.58 x 107° cc)”?
Electrical Conductivity Coefficient 3.12 x 1072 oy
Chamber Parameters
Narrow-Gap Wide-Gap

Electric Field Strength, v/cm 70 70
Gravitational Constant  , cm/s2 980 980
Gap Distance (2d), am 0.15 0.5
Width (2h), om 5 5
Length, cm 16 10
Volumetric Flow, cm3/s 0.35 0.7
Average Velocity, am/s 0.467 0.28
ATr’ °C 3.17 35.2
Re 2.63 5.26
N, ORIGINAL PAGE IS 8.88 x 102 1.64 x 10"
N, OF POOR QUALITY 2.4 x 107} 4.98 4 1p!
k) 8.2 x 107° 9.1 x 1072
o 9.9 x 1072 1.1
* except where noted

- T s e . TSR T Ty T e
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TABLE 11

Red-Blood Cell Separation in Narrow-Gap and Wide -Gap Machines

To demonstrate the use of the separation model two runs were made at
conditions shown on Table I with samples made up of equal amounts of
particles ('red-blood cells') with mobilities of 2.15 ym-an/v-s (m=1) and
4.15 ym-an/v-s (m=2)(at 20°C).

Other conditions were:

Coating mobility 2.15 um-cm/v-s

Sample inlet size 0.05 am

Number of calectors 100

Locations of Separated Particles

Narrow-Gap Chamber

Champer # 1-1 14 15 16 17 18 19 20 21-100
) m=1 0 177 .590 .233 0 0 0 0 0
m=2 0 0 0 0 159 477 353 021 0

*
Wide-Gap Chamber

Chamber # 1-20 21 22 23 24-29 30 31 32 33-100
m=1 .043 .546 411 0 0 0 J 0
m=2 0 0 0 0 0 .282 .610 .108 0

® g = 0
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COMPUTER PROGRAMS

Four programs were written in FORTRAN IV:
ITEMP - the two-dimensional temperature field, Eq. (12).
VELO - the two-dimensional velocity field, Eq. (19)
TRANST - the transient temperature field, Eq. (17)
TEMP - the separation model.

Listings of these are given on the following pages.
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LEVEL 2 NALR
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NnoONn

NEITE (6,1)2)

102 FCRNAT (*0°',9X,'Y', 10X, " TEKP.KATURE")

LC &t 2=1,NY

41 RAXIE (€,103) YY(I),TINP(NL2TS,T)

€9/10/45

CALL PS.VUT (11,80,Y7,1Z%E,a¢l.5,4.,TIAL+1,5,2231,101,82,N1,¢C,
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e ~21396 SUN=SUN+ (AT*A2€A3*AR) ®3IN (h*X) 1270
. 3037 1 CONTINUE 128)
. 2198 0(J,1)=-2.+S08/P1 1290
< 0099 IP (J(J,I).LE.UNIN) UMIN=U(J,I) 1300
1N IF (v (J,1)-Go.UNAL) uMAY=D(J,I) 1310
J121 2¢ 2z Jy=2 1329
¢ 2112 35 YY (1) =y 1337
C 1349
€ 23C. Tn. VLICCI™ “TELD AS A 30aTau: VIZWED IN PLTSPICIIV.. 1552
| c icu
J1¢3 X=24NYPTS 137)
5174 "¢ o I=1, kY215 1363
¢ 3125 AzK-1 13v)
2108 T=2¢\2F1S 1499
0197 Lo SC J=1,4.P5S 1412
¢ 2108 L=i-1 1909
3109 5 (L, %)= (r PTSe =3, NYPIS*1-1) 1430
311 37 CCNTINUE Teed
( 21N MY2=SYETS=1 Tasg
U112 232N OTS-1 )
T113 K=,®NYFIS TV
( 1114 o 62 I=1,NYPTZ 1ic
1115 K=h-1 1459
Jite L0 62 J=1,M:H 1507
117 62 U (NZPTS-J,K)=0(MZPTS*J,K) 1519
11149 N2=2¢NZPTS-1 152)
2119 MY=28NYPTIS~1 1530
¢ 0120 £O 65 J=1,82 1540
- 2121 DO 65 I=1,BYR 15590
2122 05 (3, NYPTS=1)=U (J,NIPTS+1) 150)
¢ 3123 U1,1)=". 1577
: D12y g(NZ,1)=C. 158)
2128 J(1,31)=06. 153)
e 0126 J(NZ,NY)=D. 1000
2127 2==Lo-W 1%1)
01.8 ¢ 7Y J=1,82 1029
[ § 2129 222402 1050
2130 2. Ze (J) =22 1L 49
SEER 1=-0¥-1. 1650
{ 7132 cC 8) I=1,RY 1662
0133 1=Y+0Y 107)
( Pk 1] ar YY (I})=Y ooy

- - e i e, DT v g™ s ™ "
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PORTRAN IV o LiVEL 20

2135
0136
9137
0138
0139
0140
J1u1
Jtu2
3133
U144
Jds

2146
0147

—rew =

WRI1E (b,127)
4RITZ (0,130)
£C 4" I=1,82
80 WRITE (o,140)
dFIT: (6,160)
daiT: (6,130)
2C 9) I=1,NY
9u AFITE (6,140)
JUIN=T1. 18I
UNAX=1.1%04AX
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BAIN

2Z (1) U(1,MYPTS)

YY (I),.0(N2ZPIS,1)

CATE = 7611)

)9/ 2+

CALL FERVUZ(M1,20,¥T,0,0¢.5,3.,3.,2)1, 101,02,0Y,),1),J,Un 10, 0MAX,

X 0,0,009¢,9%,=1, 14, VELCCITY F12LD*)
996 SICP
END
PR S— PV O — -

1690
179)
1710
1720
1730
174)
1753
1769
17740
1782
1794
1999
181
82)
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MALIN CATE = TE104 15/00 /00

COSS0S PSS LELBSL2 0308580008388 C00S0888880C¢583884853CSSEEESSESEEBISSSEBaS

TRANSM] CITEEMINZIS THE AVERAGZ TEMPERATUZE AND CENTER T.*FfiATUac Cf
THE ELECTRCPH.RESIS CHAMNEL AS PUNCTICNS OF TIME.

= THI DIRLMSICNLESS TINE IC WbICE TZAFEBRATOa: 135 LVALUA ol

NTXFNS - THE NUMBeds OF TeB4S TANEN PCP TAU = 0 IN Thz SialfS Fun
TINFebAIUnE. FO3 TAJ GBZATEs IitAd ZZIRO, 1ui budBsd e 13..

TAKZD IS CCMIACLLEL 2Y Mibdlia.

SEL DI EE0 0SSOSR EDOSBSRBES PSS ECNEUEVOEEESOISEERSEOEXRSSICIESEEBEEEESS

THE FEZJINZD adFLS
TATA 1S IICTZLC IN ThF CUTEDT CF THE EBCGPAZ: ALL Tafl 1dedl VAFLADLLS
SELF-2XP’ NATCPY RXCEFT THE PCLLChIbG-

vely
N

NPER]
)Ja4)
VIR
wuo)
.a1)
Jid)
NTWFN ]
vw1d9
1)
PR P
A R
[ '™
157
vlod
217¢
[V R
N
vl
velu
[V
Led?
\!‘5\)
Tev
\4-7\j
N
ve S
3.
VJ‘\:
(SR
.2 )
P
v 382
vt s
«37.
Y
Vo9
I
v 10
Cdg)
PEEN
e
L)
Jue )
el
FL Y]
FE
c -

--
310
2)
- 3
.2
Lle

ez’

cce LITOMIICS CTE®R(1CCY)
233 TIZEMNSICM AVIENE(1201)
( 9303 DIM:NSITN T (10C1)
I LISENSacM TIN2(1030)
3395 CI3eMSich NONZzB(1001)
( 3lce 12 FCR2AT (TE1).3)
9297 102 SCReAT (21%,:812.3)
e 113 5Civa1 ( 131)
( £Ca9 104 FUFtAT (PC', "THEFZAL CUMULTLIVITY =', 180004, 14, "waAlosS 020", 24,
1 VILNSITY =, VFET13e2, Tae o/l v e, '35 0IFIC noAT =%, 121104
X WX, PCAL/C=G"/ 0 P e LECTFIC COMILSTIVIZY =%, 1P e &, 1X,
( X C/LENACNY L 20, FIRLL SicodoTd =0, 12100, MK,V N /000,
X VAALY TIFETE -%,12310.3,1%,°CY yca,cJFEo TLaP. =, 12Flu.y
. X e Vh,
( x lcl)
121 1)5 TCHYAT ("9, *NUNTAJ =',17,.a,"NTE243 =29,.7,24,'515240 =, 1::815..,
X ZX,'CTAY =", 1BE1C.D)
8 AORR 1)o SCLral (*3',04,*SECCNISY, 9, *AVIIAE~CY, b4, 'L II~C")
SRR 107 FCiva1 (* Y
213 1)b FC5¥AT (2(24,1EE14.6))
¢ 0314 AEAL (5,101) T.CUNLC,CEMSIY,S52nT,ELCUND,I0,Ll2Tl,TBULF
2315 BEAL (5,102) WUB1au,NTEEMS,SIGAAY,CTAU
] 0016 4RITE (6,1C3)
L 2NN 4RIT: (6,1)4) THCCND,CEINSTY,SPLT,ELCCNE, ¢J,02ZPTH,TBUFE
818 aFITE (0, 105) NUPTAU,BTESNS,SIG9a1,0TAY
£319 FN1=SIG®A19#).5
t 09021 CSNECLS (FNT;
J02° 2123, 1415920
rg22 Az (1, /C3M~1.) /SicHAD
¢ 0323 E=TAM(ENY) EN1/S1GNAT-1. /SIGHAT
Cco24 LTAUZCIAL, (AU¥TAL=-1)
C
& € CCYEUT: THE TINL AND TEXPFRATURE SCALES P3Ca To€ DIENSACMLL LiNFUT vanaao
c
625 TMESCI=ELCCNC®EQ®E)® CRETH#DIETH,/ THCCHRD
' 0026 TI50i=4®l ;Fin®s PThOLLNSTY®SPHI, TUCCNI* G, ToU
C
l C NUMNCES SE:UIFIES The NU*BES CP Te595 TAREN 4N Tnr SCRIES FUa ShaFshAsUhe,viou
[ o Bl e et SEPISICMEIR A M S AR Y STgE S TSy et T
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0027
J028
.29
0J30
3331
0332

0323
Vo34
238
0936
92317
0038
CL39
0J40
oy |
072
2343
Qo<4
cous
GUUE
Y47
Jdlby
Coug
vCsy

2351
v952
0res
0J54
2285
J<So
3357
00538
0259
0060

2361
2J¢2
363
00¢u
)65

C PCh 1aJ GRcATEP THabd ZEKO,

C
C

C
C
C
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HAlM DAIZ = 78104

UNIZRFLCR NAY CCCUG.

7

Bi=Al
LcC s
b
Ta
Y}
NUNLE

TAL=~
e 7
1A
ald
LS

PTAU-Y

J=1,20

Je1

L=(1-1) $LTAU

STEF (1) =.5% ((16./7aU) **.5-1.)
F(1)=NTEFYS

LIAU

JTAU=1, NUMTAU
J=TAU+CTIAD
Su¥=0.

ur=C.

R1=1¢NUNCER (JTAU)

Lo

6 3=1,81

Azp=1

TR=2%N¢

INZ=TNeTN

cA"EXP ((~INCSII®EI®4, *S1IGNAT)*74 )
L= (.85 1GAAT-IN2%PI®p])
AVSUP=AVSUR+_L/TN2/T
LOUr=CSUMSLX® (-1, )*®X/L/TN

AVIINE(JiIAU)2p* 3. sidi/E1I%AVEIR

aV
Ca

(84

1P (JLAU) ST SUEF +TEPSCLi®*aVIZNF{ITAv)
INF(JIAI A+ lu. /PI*LSUN
SAP (JTAY =TLUFF¢TNESCISCTe 4 (JTAY)

15/70/5¢C

I? BOSE 1HAW NdsSie TEPNS ALL Qak:i, larbiacal

FiioT A%e PLCI (ll&ciuen LFIP5) THo 12McEXATuSL AS a FUNCTALW oP Tlc:.

5

b ¢
X

129%3
LR &
TAG=~
£EC 3
Th
Iy ]
I
wR
sx=7.
CALL

CALL
cale
Call
3TCP
ML

(6,17°6)
t6, 1L
CIAY
K=1,MCUTAU
v2TAU+TIAU
=Tas®*T14SCL
B (r)=Ta
IT2 (€,108) TIME(K) ,aVIE®P (K) ,CTEYE ()
)
CPIEST1(TIN2,CTEAF,NORTAU,01,5X,
S(TCEZLAXATICN'Y) ", ),  (*'SECSNLS '), N
"' L:G0R:ES CENTIGRALe'')',w)
CEIFS2(IIMEL,AVILNP,NUNTAJ,)Y)
LFIPSI(3es5.020' ("*AVIBAGEY?)",0)
sFIeS3(3007e5,2, ("CENMERY) Y, D)

4

2371
Jhad
4594
Lol
volv
el
voad
To4”
LD
b6y
wold
)
unIy
wlJ2
vl
472)
(W ER
74

77s.
J1r)
173
7oV
TN
[N VY
vol.,
3¢l
FEEW
w4 )
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T
.c?
Lvood
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vred
JatY)
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SAIN CATE = 78134 15/C1/24

< . T
C c.to‘oto..o.ot.cta.o.‘c-t.t.-ctctottaoantottctttot‘o.‘.aocoa‘aautooc.ttttU~:n
C & T:i%p EVAIJATES AS FUMCTIONS CP Y THE Tc8FZedTURe PHOPILE SN[ X- awd Jil.
C & 2= LIEZICTICN VZLLCI1Y PEROPILIS PCP AN ZL.CTaCPLO8ISIS CELL 4iTu dedl Ve
C & CONLUCTICN IN THE Y-CIRBCTICH. AT ALSCO dAGiilS FARTICLe S PAnaTlIlb fun 4494
C ® AN INFUT STHEAM® OF GIVEN SIZE, LGUATION ANL MOBILITY 2i3lsiluTICA. Jit)
C ® TIHP'RE AKE 18C SULoFOUTINES~ SiM25, Vhl(d FZRPOFNS INIEZSaaTlol LY L1708
C & 512,5CN*'S PJULE, AMS TENME, WHICA CCArUTES 1de TEMPEAALIUsE F1l:lC. Py e
C & AMCNG THI INPUT VARIABLES ABE-- FIVEY
¢ = A7
c » 11y
c s “VEL ~d8UNEed CF FCINTS AT 4dHACH iHE VELOCITY i35 iVasldal:ze vlgu
C NVI1 PUST EE CC2 135
[o NLOL =20k durd3EF CF COLLECICFE UMIIS vial
C s aPLCL -ThHe NOMOER CF FCINIS Ih zatcH COLLECICR J18)
c = -NPCOL BOST EE ODL Cleu
C s Ny -~THE NUMLEE CP FOIN1IS TAKEN IN THE MCEILITY “IST. A7,
c ¢ FeCgl =A3aAY JEFRESINTING MO33ILiLlcS iz
[ boud -NUNMdtR CF TXh4S TARIN IN Ine JaFINITRE Stolizo FUS un: 1.
cC FIlaST valin Ti¥elaATdas Fable L2
[ FacEL ~AnFAY Se2riSENTIMS THI MCLILLiIES val:
c * M3l AT BAY BPIPAFSINIIAG TU™ “CLUALITY COMIIANTcaATilME. caa
( S085 0SS SES0TRTSLIESSBRUNEPRNEOPRARsEIERENORICREPEBERIBIIRRIERERFBNEs [ )
C Lewy
C el
C e
JIN CIALNSICY T(o230, ke (adC1) ,TA0(10DT) g Fuaul (1)U, , 31 (10, ,u1(5.1) tald
: 12301, U(5C ) ,a (5o YL (Sul) (D), 2800 (210), =2
Iy ATV s LES (10 0) L,SF2(1Y 1) A0 (1Y) )39 (120, LT
A ENCAS(ICIY, ERYV
X FMCOT{ 9.4 FMNCLLYL 97 o222 L (1731) ot
10352 tral Buc >0 P
C Voo
2353 131 iCErAT (519) s3e)
Nl 102 SCHRYAT (4D 1C.3) vaty
veuvt 102 587 AT (SE1Ce 3) L)
L2z 124 FIEMAT (4T1(.3) 379
¢la? 105 ECRYeT (4:10.3) MER IV
v.23 1J6 SCLYAT (2E1).3) EL N
0309 110 FCRIAT (*1°,*INTEGER INPOT VARIALLES') Je))
¢n10 117 FCH%AT (' °*,"NVEL =*,15,2X,*NCLL ~*,15,2X,'MPCCL ~*,15,2X, PUR Y
. YA® -9, 15,2X,'NE0E ~0,19) vl
311 114 FCasaT ('C',* '/'U',YEJFTER ERCPERIIIS (LOMNSTAND)Y) ooy
IN2 113 SCTJAT (' ','VISLGCOLI1Y ="', 1PL1)e 2,1, '3N/CN=S" ,2X,*LzN51Ty -1, e
1IeL1C.2,1X,°69/LC* X, idlFNAL CONDUCTLIVITY ="', 1F:1).., vety
X T, *WATITS/L8-C /" BLECTIIIC CONLDULTIVITIY =*,12810,2, L4uU
. 1X, ' /Ca%=-C8") NERN
{ L3213 114 FCESAT ('7'," ','5e, N
X YLUPFES PhCPLRITIES (ToMPrhATUFE VAFYINL, SIMLMNIICH_LLS)} Y, Je.u
118 SCEPAT (*L','IFIGN. CUND.', 64, LICT. CudDat) “ie
1o FCAR%AT (' *,°'FKPY =',1PE1),3,2X,'rS10 >*,1P21).3) 15 1)
117 FCAUVAT (' ', 'PRE¢ =, 12E1C.3,4X,°652F =, 1:010.3) .
1938 SCRMAT ('J*',* ',%)*,*CHABMEER CINENSICNSY) )5 3)
119 FCaYaAT (' *,'WILTh ="', 1PFTUZ,Ma,°C4' 2%, LinuTh =, 15000.4, 14, AN
X YOPY 24, WEETL -, 1P, 2,1, 'CmY) 55
100 FORMAT ('1°,2X,*MCLILITY (MICRUN3=CY/VCil-5;"%,2d,"COLLECTCa’, <K, .20y

- o DA, S ... IR TR B
TR R T Bt R
LRI e RE
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p FCATRAM IV & LEVEL 21 ALK CALEZ = 78104 15701/ 34
X "NCEYLITY LLNSITYY) ’57)
] 121 3CA3a% (' 'L 1Ee10.2,203,18£10.2) $h¢d
[ 4 o221 122 FCR®AT (*J%," ',%)%,'ELECT:iC FIZLL STA2NGIH -*,I10.2,1X,¥/CH', 2 4594
x LYEJFPER TENPERATUBE =*,:210.2,14,'C', 24, "EUPFCa PLCs DAT: = Jeud
X CLE19,2,1X,'0C0 5%,/ Y, CCATING MCEILITY =°,51).2,1%4, ITSE!
¢ 1 *¥1CoCAS-CH/V-5) ve20
3322 123 SCEMAT (*1',24,°'MCOILITY (MJCACHS-CN/VCLTI=S5) ', 2K, MU5ILalY DInSaud wui”
Xt) whl ]
 § €23 124 FOSYAT (*)',2X,°Y (CH)*, Vi, TeN_ERALJRE (C)*,0%X,°8 [-%/5,%,684, Dy
X Wo{CEs3)Y) veed
9424 125 FCEmAT ( * ° BT
 { 0325 12€ 2CEAAT (' ', PS.3,35(3X,18E14.6) Y00
)20 127 PCAMAT (' *,9h,2714.4,11%,15,3X,E%.4) Y
33417 12t 7CE3AT (*'Q°,'DARIICLES CF *OSILTY', 16Z14.2,2K, W7
¢ F; 'LC31 TRCY INITIAL PCSlilCh { =%,214.5) R
0028 12% PC3NAT (* ','Y1 =Y, E14.5,2X,'21 =*,214.5,24, 'R ="', E14.5) % I
3029 13) FCEMAT (15) L7
[ ¢ 0030 131 POXIAT (1E10.3) )"
3 132 TCa%AT (' ', 'GRAVITAILCMAL FIZLD STEINGIa =',T1u.5,°C%/o%%,", o7
Ju32 133 TCT¥aT (0%, OSASFLE IM:zT LCoaliCN a8e 212z%° *,*Cuualildal.s 1 e
( X VL4, 2K, ET0e 3,2k, =" J14,28,E 003,24, " SANPLL facldS * 170
X vck,t1).3) EW
5333 134 TCEYAT (*0',2K, %', 64,9 TEF chaldin®, Tud,'J',154,%" NN
( GJ3d 135 cC2MA1 (*1Y) wil
. ey
2015 SEAL (5,101 MVai,bhCul,NEUCL,D3,NSUA e
( 1736 FeAD (5,132, 9SE1,rSP2,ERF1,7Kel vodd
9537 AFAL {5,153) ELCUNL,ThUCNE sau)
- 153e IEAL (5,104) CTLTn,LEf%a,XLose ot
1 4 Jt29 IIAZ (%,104) Yi,.1,0 Ji0)
r a0 SIAL 18,12%) EN,I2Uri,.T4C3L,. cJFF cord
Joal ILAD (3,131) GFRAV 120
t ry2 FIAL (3,10€) (£.CoL(a), ENACBL (1) 3=, vewd
" v 3)
C FUR N
( C IVaLUAT: Tce2PEfnTiRe FLELL AS ARmas i= 3iViS lo2PoaaTUel T MIi12 Pradad  cyol
C F:CY 1=, 5C Y=1. 23
C wvi
( ok NCE=2%LVEL-1 35"
004y M ESE=C®NCE~ uyeJ
IS ISCAlE=ELCCNDSEJSEO#DEETR#DEPTH/THCONL /4. (970
( 2046 T1=TEUFP J9n)
1247 (2211892 LGu"
2048 [3=71%93 100)
( 0Juy CEiN3IY20.378213/ (Te=(Jo J042a=)5) €T 1+(3.54552-26) 212~ (b.T>2=)d) i) 131
2059 AALL TINE{MIINE,ndUP,FSEV,EK?1,T) 192
< 1032
¢ € FVALUAT® DENSITY AT EACH TT*PEZRATURE POINT~ ARBAY RHO 6o
C 1.%5)
3301 C3E0T).9%64)3 /00 NSTY 1.6
4 0352 20 i I=1,NTERD 1)7)
t2e3 ST=TAUFE+TSLALT®L (I) 1u0°
. ud54 ITz= ;T8 182
' 3395 F13sE1003 1,
° 325 FHC (1) 3CadC/ {1e= (. COUZE~5) #FT# (1 5055c-0) *FT2=-(0.Ty_~b) ¢712) 111y
d 1357 2 CONTIMT 11,
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00
( 0060
8361
0062
{ 363
J064
3065
( 0066
€367
0068
( 2269
ao;o
0071
' ¢ 0n72
£373
£oTy
¢ 2075
C.76
2077
{ £378
9379
2249
( 4381
)62
., J0u3
t T
UJ8es
~ )86
t 93817

¢ ~348
059
0090
! 0¢s1
0992
0093
£394
3095
2396
( 287

) 30538
0099
J102

c
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cVAaLUATE VISCOSITY AT EVERY CTHEb TZEPZ:ATURE 2UlaT= anbldY F4J

3

(98 501
=L
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CCMEULS Y/5NU INIZGeAL AS AZaAY BIZ2nZSEINTING X/FNU Qidlogadil?
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Y3 HAIM

J==1
AKG =TEUFP~-20.
ARG=3.00067/(1.+C.J3C382%ARG)
AFG=-7.60354A5G
2UC=EXF (ARG)
N0 1=),)J)3937
CINCGEL=CTNCBL®MUI/MUD
VISC=NUD
LC 3 I=1,KlF

J=Je2
ARG=TSCALEST (J) *TSUFF-20.
A35=23.0))07/7(1.¢).00828A5G)
ABG==7,6L395+AEG
P8O (I)=EXP (ARG) /800
CCANTINDE
WEITE (6,11))
SEITE (6,111) NVRL,ANCCL,aPCCL, 4,054
ARITE (4,112)
2RITF (6,113) VISC,LibdSTY,1HCUNL,ZLCCND
WRITS (b,114)
«FlTZ (5,115)
WRIT:Z (Be116) TaP1,F3E1
dFilZ (6,117) FKEe,F3FL
WFLZF (6,118)
45112 (b,115) aill1H,4LLCNG,CZEIn
wBIlZ (A, 122) Z2,7 ler,celrrf,CcTACSL
RFlTT (0,129) Y1,21,3d
ARIT: (H,122) GEaAV
WEITE (6,123)
4BIIE (6,141) (£aCol(l),ENAvel (1) ,1=1,34,

FITZ CENSITY IRGUEIGRaw AS AFEAY FohCl J2Bra2sldTING oiislld

IC Zv:nY CTuld CLMSITY=1E=PeuATURE ¢CINI

LY==t/ (N TE3P~1,)
FRHUL (1) 5C.
=1
A2=3
LC 4 I=2,NL?
AzTY® (adC (N1} ¢4 %cHOC (NV# 1) el (NS, ) /de
A1=)2
w2z N2+42
FBBCI(I)=A+FRHCI(I-1)
CCNIIMUE

CATE = 791 4

10/ 31/ 5

Foca 4By

2dlT0anter 20

.

LVEFY CTHES ¢1SCCSITY PCIMT (Toee, EVERY FOUBTE Dib3IX¥=Tedbroantov®. Fuawl

FLF

ST TVALUAL: Y/EBU AS ARIAY 51,

SY=l./ (HTE-1.)
S1(1) =,
LC 5 I=2,MP

- I ————— 2 ettt i) P P TP
b A wL "
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FCATBAN IV

0101
€102
0123
010u
2105
0106
01¢?
U Y08
J19
V110
o111
0112

0113
24
J115
2116
c117
0112
2119
3120
3121
Ji22
c123
0124
0128

Ci26
vi27
128

G129
0130
G131
0132
€133
DR KT
v135
0136

%137
138
3159
0140
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LEVEL 21 BALY ~aTE = 78104 15731/ 3

I=rys (1-1) o)
S1I)=1/030(1) 1769
S CCAMTINUE 17
0t(1)=L. 172)
Kl=1 1734
Ng=3 174)
EC 6 i=2,MVEL 1744
A=TYS (S1(N1) va . eS1(N1eT)e51(a2)) 3. 17¢d

N1=42 177
N2=h1e2 1709
U1{I)=A¢d1(I-1) 1742
6 CCRIISUE 1240
(o toly
C EVALOATT PFRACI/ZFMU AS ARRAY 02 acPRiSaNTIle FoalCl/PY0 1uTevidlle Fovs t=2ulody
C LVERY OTHEF VISCCSITY PCINT. FIAST EVALUALL FRAEQL/eSU Ao anail o1, 113)
C ’ love
St{1)=C. 185v
£LC 7 1=2,M0F oo
S1({I)=PEHCI (I, /FRU(I) 1-70

7 CCNTINUE | PV
Jz(1)=C. 1h:)
LR ER) Tv.7
Ne=Nleg 1+1,
[C 3 I=2,MVEL | P
ASTY® (ST (Ni1) *u 851 (N1e1)+ST1(N2)) /3. 1V ae
Ni=p2 IFL
Ne=N142 12,0
JZ(I)=A+U2(1-1) 19 )
E CCMINLE 127,
[& T
C CHERANGE J1 ASE U2 PRLM IRTEGOALS TAK:Ew 35r(2 oL3U 10 f oG luil® Lol da aullxas.
C VELCCITY ZXFRESSaCh- TALEM FRCY Y IC 1. ediy
C .
£TC 11 I=1,0VEL PRV
GV (I)=u1(NVIL) - 1(1) - 133

11 w2 (L)=02(NVTL) ~Uc(l) e84
C Sdse
C IVAlUAIE THE CONSTAM FK SY INTTGIATING =Fr&J1 ¢ 5.%52 baue 127 10 a®) -
¢ ASL SEITING FESULT EQUAL TC CAi. Py
C dJe?
CY=1./(NVEL-1.) &v9d
¥1=1 ~1))
CALL STMES(DY,U1,MI,8VIL,R1Y) J11)
CALL SI®PS (LY, Us,h1,0Vcl,a2) S P
FNU=VISC/LLNSTY P P
USCALLsQBUZF/NILTU/LEPTE . =t
PE2=GAAVODIRTHPLIeTH /P NU/0SCALL/Z4.? «15u
Ek= (= T.ePh2%2) /A1 ey

C ~17.
C EVALUATIT Th: AL VILCCl1Y P
C - V)
usgns=). fe o
CC 9 I=1,NVEL PRl
JI)==FKoUT (1) +EN2%02(]) Led

3 USUs=ysum+ 0 (1) 2030

C dot
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FOBTAAN IV ¢ LEVEL <1 YAIN LaTi = 7T£104 15/317 a4
C COCSEUTF TUE ELECTRGUS®OTIC (Z-CIRECTIICYN) VILOMATYe THAS aks 1T Buen o aiuld
C SU MLRLLY USE INTEGAATED U1 TC LEIEZENIRE CUnSTANY, ABL Taldh SJ1T70Ac. Y. Latw
C e
0t41 dSCALE=(TNCBI®ECe,.(CO Lt
C142 Fr23=1,/A1 eV,
0‘“3 .50530. PRI
0144 J==1 o311
0145 IC 1s 1=1,3VEL edav
016 Jeje s e33)
0147 CECRL(I)=J.0™N10rUT/ (MUCSPND (J)) PR
0148 Wil)=-PK2%01(1)-1. w253
J148 12 aSuN=kSUB+N (1) 3
C P
C D5INT QEA7:&enTJRE AKD U= ANT b= VELCCITY FLILDS AT Vawdls L0 1 cilewdetaiooc .,
C TC IBE VEICCITY PClAIS. edIV
C PEIAA
015¢C LY=1./ (NVEL-1) PO I
0151 #R1TF (6,13%) R
J152 dRITZ (b,134) PEEN
d183 WRITE (6,12%) e )
S1%4 tC 3Y i=1,NVEL el
21585 1zLYs (i-1) Sats)
~156 Jel+ (l-1) %y iy
0157 3¢ WRITE (€,126) Y,Z(J),U0(1) ¥ (1) iy
158 CYSLIDEETE 2. .
J 1%y aR3T% (6,135) an s
3162 «F1le (b,V24) EPR]
1161 SRITF (0,12%) —as
3162 ¢ 1) [=1,NVEIL casd
0163 Y‘E!‘(I‘U -
Jlou J=1¢ (I=1) =4 e
J oS U(I)=U(1)*USCALZ -t
J1606 L(l)=d(1)*eSCALZ )
0167 1{J)=T(J;*ISCALE+TEURF PEE AN
<168 1. wEITE {0,126) 1,1(J),3(1),343) PSP
C RN
C auwl:
J1€9 J=c®MVEL cvev
179 <0 14 I=1,NVEL et d)
21N J=J-~1 b=y
0172 CNOEL (J)=CBOBL (MVEL+1~]) «udv
J173 U(J)=0 (NVFL41-T) PR
2174 14 a(J)=a{MWELel=]) -t
3175 WVELA=AVTL=) KEg
3176 -C 15 I=1,hvELY -t
Mmn CMCOL (NVEL=0) SCROBL (RVEL+I) wle
3178 UD(NVEL=T)=l (NVEL*3Z) <1y
8179 15 e (NVEL=-I)=a (MVILl¢]) ala?
J160 NVs/eNYVEL=) s
s1g YZsLeElh/2. T
0182 Y==-;L-L1% RPN
2183 EC 16 i=1, NV T
01d4 i{=YeLY i
185 1Y (I)=Y cle.
J186 16 CCNTIMUE PREED]



ECRTERAN IV

J187
0188
0189
019¢
01919
0192
0193
2194
019§
196

0197
0138
0199
$29)
2e0
0232
Pk

J204
3225
0206
207
0208
289
w216
0211
n212
0213
1214
0215
Q216

6217
DPATY
219

3223

dai
0222
0223
g224

0225

LEVEL 21 SALN DATEL = 70104 1501734
C S&T THE 2-CCCOLINATE ARBAY ANL THE Z=L1XECTICN :TiP SI2:. «E1¢
C eddv
2CCL=N]IDTH/NCOL PYEYY
LZ=ZCCL/ (RECCL-1) couy
W2= (NECS1=1)&NCCLe Yy
Ze=Ni[1H/2. « =V
NTF1S=MVEL LT
TwFIS= (KZ2=1) /241 PRy
2=~ 2d-12 i35V
CC 13C I=1,N2 <Yud
ix3¢T¢ é?1)
190 24 (1) =2 «52)
< 23 3V
C  RCUALD TH4E CLNTZE AND SAJ1US CF ThE SAYc. vvalds 10 Thi HEALL3T “Waslelo5294d
€ Cf 2%, 2354
C 290
IY1= (Y1/0Y¢.5) ¢+§YFIS <970
1212 (21/024.5) ¢ NZPTS Qvs
Yi=YY (.¥1) 9%y
21222 (i) 3°0
16=25/0Y4.5 w10
a=hn® Jve Y
4aIlE 16,123) IY1,¥1,121,21,% duwy
C 3a4)
C PCR ZACH ACEIIXTY TAKed oM TH! 3A%PL: DISSbibLIION, CETRdulal 1d4: 2411 345,
C LCCATIUNS OF EAFTICLES CN TH:R 052 CF THY SAJFLE STIEAM. Juk)
c .79
12I1Y1-p/00-1 E Y]
IYH‘!.‘(F/tY)"’. 3°y2
ZC 200 J=1,NY8 FRNY)
i=J+l ERRIN
P2 (A3S (F*E-(YY(I)=Y1)* (YY(1)=Y1)), ¢85 I PR
ZAIN (J)=21=-P 313)
233 CUNTINUE Jle)
ARITZ (6,120) 315)
TC 370 J=1,5» 1)
wQ 70 K=1,34%N 317)
l=Kep Jlo.
ZP(K)SZHIU(K)fXLCNG’(b(1;OtO‘FSCEL(J)‘Can-(L))/U(L) 3110
IF(YY(L).GE.TL.0R.YY (L) .LE.~1ID) 3200
I 2P (K) =999, 321
F* (AES (B*R=-(YY(L)=Y1)® (YY(L)~Y1)))®s,5 32&2
Y2 (R = B (K) ¢2.°P 3235)
IFP (ZF(K)eLlia=2W) KPPYY]
X §RITL (6,12¥¢) PACEL(J),YT (L) 3d5v
27°% IF (ZP2(K).GE.2W) s.el
X WRITE (6,1z%) FNCBL(J),YY (1) 27
C 3&&'
C PINL TiE Y-AVERAGEL NCEILITY TISTFIL.TICHN3 AT ZACH % PuUlANT. PR
C S
£C <3C 1=1,M2 dalv
LO 210 Xx=1, NYB 34.)
LaKen 333,
IF (22(1).GEeaZP (K) AND.Z2(I) LE.CEZ(K)) ey
X AM(K)= ENNCLBL(J)*U(L) 435
21¢ IP (2Z(a)alTeiF(K)CBa2Z(L)aGToif2(X)) diLy



FCaATRAN IV G LLVEL 21 SALN CAle = 75104 15731734
} As(K)=), 337,
0220 CALL S1neS (DY.AE.",I!B,D) Y X
w227 PNEAE (I)=D/USCALE/CLETH PR
24 23C CCHIINUE ETR IS
C 3s1)
C PINC Tdk AVERAGE BCALILILY DISTEIFLUTION 1IN EACR SANPLE COLLEICTCE. KT Pa
C %3
2229 NLIV=NICCL-1 Jebk
3230 tC 25C i=1,NCCL <50
2231 JIb.T=(l=1)&KRLIV ade
J232 T2 240 K=1,hPCLL KLY
)2 1=KeJINIT 3400
J234 L EF (X)=FMBAE (L) 3449
0235 CALL 534PS(0c,EH, 1,0MFCCL,C) 450
Ja2ié ¢=Cs3CCL s,
o 352)
C PBINT TdF CCLLYCICR POPBILITY PISTAIBUTICNS. 3530
C 3540
2237 ARITE (6,127) EMNCEL 1) .4,C 38589
3248 by CLATLINUE asu )
J239 3.0 CONTINIE 3277
Jz4V $y SICE s5ev
Jlw L3 94 KRN
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15/ 01/ 3«

Tdt

FYPY
a0

swbund Givaeo
JCmy
W5
Jue 7
PRV
L)
FYIAY
J?\ !
712
372
3720
37w
3754
1760
77"
3Tcy
21"
ERI
AR
- e
1954
Ic Y
del
Jrhe
.":71

ST,

FORTRAN IV G LEVS 21 TENP CATE = 781 )4
0001 SUBKCUTINE 1Zd4P(NI,H3,F5,FK2,T)
4
C IBE TEN: SUcKOUTINE EVALUATES THE TEWPEBATURE PILLD T = 1LERU ¢ FreSivuz otl)
C TZ2:BRC 15 THE ZiBC ChuLE FIELD~ 10ME THE PINST VEDEL FIiLl.
C TUE TENEEBATUSE AT NIEMP PCIETS PRUN ¥=(0 TO0 Y=1
C
gsC2 CIBENSICN T(1JJY;
c
C CALCULAZE ZERO CPLER PIELIL
C
2903 £1=23.1315926
0004 PN1=FS®s (0,5)
0305 CPRI=CCS(FNY)
0006 Ted1=2.8k31
0Jo7 LY=1l./(31-1)
o0cos Lc 2 Jsi,nl
0009 IsCY® (J-1)
0010 Xr (1.¢Y)®E1/2.
0011 TSERC= (CCS (Ch19Y) ~CFNY) /CFHI/FS
C
¢ CALTUOLATE FIRST ColEks PIlELL
C
3012 Sus=C.
0013 EK3=u %FS/PI/P1
0714 S0 3 Ji=1,NS
Q015 Fe=JIePl/¢.
0216 EK1=S10 (FNP)
0017 FCI=TFNIOPAP
sc18 FC2=TF“1=-F Nk
9019 ASSIN(VCY) /oo /PLIeSIN(PC2) /Mo /7FCc*ENYI/9NE /2
222) A=ASElSFK]
co FCI1=2kN1=-FM}
0322 FCI=INT1SENP
0J23 B=SIN(PC1)/2./FC1¢SIN(FC2)s2./0C2
Co24 LZ=FOZ SEISFKI18CENY
2025 MEle(=1)e8]]
0026 CxC2518CEN17NCrII
c227 Fdis=JieJl
0028 ASUN= (A+B¢C) *FUIS/ce/ (FJIS-FK])
w029 ASUN=ASUNSSIN (JI%X)
0030 3 Sun=sSup+ASUS
0031 TONEs-SON/PS/ES/CPR1/CENT
0032 TCNI=TLNE® 2. /F1
V033 2 T(J)=21ZEEC+FKYOICNE
0034 RETURN
0C35 EM
n WS N meswe W
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FORTRAN IV G LZVEL 21 S18PS DATE = 70104 15/91/ 34 »
3301 SUEDOUTINE SIMES(H,A,M1,N2,A5EA) T
c svio
C TEL SINPS SUBKOLTINE USLS S,4HPSON'S aULE TIC INIEGRATE AN ARBAY 4ue)
c $uud
0002 REAL PILSOE wly)
0003 CILENSION A(1001) 4119
pRope ] ENCSUR=(, wlin
J00% virsun=0, 41,50
<26 NIz (NZ2~B81) /2 ALD]
0co? JsN1-1 w15y
0008 £C 1 I=1,N1 +1u)
0co9 J=Jed w17)
Ji10 ENLCSUN=ENDSUNSA (J) PR
I JEJet 41y,
0012 1 MILSUL=AILSUS A (J) wzuy
w13 ABEA=H® (2, *ENDSUB+4. *NIDSUA=-A (N1)+A(N2)) /3, "PalY
€14 BETURN 42V
0015 eNL w23
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