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SUPPRESSION OF RIVER ICE

BY THERMAL EFFLUENTS

George D. Ashton

PART I. UNSTEADY SUPPRESSION OF RIVER
ICE BY FULLY MIXED THERMAL EFFLUENTS

Introduction

Impaosition of a dam and a reservoir on a river gen-
erally results in the release of water during winter
periods at a temperature above that which would or-
dinarily be experienced without the reservoir. As a
result, the ice cover is suppressed in the reach down-
stream of the dam. The present analysis examines this
ice suppression in an unsteady sense by including
both the effects of unsteady variation of the meteorolog-
ical variables and the storage and release of the energy
associated with the melting and freezing of the ice
cover. The effluent from the reservoir is assumed to
be fully mixed over the initial cross section. In Part
i1 of this report, the effects of a side discharge of
thermal effluent will be considered so as to include the
effects of lateral mixing.

Previous analytical work on the problem is sparse.
Dingman et al. (1968) analyzed the steady-state case,
that is, assumed constant meteorological conditions
and chose as the criterion for the location of the ice
edge downstream the point where the water temperature
was 0°C. They well recognized the limitations of their
steady-state model (Weeks and Dingman 1972). Paily
et al. (1974) considered a similar problem but with a
step increase in the effluent temperature and inclusion
of the effect of longitudinal dispersion. Their criterion
for ice edge location was also the location of the 0°C
isotherm for open surface conditions. Examination of
their results also shows that inclusion of the longitu-
dinal dispersion term has small effect compared with
simple nondispersive routing.

In contrast to these analytical studies Donchenko
(1978) pointed out that the ice edge responded

strongly to changes in the meteorological variables and
varying discharges, in one case fluctuating over a range
of 80 km. Donchenko also pointed out the necessity

of considering the hydrodynamic stability of the leading
edge in locating the position of the ice front.

Governing equations

For a flow with temperature uniformly mixed over
the depth, with no transverse velocity variations, and
steady flow, the governing partial differential equation
is

d . h) d
9 (DpC.T. )+ S (DULC. T )=29.
ar(p"*)a“ pC,Ty) =

d DE, a(pCETw) .3 DE, a(pCETw)
ox : ax a9z 0z
m

where D is the depth of flow, 7, is the water tem-
perature, U is the mean velocity in the x (longitudinal)
direction, p is the density, Cp is the specific heat ca-
pacity, z is the transverse coordinate, and £, and £,
are respectively the longitudinal and transverse mixing
coefficients. ¢ is the heat flux at the top surface and
there is assumed to be no flux at the bottom. If we
assume D, U, p and C p are constant, then the equation
may be written in the form
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Figure 1. Detinition sketch for heat transter analvsis.

We now neglect longitudinal mixing and obtain

Wy Ty 3 k. L AR o )
Y N eC,D

It we further assume that 7' is fully mixed across the
width, then

LWL LS )
ot & pCD

Finally, if a Lagrangian viewpoint is adopted we may
write

)
i o, (3)
Dt pCyD

Outline of analysis

A definition sketch is presented in Figure 1,

When the top surface of the flow is open to the
atmosphere, @ = @, where @ is the heat flux from
the water surface to the atmosphere above. ¢, isa
complicated function which has a number of components
depending upon air temperature, wind velocity, humidity,
cloud cover, time of day and other factors, For present
purposes, we will assume the wind speed V and air
temperature 7, are dominating and express ¢, by the
simple relationship

bon = Mg (T=T) (6)

where A, is a heat transfor coefficient that is a function
of the factors noted above, As & practical matter we
will use, in the numerical simulation which follows, a
relationship of the form

b, = ardV (7
where @ has dimensions of W m™2°C™" and & has dimen-
sions of W m ¢! Depending upon the availability
of input data, one may always calculate an equivalent
value ot @, & or b, by energy budget analyses, in
general, a, & and A, are functions of time only, since
the fengths over which the analysis is carried out are
generally much shorter than corresponding spatial
variations of the energy bugdget variables, However, out
main purpose here is not to examine refinements in
energy budget calculations but rather to examine the
implications of the neglect of the unsteadiness of the
total flux ¢ and the energy required to melt (or freese)
an ice cover.

When the flow is ice-covered, ¢ = ¢y, but now the
heat flux from the water to the ice depends wpon the
flow variables. In particular, we take the heat flus
trom the water to the ice, ¢, a8

Pwi = P (Tow=Tm) 8)

whete A is a heat transfer coetticient and 7, is the
melting point (7, = 0°C). Closed conduit turbulent
heat transter correlations are generally of the torm

o > 08 < \0.4
MR fUnRow Y™ (HCy @)
™ n k.

where R is the hy dr.\ulu radius (m), U is the aver .\g‘\
flow velocity (ms'!), Py IS the w.ue! den\m (kem™),
s the dy n.\mu viscosity (kg m’ L ) Cp 8 the specitic
heat (/ kg cYy, and k“ is the thermal conductivity
of the water (W m' °C). Cisan empirical coetticient
on the arder of 0.023 {.\(‘(‘. e.8., Rohsenow and Choi
1961) for smooth surfaces. When the water is above




freezing and the flow is turbulent, relief features (ice
ripples) form on the underside of the ice cover which
increase the value of C by up to 50% (Ashton and
Kennedy 1972). Evaluating the properties at 0°C and
taking R = D2,

3
—cM.‘l;f_:}_ (10)

where Cyi=1622Ws® m26 °C"! for € =0.023 and
= 2433 W 08 m26 °C1 for C = 0.0345.
Equatlon 5 may now be integrated to yield, in co-
ordinates moving with the flow,

o z
MR —exp [M]open surface (11)

Tw.o-T‘ pCpD

T.- h. (-t

wm = exp wi (=8o) ice covered (12)
TW, o—rm pCpD

where the initial condition is takenas 7, = T, ¢ at

t =1tgand x = x;. Relative to coordinates fixed in
space such that dx = Udt the corresponding equations
are

T, - -h -
wla . exp[ va X xo)-] open surface (13)

Tw, O'TJ pCDUD J

T,- . (x=

wlm = exp _L(x_x_o) ice covered. (14)
Tw, 0-Tm pCPUD

Equation 14 is shown in Figure 2 for typical parameter
values.

The melting and thickening of the ice cover is governed
by the energy balance at the water/ice interface

$i-Owi =-pi>\%;l (13)

where ¢, is lhe heat flux by conduction through the ice
cover (Wm™2), p; is the density of ice (kg m™), A is the
heat of fusion (/ kg ), nis the ice thickness (m), and
dn/dt is the rate of thickening. The conductive flux

@; through the ice cover is treated in a quasi-steady man-
ner by assuming a linear temperature profile through
the ice thickness. Thus,

;= *_'_(i,';i’). (16)

where &, is the thermal conductivity of the ice (W m!

1.0 T ‘7—_'(‘—‘ 1 i 'W
Mo #1622 o3 (W2 oC )

Two-Tm

X-Xo (km)

Figure 2. Downstream attenuation of water tempera-
ture beneath an ice cover.

st ), T is the top surface temperature of the ice cover,

and we require that 7, < 0°C because of the state re-
lationship. In the absence of evaporation or conden-
sation on the top surface, $; = ¢;, where ¢, is the heat
flux from the surface to the atmosphere. $a may be
calculated in a manner similar to ¢, through intro-
duction of a heat transfer coefficient 4, applied to the
difference 7-T, in the form

% =hia (Ts'Ta)' (17

Using ¢; = ¢, allows us to eliminate 7 between eq 16
and 17 and results in

LT (18)

We could also in a similar manner add the effects of a
snow cover by introducing an additional term ng/k in
the denominator of eq 18.

Substitution of eq 18 in eq 15 then results in

LT
m l'-h,,.(r EAT p‘xd" (19)

el
k; h,

which, if T, and 7, are constant in time, may be readily

integrated. They seldom are, however, so in the numer-
ical analysis eq 19 will be integrated numerically in step-
wise fashion in the form
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Location of ice edge

Betore examining the effect of varying 7 aitisof
interest to examine the criterion for the location of the
ice edge under conditions of constant 7,. Previous in-
vestigaton have generally used the location of the 0°C
tsotherm predicted by analysis of the heat loss from the
open surface (essentialty the analysis leading to eq 13)
with various moditications from the present analysis to
consider different formulations for ¢, or to include
the effects of longitudinal dispersion. From eq 13 by
the present analysis,

(~\‘-\ 0) !

O o -"C“"[) ‘.“g' -r‘ .
T.=0C A, Tw 0~T

(2

1)

Since the heat balance at the surface determines
whether or not ice will form at that surtace, it is a bet-
ter indication of the location of the ice edge than is
the location of the 0°C isotherm, The condition is ob-
tained by assuming incipient ice formation corresponds to
dnlder = 0 when p =0, From eq 19 this is at a tem-
perature T . given by

h.
(Tw, e Tm) :J‘—(rm‘r,)- (22)

wi

Substituting into eq 13 the corresponding location is
given by

(‘\~.\0)l
;

3 -pCD( D
h

w, e wa

\\,O‘T.l h

log, LA (1 WP (23)
wi

It is nOW necessary to assume that hy, = hy, which
is reasonable at the ice edge since the top surface of the
ice adge may be considered wet. The ratio of the dis-
tances by the two criteria is then given by

(.\ -X 0 )

Tw ¢

(""'\o)

and, of course, the ratio is always less than unity for

(x “17 QS!
ey Lo 0" “
2 {
! f
Qa2 |
e
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Figure 3. Comparison of distances dowestream to edge
of ice cover for the criteria of equilibeium heat thixes
and 0°C isotherm location, as a function of the water
temperature [air temperature ratio.

7, < 0°C. The ratio is presented in Figure 3 as a func-
tionof 7 o/(-7,) for various values of hilh, The
ratio is smail corresponding to small values of 7 o/-T,
{either large initial water temperatures or small sub-
freezing air temperatures) and large values of hoha
(arge wind speeds or slow flow velocities). Negative
values of the ratio correspond, of course, to cases where
Q4 < 9, Which physically may be interpreted as those
conditions tor which ice will thicken because the heat
loss to the atmosphete is greater than the heat delivered
to the undersurface by the low. 1o put the situation
into better perspective, Figure 4 presents values of the
ratio tor particular values of I“. o Py By and I
Which of the two criteria for the ice edge location
is operative depends on the sequence of air temperatures.
Clearly, water will not freeze until its temperature has
decreased 10 0°C. Thus, unless a prior ice cover is
present, the most upstream location of the ice edge is
given by the 0°C isotherm, corresponding to the criterion
represented by eq 21, On the other hand, it an ice cover
is present and the ice edge is receding downstream due
to melting, it will only recede to the location at which
the melting from below equals the tendency to thicken
from above. Thus, during periods of warming air tem-
peratures when the ice edge is receding downstream,
the criterion of heat balance represented by eq 23 ap-
plies. During periods of cooling air temperatures, the
0°C isotherm location governs first ice appearance and
©q 21 applies. In the simulation that follows, the ordet
of fogic in the calculation of ice thickening results in
either the 0°C criterion or the heat balance criterion
being naturally satisfied, although the latter is only
approached asymptotically in time because of the un-
steady nature of the calculations.
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Figure 4. Comparison of distances downstream
to edge of ice cover for the criteria of equilibrium
heat fluxes and 0°C isotherm location as func-
tion of the air temperature and initial water
temperature.

Figure 3 serves mainly to indicate the conditions
for which the 0°C isotherm criterion is a poor approx-
imation for the location of the ice edge under steady
state conditions. The numerical simulation presented
below is sufficiently simple computationally that the
unsteady effects of 7, may also be included. The
regions for which the ratio is negative, of course, are
where the analysis presented herein is most useful, as
the 0°C criterion would predict finite lengths of open
water while, in fact, no open water will exist except in
the very near field. This region also corresponds to the
conditions which Silberman (1974), in a discussion of
Paily et al.’s (1974) analysis, suggested resulted in
plunging of the warm discharge beneath a cooler, but
lighter, layer of near 0°C water. Such a plunging phe-
nomenon undoubtedly occurs for small velocities and
small densimetric Froude numbers and clearly is the
case for warm water flowing into large bodies of water.
Similarly, the reappearance of open water downstream
from an ice-covered reach may be explained by the
existence of a larger velocity downstream from a region
of smaller velocity, since @,,; is increased more or less
proportionally to the velocity. The effect would be
more likely to occur where the lower velocity results
from increased depth rather than from increased width,

since increased depth results in slower attenuation of
T,, due to ¢ (through the velocity effect) than occurs
by simple reduction of velocity as a result of width
increase (since U has small effect on the attenuation of
T,,). The above reasoning is perhaps made more clear
by examination of the decrease in 7, with distance
described by eq 14, which is presented in Figure 2.
Again, the analysis about to be described would alfow
quantitative examination of specific cases.

Numerical simulation

The numerical simulation is quite straightforward.
The temperature evolution along a reach is computed
using eq 3 in the difference form

rf:i‘ =Ta- At (25)

pC,

where the superscript i denotes a time step, and the sub-
script j denotes a distance node. Since eq 25 is in the
Lagrangian sense, this requires that Axi = U;At. This
requires, in turn, that the total reach be subdivided into
subreaches with lengths varying if U varies but this pre-
sents no serious problem. Typical time steps used were
of the order of 1200 to 1800 seconds. At the conclu-
sion of each time step, the thickness of the ice was
determined at each j node point using eq 20 written

in the form
: ; I..-T i
RRRF I LS LR A ICD
pi n.'
gl
ky hy

The initial temperature at the upstream end of the
subreach was specified for each time as was the air tem-
perature. For the examples presented, daily averages
were used although it would be quite easy to specify
a more detailed time variation. In the calculation of
¢ at each j node point, it was necessary to use either
eq 6 or eq 8, depending on whether the surface was
open or ice-covered. In the thickness calculations, &;
was taken equal to zero if 7, > 0°C. After the new
ice thickness was calculated, it was set equal to zero if a
negative value resulted. In the example simulations
presented here, A, and h;, were assumed equal.

The problem also requires specifications of initial
conditions. In Figure 3 are presented two examples
of the effect of specifying a constant-thickness initial
ice cover of either zero or finite thickness. 7, was
maintained at a constant value of -3°C. The distance
to ice edge stabilizes, after many days, for the finite
initial thickness of 0.3 m and, after several days, for
the zero initial thickness. In the latter case, the time
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Figure 5. Example simulation of the movement
of the ice edge in response to an abrupt release
of thermJl effluent for different assumed initial
ice condijtions.

to stabilize is longer than the time of travel to the
equilibrium ice edge location because ice is grown until
the temperature front reaches the ice edge and this ice,
in turn, must be melted before equilibrium is achieved.
A better set of initial conditions could probably be
obtained by running the simulation for a few days prior
to the period under investigation. Figure 3 also il-
lustrates the potential errors in neglecting the enei gy
required to melt the ice cover in the steady-state analyses
referred to eatlier.

There is one particular circumstance where the above
analysis must be modified. When the air temperature
is cooling, the ice edge location moves upstream. How-
ever, eq 26 is not applicable here until an ice cover
exists and ice will not form until the water has cooled
to 0°C. In this case, the 0°C isotherm location is the
more correct Jocation than the location given by the
case corresponding to @,,; = @,,, asn >0 (eq 23 in
the steady-state case). There are thus two locations for
the ice edge, depending on the prior history of the ice
cover extent.

Finally, while no complete field data are available at
the time of writing the simulation has been applied to
the 1965 data presented by Dingman et al. (1967) but
with an estimate of Tw, o) Uand D. The results are
presented in Figure 6 and show reasonable agreement
with the three observations available.

-

The program is listed in Appendix A.

Uncertainties and limitations

There are a number of uncertainties in the analysis
presented above and a number of limitations to its
applicability. Uncertainties, aside from the difficulties
of accurately representing the meteorological variables,
include some uncertainty in the calculation of A, ,,
hyiand hy,. For example, h,; is known to increase by
about 50% due to the relief features which form on the
underside of the ice. Since these relief features appear
as a consequence of @,;, it is probably reasonable to
use the higher value in calculations. There is also con-
siderable uncertainty that the ice edge location pre-
dicted by use of eq 19, which leads to eq 23, is appro-
priate. For the case of increasing air temperatures and
a downstream receding ice front, it is probably a good
approximation. For the case of decreasing air tempera-
tures and an ice front moving upstream, it is probably
poorer because the hydrodynamic forces acting on a
newly formed thin ice cover result in initial thickening
by accumulation rather than by thermal thickening.
One possible improvement would be to calculate the
ice production under such cases and locate the ice
front by use of the equilibrium accumulation thickness
predicted by the analysis of Pariset and Hausser (1961).
Even that approach, however, would be limited by the
fact that above a velocity of about 0.6 m sV itis dif-
ficult for a cover to even form by such accumulation.

The limitations imposed by the simplifications of
the analysis are several. Longitudinal mixing has been
neglected but this is considered to have a negligible ef-
fect compared with the thermal inertia of the ice cover
itself. The assumption of complete vertical mixing
makes the analysis inappropriate for locations very close
to the source of thermal effluent, unless the effluent is
already felly mixed as is the case for reservoir discharges.
The assumption of complete mixing across the width of
the flow, and consequent neglect of lateral mixing and
dispersion, is important both near the source of the
effluent and well downstream near the location of the
ice front. The source problem is reasonably self-evident.
At the ice front, the limitation occurs because of varia-
tions in depth and velocity across the width of the flow
which, because of the resulting lateral variations in
dT , /dt, cause a laterally uniform temperature distribu-
tion to become non-uniform. Thus, it is common that
the ice front is observed to be somewhat V-shaped,
with the apex of the V downstream and near the thal-
weg of the channel. These latter effects are currently
under analysis by introducing lateral mixing into the
formulation and require the additional consideration that
the dispersion coefficient for closed surface flow is ap-
proximately half that for open surface flow at the same
depth.
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Figure 6, Comparison of simulation results to ob-
servations tor Riverside location in 1965, Top
figures are the air temperature and release water
temperature variations. Bottom figure is the simu-
lation result (solid line) and observations (plotted
points).

Finally, the hydraulics of the flow have been as-

sumed to be steady. This is a serious limitation but
could, in principle, be overcome by frequent use ot
numericai models of open-channel flow to calculate the
applicable velocities and depths at vatious stages of the
simulation, These models should include the eftect of
ice cover on the flow but are substantially uncoupled
from the thermal analysis.
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PART 1l. EFFECT OF TRANSVERSE MIXING
ON ICE SUPPRESSION

Introduction

Rivers are commonly used for the disposal of ther-
mal wastes and, in most cases, the disposal occurs in
the form of a side channel discharge of heated effluent.
During periods of ice cover, the effect of such effluents
is to suppress the ice cover from its otherwise natural
thickening and, in the vicinity of the release, open water
often results. The intent of this work is to explore the
extent of this ice suppression as a function of the para-
meters which have most significant effect on the sup-
pression. Part | of this report dealt with the ice sup-
pression resulting downstream from an effluent fully
mixed with the flow as would be experienced down-
stream from a reservoir release or from a power plant
with an outfall diffuser operated so as to provide com-
plete mixing.

Analysis of dispersion and heat loss
The governing differential equation is

a(pcprw)+ua(pcprw)=_a_ E a(pCPTw) _9
ot iy D

ox 0z 0z
()

where p is the density (kg m™), Cp, is the specific heat

(/kgloch), T w is the water temperature (°C), £, is

a transverse dispersion coefficient (m s1), pis the

heat flux at the top surface (W m2), D is the depth (m),
x is the longitudinal coordinate, z is the transverse co-

ordinate, U is the mean velocity, and ¢ is time. Equation

1 implies that mixing of the effluent with the flow is

complete over the depth and that there is no lateral

mixing due to transverse velocities (secondary currents).

The effect of longitudinal dispersion is also neglected,
although for rivers it is negligible compared with the
transverse mixing effects and the unsteady effects due
to variation in ¢ resulting from air temperature varia-
tions with time. The product pCp is effectively con-
stant over the range of 7, of interest so that eq 1 may
be written in the form

o7, oTy & oT,, ¢
*YN e X P 2
a x 0z ( z 3z pC,D @

The heat flux ¢ at the surface depends on whether
or not an ice cover is present. If an ice cover is present,
¢ may be reasonably represented by an expression of
the form

¢wi =hwi (Tw‘Tm) (3)

where ¢, is the heat flux from the water to the ice,
hyi is a heat transfer coefficient applied to the tempera-
ture difference 7, -7 between the flow and the ice/
water surface which is at a temperature 7,,, = 0°C be-
cause of the state relation. The heat transfer coefficient
hy,; depends on the flow variables. By analogy with
closed conduit turbulent heat transfer, h,,,; is deter-
mined from a Nusselt-Reynolds-Prandtl number cor-
relation of the form

0.8
hw;R =C(URE) “Cp 04 @
kR u Ry

where h,,; R/k,, is the Nusselt number, URp/u is the

= 0




Reynolds number, uC‘,/Iew is the Prandtl number, R
is the hydraulic radius, &, is the water thermal conduc-
tivity (Wm™! °¢”! ), and u is the dynamic viscosity
(kgm™' s''). Cis somewhat uncertain but is of the
order of 0.023 to 0.030 depending upon the under-
surface roughness of the ice. The Prandtl number for
water is 13.6 at 0°C and decreases with increasing tem-
perature. At0°C, dPr/dTw > -0.4 °C", 50 in the range
0°C t0 4°C the error in assuming Pr constant yields at
most about 3% error in calculation of A,; and will be
neglected in view of the uncertainty in C.

If the water surface is open to the atmosphere, then
¢ depends on the energy budget at the water surface.
For present purposes, we will approximate ¢ by

¢w; » hwa (Tw'ra) (3)

where @wa is the heat flux from the water to the air,

hy, is a heat transfer coefficient applied to the difference

between the water temperature 7, and the ambient air
temperature 7,. Coefficient h,, has large dependence
on the wind velocity, generally of the form

hya=a+b vV, (6)
where a is the heat transfer coefficient for still air and
b V,, is the wind effect with V,, the ambient wind
velocity at some specified distance above the surface.
In numerical examples presented later, hy, Will be
taken constant although the effect of eq 6 may easily
be included in the numerical analysis (or, for that mat-
ter, b, can be calculated from even more detailed
energy budget calculations of ¢, ).

The transverse mixing coefficient also depends upon
whether or not the flow is ice-<covered or open. We here
relate £, to a coefficient & times the product of the
shear velocity U, and hydraulic radius R in the form

E, =k U,R (7)

where for open channel flow R > D and for covered
flow R >~ D/2. Denoting £, for open flow by E,,and
for covered flow by £, then

E,o = 26,= k UsD. (8)

Engmann (1977) has measured £, for both covered and
open flows and found results consistent with eq 8, with
k in the range 0.15 to 0.2 which may be compared to
a commonly used value of 0.23 (Okoye 1970). How-
ever, if the river is not straight, considerably larger
values of k are observed (Paily and Sayre 1978).

The situation for a partially open ice cover where
the edge of the ice cover is more or less aligned with

the flow velocity is unclear. In open water areas far
from the ice edge, it is reasonable to expect £ =€
while under the ice cover far from the edge £, = £,
The nature of the numerical simulation presented below
makes it convenient to assume an abrupt change in £,
at the ice edge. The finite difference algorithm used
effectively causes a transition from £, to £ ziover a
distance depending on the width of the grid elements.

w

Analysis of ice thickening and melting

The melting and thickening of the ice cover are
governed by the energy balance at the watet/ice a%er
face (Fig. 1)

Pi-Owi = PA %? (9)

where ¢, is th heat flux by conduction through the ice
cover (Wm™), p; is the density of ice (kg m?), X is the
heat of fusion (/ kg" ), nis the ice thickness (m), and
dn/dt is the rate of thickening. The conductive flux

¢; through the ice cover is treated in a quasi-steady
manner by assuming a linear temperature profile through
the ice thickness; thus,

_kilTw-T5)

& -

(10)

where &; is the thermal conductivity of the ice Wm!
gt ), and T is the top surface temperature of the ice
cover and we require that 7 < 0°C because of the state
relationship. In the absence of evaporation or conden-
sation on the top surface, ¢; = ¢;,, where ¢, is the heat
flux from the surface to the atmosphere. ¢, may be
calculated in a manner similar to ¢,,, through intro-
duction of a heat transfer coefficient h,, applied to

the difference 7,-T a in the form

G = hi (T5-T,). (1)

Using ¢, = @i allows us to eliminate T between eq 10
and 11 and results in

Tm-T

o= mTa (12)
ny
ki hy

We could also in a similar manner add the effects of a
Snow cover by introducing an additional term ny/k, in
the denominator of eq 12

Substitution of eq 12 in eq 9 then results in
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Figure 1. Definition sketch for heat transfer analysis.

Tm-T, d

Ny (Ty-Tm)=pAdl 13
+] w|( W m) D| d! ( )
ki hy

which, if 7, and 7, are constant, may be readily inte-
grated. They seldom are, however, so in the numerical
analysis eq 13 will be integrated in step-wise fashion
using

Aq=_é_'. Tm-Ta
28 e
k, h,

i (Ty-Te) (14)

and, of course, if the resulting value of n < 0 after a

time step, then 7 is set equal to 0 and open water exists.

Numerical simulation

Because the numerical simulation presented below
considers the effect of variations in the initial effluent
temperature with time, it is convenient to transform
eq 2 to a Lagrangian coordinate system moving at the
mean velocity of the flow. Thus, introducing Udt = dx,
eq 2 becomes, for a parcel of water moving with the
flow,

o 1 5,.311-_9__. (15)
Dr %\ 9, ) oC,D

The explicit finite difference equation used in the simu-

lation is
+_ri
L e
Ot

(26 T (Eja #2640 ) TIHEPEL ) T)y
2 (82)?

10

e (16)

pC, pD

where the £ values depend on whether or not the flow
is ice-covered (£ = £,;) or open (£ = E ;) at the respec-
tive j grid points. The ¢ term is also dependent on

whether or not the flow is ice-covered and we choose
the /, j location for the determination. Thus

Pui =hwi T} (ice cover present) (17)
Swa = Pva (T‘i-T‘) (open surface). (18)
Solving eq 16 explicitly for T}” results in

Tl =aTi_ % T Tl 4 T, (19)

where the coefficients q, 8, ¢ and d are given by

a=Bt_(E+E,.() (20)
2(az)?
b= 1-_9_'_"_"1-_21__(5,*,+2£i+£‘,,)
pCpD 2(AZ)2
(ice cover) (21)

p=1-20wa A

= (Ejar*2E4E, )
PCoD  2(az)?

(open surface) (22)
c=BL_(E,+E) (23)
2(4z2)?

ot
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Figure 2. Results of example simulation for a smaller river under steady-state
1 conditions.

Initial conditions must also be specified. Since one
0 km seldom has detailed knowledge of ice thickness varia-
tions, the choice is practically between an initial uni
form ice thickness or an initial open water condition.
In either case, even for steady effluent temperatures
F \ and steady air temperatures, it takes some time for an
‘ . \ equilibrium state to be reached. In the case of an initial
3km

(R ]

zero thickness ice cover, this is due to the requirement
T of melting ice which has grown during the period before
tc) 03 =0 duye the thermal “front” reaches a downstream point. In
the case of an initial uniform ice thickness, the time
6 'm to reach equilibrium may be quite long because of the
o2 \\ large thermal inertia of the ice cover. In the example
\\ \ simulations which follow the initial conditions have
\ been taken as zero thickness and T, = 0°C. In applica-
\\ tion, the most reasonable approach would seem to be
N to run the simulation for several days prior to the period
of interest unless, of course, the situation to be in-
0 .t) 1 L = vestigated is the one of abrupt release of a thermal ef-
2tm) fluent.
A complete listing of the computer program may be

Figure 3. Lateral variation of water tempera- found in Appendix 8.
tures for example simulation after five days.

9 km
0.1}

Example simulations
d=0 (ice cover) (24) In this section two example simulations are presented.
The first example is that of a smaller river 30 m wide
_ BB 2 and Z m deep with a mean velocity of 0.3 m s'. The r
" 5D (open surface). (23) thermal effluent is distributed over an initial width of ‘
¥ 10 m at a temperature of 1.0°C, which corresponds to 3
a heat load of 42 MW. An initial thickness of 0.0 m is
assumed, and the air temperature is maintained con-
stant at -3°C. Other parameter values used are h,,

d

Again, the value of the £'s depends on whether or not
an ice cover or an open surface is present.

The above explicit scheme is stable for =25Wm2°C" (corresponding approximately to a i
‘ mean wind velocity of about4.3ms™'), & = 0.2, Us .
AEdt g (26) =004 ms',and C = 0.023. A grid spacing of Az h
(Az)? = 10 m and Ax = 300 m (At = 600 s) was used.
In Figure 2 the ice edge location is shown for times
and the appropriate value for £ is, of course, £, since of one, two, three, four and five days after initial ther-
it is larger than E| for the same total depth. mal effluent release, and it is seen in the figure that

"
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Figure 4. Lateral variation in ice thickness for
example simulation after five days.

equilibrium was achieved after about three days. Also
shown in Figure 2 is the boundary of the region unaf-
fected by the thermal effluent after five days (defined
by an ice thickness differential of An < 0.001 m for

n = 0.11 m) and the location at which the ice thickness
was one-half its undisturbed value after five days. In
Figures 3 and 4 are presented lateral profiles of water
temperature T, and ice thickness n respectively, at
various distances downstream from the release point, in
both cases for ¢ = 5 days. We also note that had the
thermal effluent been fully mixed across the width of

R T ——
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24-day
Simulation Perlod
-2% 1 | 1 |
10 13 20 31 Jon
Time (days)

Figure 5. A typical winter daily air temperature variation used in the
example simulation of a wide river.

the river at x = 0 the ice edge would have been located
in the vicinity of 1.5 km.

The second simulation is for a very wide river, in
fact sufficiently wide that reflection from the far bank
has no effect on the results both because of its distance
and the decrease in T, due to heat losses to the ice
cover. The flow was characterized by a depth of 4 m
and a mean velocity of 0.3 m s". and a heat load of
540 MW was distributed over an initial width of 32 m
with a corresponding water temperature of 4.0°C. This
heat load was maintained constant while the air tem-
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Figure 6. Variation of length of open water
for the wide river example simulation.

Figure 8. Maximum and minimum open water

extents for the wide river example simulation.
perature varied as shown in Figure 5 (taken from an
actual temperature record in the midwestern United
States for 1972). An initial thickness of 0.0 m was
used and other parameters were as follows: b, = 25
Wm2°C! k=02, Us =004 ms™”, C =003, Az
=16 m, Ax = 1350 m (corresponding to At = 2700 s).

Figure 6 presents the resulting length of open water
and Figure 7 the maximum width of open water, the
location of which varied somewhat in the longitudinal
direction (from about 6 km to 25 km). The extreme
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Figure 7. Variation of maximum width of open
water for the wide river example simulation.

cases of open water extent corresponding to 24 January
(maximum extent ) and 28 January (near minimum
extent) arc presented in Figure 8 The extreme fore-
shortening of the x scale relative to the z scale in Figure
8 (a ratio of 250:1) somewhat obscures how long and
narrow are the open water extents. Finally we note that
the example presented is also valid for a release at the
centerline with a heat load of twice that used since the
boundary condition at the bank (87/3z = 0) is the

same by symmetry,

Field comparison

It is desirable to test the simulation against actual
field observations. One very limited set of data was
obtained of the open water that existed downstream of
the Riverside Power Plant on the Mississippi River up-
stream of Bettendorf, lowa. The data consisted of ob-
lique angle aerial photography of the open water area
and were obtained on 17 February 1979. Figure 9
shows a view of the power plant and near-field mixing
zone. On the cover there is a view looking dowistream
from the vicinity of the.plant. Figures 10 and 11 are
similar views from points farther downstream. In Figure
11 an ice edge may be seen, although farther down-
stream there were numerous patches of open water in
the piume arca. Other data were obtained subsequent
to the aerial photography; their sources are as follows:

River hydrography: > m depth fairly uniform
along west side of river; obtained from hydro-
graphic charts of the river.

Mean velocity: 0.61 m 5!, obtained from a
float measurement on 13 February 1979. River
flow discharges were reasonably uniform over the
period 13 to 17 February.
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Figure 9. Power plant and near tield open water of the Riverside power plant near Bettendort, lowu, 17 February 1979,

Figure 10. View of open water several Rilometers downstream from the Riverside power plant.
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Figure 11. View downstream near end of open water extent. (Our apology for the

poor quality of the photograph.)

Daily air temperatures: average of daily maxi-
mum and daily minimum air temperatures re-
corded at the Quad-City Airport in Moline, II-
linois, which is located about six miles from the
river site.

Initial width of mixing: determined from
aerial photography to be approximately 30 m.

Effluent source temperature: 2.97°C. This
value was obtained using design temperature

rise of water passing through the various plant
units after correcting for plant capacity (figures

supplied by lowa-Illinois Gas and Electric Com-
pany). The effluent water was then mixed over
a width of 30 m of the river flow to obtain the
2.97°C. Considerable uncertainty exists in this
value since only monthly plant operating figures
were available. Further, the intake and outfall
geometry are sufficiently complicated that a sim-
ple near-field mixing analysis was not feasible.
Wind speed: Not recorded. In lieu of site in-
formation, A, and h,, were arbitrarily taken as
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Figure 12. Comparison of numerical simulation
results for 16, 17, 18 February and observed open
water extent on 17 February.

25 Wm™2 °C’!; this corresponds approximately

to an zverage wind speed of 4.5 m st

Using the above information, three simufations were
run on the computer using values for the mixing co-
efficient of & = 0.20, 0.40 and 0.80 m? ™' The last
value provided the best agreement with observation of
the three runs and the resulting open water extent is
shown in Figure 12 for the days of 16, 17 and 18
February. Also shown is the observed open water ex-
tent on 1 7 February.

Some interpretation of Figure 12 is in order. Ap-
proximately 7 km downstream from the plant the ice
edge appears to be pinched at the location of a sus-
pension bridge over the river. This is perhaps explained
by the presence of a pier located approximately at the
ice edge location which may act to stabilize the cover.
At a distance of 11 km Lock and Dam 135 severely
changes the local flow geometry since all the river flow
passes through roller gates on the opposite side of the
river. Evidence of the thermal plume existed down-
stream of L & D 13 but no attempts were made to
simulate the complex flow conditions resulting at the
dam. The simulation was arbitrarily extended using
the upstream depths. The “ice edge” shown in Figure

16

12 is that also depicted in Figure 11. However, ex-
tensive patches of open water existed in the thermal
plume area downstream and the solid line shown in
Figure 12 is the outline of this area. The accuracy of
the simulation is difficult to evaluate from these limited
data, both because of the uncertainty in the input
parameters, and because of the rapid advance upstream
of the ice edge, resulting from a four-day cold period.
The simulation was performed using a transverse grid
interval of 13 m, a total grid width of 130 m, and a
time step of 409.8 s.

It is planned to conduct a more detailed field study
at this site to include direct measurement of water tem
perature profiles, ice extent and meteorological variables.
These data will allow a better determination of the
quality of performance of the simulation.

Uncertainties and limitations

The uncertainties present in the analysis largely re-
late to the magnitude of the coefficients used. A, and
h;, (assumed equal in this analysis) can always be better
approximated if more extensive meteorotogical intor-
mation is available. The magnitude of C used to esti-
mate h,; should be verified by actual field measure-
ments and one virtue of the present work is a means of
estimating whether a particular field site is sufficiently
well-mixed horizontally that measurements of temper-
atures in the streamwise direction will accurately yield
avalue of C. The ice edge location results from a
melting (or freezing) analysis that assumes the cover
is stable for very small values of n. This is probably
reasonable in the lateral direction since at the ice edge
the thickness changes rapidly with z. ltis less certain
at the downstream edge since the ice thickness tends
to “feather' and be quite thin over fairly large x dis-
tances. Other limitations in Jocation of the downstream
extent are discussed in Part L.

The analysis has assumed a uniform distribution of
velocity and constant depth in the 2 direction which
is particularly convenient since time steps then cor-
respond to distance steps. Holley et al. (1972) have
discussed the effect of lateral variations in velocity and
depth on the dispersion coefficient, and it can be sig-
nificant. One improvement in the present analysis
would be to incorporate such effects, perhaps even
with a quasi-steady shift of the velocities towards the
open areas as the cover is melted away. One procedure
possible is that suggested by Sayre and Yeh (1973), who
utilized the Manning retationship on a local basis to de-
termine the transverse distribution of water discharge.
Finally, secondary currents can result in considerable
magnification of the effective value of & when the
river meanders. Incorporation of these effects would
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probably require an implicit algorithm rather than the
conveniently simple explicit algorithm used herein.
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APPENDIX A: UNSTEADY FULLY MIXED
ICE SUPPRESSION

A #0A/05/78=09:24
% c G ASKTNN 24 APRTL 197R  UNSTFADY FiLLY NTXED ICE SUPPRESSTOF
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3. c 1M RFSPANSFE TO PFLFASE OF & FULLY MIXFP THERYAL FFELIENT
4e c ANN VARYTNG ATR TEMP; RIVER FIOWw TS ASSUMEN TN HF STEANY
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T ¢ DAT AMD S€Tw ARF DATLY ATRP TFYPQAMD EFFIIIFMT QNIIRCF TENPS
R, PDIMEMSTON SAL(GC) »SR(AN)LSN(AN),DAT(AN) ,STL(KD)
9, DIYENSTON L (AN LD(INN) ,UCINN) L,FTACINN) L, TWNIIT(ING) ,RE1ND)
19, DIMENSTION CHARCZ(0),V(720)
11. (¢ CUAR AND V ARF DATIY WFAT TRANSFER COFF % WIMD SPFED
12. READ 9N0,NT,MSR,ALTOT,DISCH
13, onn FORMAT(2T1N,2F10,0)
14, PRINT K16,NT,NSR,ALTOT,DISCH

o2, 18 #1646 FORAAT(1HI,L,SX,"NT  NSPR A1 TAT NISCH '5214,2812,%)
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E 1. 901 FORVAT (3F10,.7) }
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26. DFLY = 3400,
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28, TRAV = (1,0

29, nO 1D =1 L,NS0

50, 10 TRAVETRAVHSR(JIRSN(J)IWSAL(J)/DISCH

31, ML=TRAV/DFLT

32, TRAV=TRAV/ 360N,

33, PRINT R1N,TRAV

34, 810 FORMAT(INX,"' TOTAL TIME OF TRAVFL = ',810,2,' KOURS!')

35. C CALCULATF NEw SURREACH | FNGTHS WTT BELT TI%F OF TRAVFY

36. SUMSAL=SAL (1)

7. SuMaL=n N

38, =1

39, PO 15 J=1,nL

4V, UCJI=DISCH/(SRCTI*SO(T)) -

41, ALCJ)=NELT®UCY) ot o eIy ﬂzt;ﬂ;..

2, 0(J)=SDCI) ” 5

“3. SUMAL =SUMAL +81 € ) FREC,

44, DELALZSUMAL=SUMSAL ‘glﬁfﬁ BLANK - NoT nU‘ED

45, IF(DFLAL)15,15,12 »

46, 12 Im1+9

47, SUMSAL=SHMSAL #SAL (T)

«8, 15 CONTINVE

69, c ROUTTNE OMLY GOOD TF ALL SAL | ONGER THAP DELTwIIC)) l

S0, PRINT R11

51. R11 FORMAT(8X, " ALCU)',3x,'UC))")

LY PRINT B13

53, R13 FORPMAT(3Y,' METFRS!,3x,'M/§')

54, PRINT 812,(ALCI)»UCI) »IET1,NL)

55, R12 FORMAT(2F10,2)

56, (4 READ AIR TEMPERATURES AND SOURCF TEMPS FOR NT DAYS

57. READ ON2,(NATCL)»STW(T),V(T),T21,NT) %

58, 902  FORMAT(3F10,0) il

59, PRINT R15 o

60, 81§ FORMAT(RX,' T',3X,' ATAYT!,3%,' WATER T) u?’

61, PRINT R14, C1,0ATCT),STUCI),Ta1,0T) & |

62, 814 FORMAT(TS,2F10,4) > |

a3, 4 MOW TNITTALYZE PRAPERTIES AND COFFFTCIFNTS oY 9&

64, cPRe215, o oY

65, Ax1e2.2¢




e

03

SR,

100,
101,
102,
103,
" Ya
105.
106.
107,
108,

110,
111,
112,
113,
14,
115,
116,
11?.
118,
119,
120,
121,
122,
123,
126,
125,
126,
127,
128,
129,
130,

25

30
S0

100

250

260
270

300

305

30?7

320
380

385
390

391
395

851

852

400
803
R02
801

AL AM= 8§ 34ES
AMZY  ?0F~§
RHOI=916,
RHOWS1NNON,
Cui=z1622,
Cwa=25,

SET ICF CNVFR THICKNESS 4NN wATER TEWMPERLTIRF AT 2FRO

DO 25 T=1,NL
ETA(T)=0,0
TWOHT(1)=sD,D
NTN=BALON/PFL T

N0 30 I=:T1,NT
CWaR(1)=46,5+43 ReV(T)
PO 4LDD TT31,NT
Cwa=CWar(IT)

DO 390 INT=1,MTD
TLHOUT(1)=aSTWCTT)

ESTARL ISHES WwATFR TEMP FOR TNLFET 1ST SURRFACK

nO 3RO J=1,N1L
TFCETACY)I250,250,300

NO TICE COVER
QuaECWA*(TWOUTC(I)=DAT(IT))
PELTVE=QW*NEL T/ (RHOW*CPxN(.1))
TWOUT(J)STWOUT(J)*DELTW

ODUTLEY TFEMPFRATURE FOR SURBRFACH AT FAND OF AT TINF STFP

IFCTWOUT (D) DIR60,270,270
TWOUT(J)=(,0
ETA(Y)EDELT#ChAR(=DAT(IT))/(RNOQWRALAN)
GO TO 3RO

ICE COVER PRESEMT
QWECWI* ((U(I)2*0,R)/(D(Y)**N_2))=TWOLT ()
DELTUES=QWwOEL T/ (PHOW*CPED()))
TWOUTCII=TUWOUT(JI4OFL TW
JF(DAT(IT)IZ06,305,305
Q1=0.n
GO TO0 307
QI==NDAT(TIT)/(CETALD)/AKT)+(1,/CwA))
NETAZ(DELT/(RHOIwALAM) Iw(=QuW+Ql)
CONTTNIE
ETACJISETA(J)+DETA
TF(ETAL)))32D,380.,38D
ETACJ)=0,0
CONTINUE
PRINT 801, (J,ETACI) pTWOUTCS)ad=1,NL#20)
DO 385 J=NL,2,=-1
TwOUT(J)=TWOUT(J=1)
CONTINUE
ALO=0,0
DO 395 y=1,NL

IFCETACY)) 391,391,395
ALO=ALO+ALC(Y)
CONTINUE
PRINY RN2,1T
PRINT 851
FORMAT (3X,'ICE THICKNESSES')
PRINT B801,(ETACJ) »J=1,NL)
PRINT 803,AL0
PRINT 852
FORMAT (33X, "WATER TEMPERATURES')
PRINT BO1,(TWOUTC(J) sm1,NL)
CONTINUE
FORMATCIOX,' ALO & ',F12,8,"' METERS')
FORMAT(1HO,"END OF DAY',15)
FORMAT(10F7.3)
END

Rt e e P



APPENDIX B: UNSTEADY LATERAL

6 ASHTOMN 22 maY 1078
UNSTEADY LATERABL MIXTING 1CE SHPPRESSTONM
DYMENSTION AL (10N ,FTACINO,20) , 10 (100,20) ,PAT(ACY ,STU(AN)Y
RFEAD 40T NT,NSR,NSW
READ 402,001 7
READ 408, (DAT(IT),TTI=1,NT)
READ 404, (STUCTTY 1 T21,0T)
READ 4LOS,i1M, DM, Ru
PEAN LDA,L TV
FORMAT (ST1M)
FORYAT (F1O .M
FORKMAT(F10,0)
FARMAT (F100,0)
FORMAT(Rp100,%)
FORMAT (T
NOW TNITTALTIZF WATFR TEMPERATYHRE AND 1CE THTICKAFSS
AY SO T=1,080
PO &Y el .S
FTACL,0)=0 0
TNCT, 0000
CONTINUE
CONT T MIE
PRINT OUT THPUY NATA
PRINT SOT1,nT, 8RS
FOQVAT(S8x,"' 17T *QQ ASW = L1
PRINT S02,NFH1 T
FORMATOAX, " DELTY = *,612.1,' QECOMNNAGQH)
PRINT 803§
FOARYAT (33X, "naYy TA(NFG C) Tw,0N")
PRINT SNL,(TT,NATCITLSTN(TTI),LTITET1,NT)
FORMAT (X ,74,2F10,2)
PRINT SOS
FORMAT (3N, THTTTIAL TCF TUTCKNFSSFS')
PRINT SOUS, ((ETACT ) p 01 ,8SW) L TR1,8 )
FORMAT(2NESN,3)
PRINY S007
FORMAT(AUD, " THTITTIAL WATFR THEMPERATHREQY)
PRINT SOR,((TVUCT 1) od=1,NCW) 121,48 )
FORMAT(20FS .2
NOW FSTAAL ITSH LENGTHS WTITH YIMF OF TRAVFL FQUAL TO DFLY
Al SRzIMeNFL T
PRINT §509,1Im
FORMATCINO X, " MFAN VFLOCTTY = ',L,F10,%," M PrR QFC'Y
PRINT S10,0M
FORMAT(RX,"~EAN NEPTH = ' ,F1(0,%," METFOQY)
PRINMT S11,A1 SR
FORMAT(3IX,"' SIIRRFACH | FNATH = ',F12_1,"' MFEYFRQY)
PO 60 T=1,NSR
AL (1)=AL SR
CONMTINNUE
PRINT 612,04
FORMAT(3X,"TOTAL WINTH = *,¢12 1,"'METFRS')
NEL AP /HSE
NOW DETFRMINF NUMRFR OF TTIMF STEPS PER DAY MTD

ANTABRALND /NFLT
MOW INTTIALTZE PROPERTIES AND COEFFTICIENTS
CPaL21s,

AKT®m2,24 \

AL AME 3 SLES ,Pr
RHNAT=O14, x‘
euOwe10N0, SR Y
CWI=1422, ‘."_,;\9
CwAs?& i
NWASCWA N

MIXING ICE SUPPRESSION
1A w015 /28/7R=NKRs A
Yo c
e L
S.
b,
Se
h‘
Te
B
9.
10, LN
3 5 [
12, Ln3
13, T
14, L08
1s, LA
1h, C
. i
1R,
10,
20,
24, A%
2. St
23, ¢
26,
25, 50119
2Ah,
2% 502
8,
20, 50%
50,
‘(1. LYATA
&
3, sns
4.
38, SNA
L
5T Sn7
3K,
39, SNp
L, C
41,
l?‘
43, 500
b,
.S, 510
LA,
“7. 511
LR,
4wo,
sn, 60
Ly S
52. 512
83,
56, [
568,
54, 4
$7.
SR,
“0,
AD,
61,
62,
6‘.
64,
AS.

HUTSCUTH (MR R) /(NMawl) D) < v’

21 -




113,

15,
116,
117.
118,
119,
120,
121.
122,
124,
124,
125,
124,
127.
128,
129,
130,
131,
132.

an

70
518

71
S16
72
517

518

F="_NS
F IS ARQITRARILY CHOSFM FNR EXYAMPLF CASE
HETARSIAWSORT(F/F,)
Exan 2
CALCUHLATF STAFT) TTY PARAVFYFR
STAGQLE = 2 «FXwlISTARKOMRNEL T/ (NELReNEL )
STARLFS2 #FC ! ISTARROMUNAF| T/ (NFLARENF] )
TFE(SYARL F=1,)70,71,721
PRIMY S15,8TANF
FORMAT(3X, 'STARTLITY PARAMETFR = ',f6,%,' STaaLb')
GH TO 72
PRIMT S1a,STanLF
FNOMAT(RY,"GTART| TTY PARAYETER = ',F&,3, ' UNSTARALFY)Y
CONTINUE
PRINT 817,FK
FORMATIAXL,'FK 2 ",0A,3," M2 PFR SFC")
PRTNT §18,UISTAR
PORMAT(SX,"1ISTAR = ' ,F7 ,4," M PER GECY)
PETUT §21,9F1 R
FORNAT(3X,'0FI R = ',F7.1,' METERSY)
FOSFR!IISTAR®DM
Fl=€0/2.
RODIRHOWRCP D™
NTZNELT/ (2 *NFLARNELR)

Chdhb kAR hAr Rk Rk kNt ke ke A

158

156

DO 200 TTs1.MT
Do ASD THh=1,MTH

TSYTIALYIZE UPSTQEAN WATER THEMPERATHOE VARTAYTON
a0 130 j=1,8N1w
TW(1,0)=8Tw(TIT)
CONTINNE
0O A0 I=aNSR,2,=1

CALCHLATFE )= NONDF
TFCFTACT,2))133,1%43,134
FIPI1=EQ
G0 TO 135
EIPI=FTY
CONTINUE
TFCETACT 1Y) 1%A,93A,437
EJmED
Az = (NFLT*HUA/RCD)=NT*(F P14 1)
NENFLT*#HWA/RCD
GO TO 138

FlaF]
Rz =NFL TAHWT/RCN=DT*(FIP14 €49
LE T
COMTTMIF
C=DT*(FIPT1+E)
TUCT o1 ER&TU(T=1,1)4CHTU(T=1,2)4NaDAT(TT)

CALCHLATF JanNsSw nOnF
TF(FTA(T,NSW=1))151,151,152
tEJM1-FO
GO TO 183
FIMImE T
CONTIMIF
TFCETACT NSW)IT154,154,155
FJ=EO
RE) ,=DELTHNWA/RCN=DTH(FIMT¢ (D]
D=OF| T*HWA/RCD
GO TO 154
FJak1
P ,*NELT*HWT/RCD=PTR(EIMT1+ £J)
p=0,
CONTINUE
A=DT=(EJ+F.IMT)
TW(IANSWIBARTW(I=1 ,NSWaT1)IRATW([=T )NSWISD®DATCIT)

CALCULATE TMTERMENTATE NMOANF PATNTS

2 LS FACK Lo fe ol LAl LY) PRAgSdudAbiel
FROM Curl Suadioiiss 10 D6

R

w i

Ve

b Sabcat o i

TERET




i

s & 3, 1 NO ADD 1eD 0 k=)

146, TFCFTA(T.u=1))1A5, 105,144
148, t4s FivtaEn

14a, GO 10 a7

1872, 144 AR RE T |

148, 187 CONTINIIE

189, THCPTACT L)V 14R 14K, 140
1400 168 Eleb O

L GOTA 120

%2, 169 (T
168, 1?70 COMT MR

166, [FCEYACT L eI, 21,1722

145, 121 (AR TN

146, RE) =0F | TRHWA/RCD=NTa(F P14 wb 1ap vY)

147, Nankl Tanvazecn

149, GOTO 128

49, 1722 (CRE TR

CYA REY =N T T /RCN=NTa(E IR 2 af 14k V1)

154 LT

152, 128 CONTINNE

158, AsNY«(F Jef 0N

‘Sa. CmOpLTa(E ot )P

%S, Toll ol VA eTi (1o, )=t ) e0aT (Tomt, )40 aY (Tmt, 0ot )enanaT (VY)Y

156, U CONT TN

187, a3 CONT LY

154, ¢ NOW CALC'IEAYE ICF THTICANESSES AT 1 NONER
B L P (T i | e

140, N0 208 1mY RN

L TE(NATCITII20N, 200,200

162, 200 D1a=DATCIYY/CCFTACTY, ) /ZANT) 01 /uwA)

148, GO T0 2N

Ted, 201 Qlang

VAS, en? CONTTMUE

Vobe AuaCul e Maed R)aTw(Tal)/ (NMwai,2)

147, NELETAR(IT=0uY ekl Y /00T aA &)

148, FTAQY 0 @b TACT, YN ETA

140, TECFTA T a VY208, 204,004

170, 204 FTA(L Y0 00
Y s NG COUTINIE
172, 208 CONY NI

1EYs REARY COANTIN LS
124, asu CONTTIN
175, 3 ORTEY OHY ANTIY RESHL TR
‘A, PRINT S1Q,017
177, PRINT S0, (T Lol Y sl ®t N ) ot wt, 80
178, S10 FORMAY (TM1,% Tw DATLY £MD OF pay ',18)
129, N0 FORVAT (1NN, 10FA, %)
180, PRINT 829,17
19, PRIATY SEN,((FTACY )Y, 0m NS W), e, iR
182, $29 FOOMAT (111, 1CF THYCKRNESSES EAD OF DAy *,18)

1w, SR FORMATCION,IOFALS)
18, 700 CONTINUF

188, Fon
'.
»’
v""‘w
W
4t ® ¢ oW
.l &
\‘5 ¥
Y A\ A
\50\:‘ 1
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