AN
ﬂ /) ba* K-1896

THE DESUBLIMATION OF KRYPTON FROM A
NONCONDENSABLE CARRIER GAS

R. S. Eby

Systems and Equipment Technology Department
Enrichment Technology Division

September 1978

UNION OAK RIDGE GASEOUS DIFFUSION PLANT

CARBIDE OAK RIDGE. TENNESSEE

prepared for the U.S. DEPARTMENT OF ENERGY under
U.S. GOVERNMENT Contract W-7405 eng 26

(Sponsor: J. R. Merriman)




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Printed in the United States of America. Available from
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161
Price: Printed Copy $7.25 ;Microfiche $ 3,00

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government or any agency
thereof, nor any of their employees, nor any of their contractors, sub-contractors,
or their employees, makes any warranty, express or implied, nor assumes any legal
liability or responsibility for any third party’s use or the results of such use of any
information, apparatus, product or process disclosed in this report, nor represents
that its use by such third party would not infringe privately owned rights.




Date of Issue: August 1978 Report Number: K-1896

SUBJECT CATEGORY: UC-79c

THE DESUBLIMATION OF KRYPTON FROM A
NONCONDENSABLE CARRIER GAS*

R. S. Eby

Systems and Equipment Technology Department
Enrichment Technology Division

NOTICE

This report was prepared as an account of work
sponsored by the United States Government. Neither the
United States nor the United States Department of
Energy, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not
infringe privately owned rights.

Oak Ridge Gaseous Diffusion Plant
Union Carbide Corporation
Oak Ridge, Tennessee

Prepared for the Department of Energy
Under U.S. Government Contract W-7405 eng 26

*This report was prepared as a thesis presented for the
Master of Science Degree at the University of Tennessee,
Knoxville, Tennessee in August 1978.




Blank Page


williamsonc
Text Box
   Blank Page
      


Missing Pages 3 and 4
from
Original Document


williamsonc
Text Box
Missing Pages 3 and 4
      from
Original Document


ABSTRACT

The purpose of this study was to obtain column con-
centration profiles and point buildup rates for a cold trap
freezing out krypton from a nitrogen carrier gas stream and
to compare those experimentally obtained profiles with pro-
files generated from a theoretical model. Profiles were
obtained over a range of fléw conditions from 0.14 to 1.06
standard cubic feet per minute, krypton feed gas concentra-
tions varied from 5.2 to 13.5%, and cold trap operating tem-
peratures from -281°F to -312°F. Gamma scintillation tech-
niques using tracer amounts of krypton-85 provided the major
analytical tool employed in the investigation.

Data obtained from the experiments indicate that if
values for the density and thermal conductivity of the krypton
frost are known, the model can accurately predict krypton
loading profiles in the cold trap. The frost density and
frost thermal conductivity appear to be functions of the
freeze-out temperature and condensable krypton concentration.
Presented in this thesis is a discussion of cold trapping
theory, a description of the experimentai apparatus and tests
performed, and an explanation of the usefulness of the model

as a design tool for engineering use.
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CHAPTER T

INTRODUCTION

Stringent emission standards are being formulated to
limit release of various volatile fission products from
nuclear fuel reprocessing facilities. These fission products
include the long-lived isotopes krypton-85 and carbon-14 and
the short-lived isotopes of xenon. The Oak Ridge Gaseous
Diffusion Plant has been actively engaged in developing a
process for the removal of these contaminants from the off-
gas of fuel reprocessing plants. The method of contaminant
removal, selective absorption in the solvent dichlorodifluo-

(1,2]

romethane , has reached the advanced stages of development,
but the method of contaminant concentration prior to final
product storage has not yet been decided.

One proposed contaminant concentration method employs
a series of Molecular Sieve traps to produce a final product
containing argon, krypton, and xenon. The Molecular Sieve
traps remove any refrigerant-12 vapors, carbon dioxide, and
nitrous oxide that might be present in the off-gas stream.
Two heated beds, one of copper turnings and one of calcium,
to react with the oxygen and nitrogen, respectively, are also
required. The effluent of the calcium trap is the final
Ar-Kr-Xe product ready for storage.

An alternative method of product concentration and

isolation is to collect the xenon and krypton fractions in
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a batch-type cold trap and then allow the frozen solids to
warm and be collected in a gas cylinder. The cold trap would
be located downstream of the refrigerant-12 and carbon di-
~oxide removal steps. The obvious advantage of this collec-
tion method is the removal of the diluent gas argon, making
higher krypton product concentrations possible. The ultimate
result then would be a greatly reduced storage volume required
for the radiocactive contaminant. Another advantage of this
collection method is the elimination of the heated chemical
metal reactive beds of copper and calcium required for oxygen
and nitrogen removal. Instead, the cold trap effluent, which
could contain some untrapped krypton in its essentially all-
diluent gas stream, could be recycled to the primary krypton
removal facility.

Very little work has been performed on separation of
materials by cold trapping or desublimation. However, a math-
ematical model of a desublimer, a pseudo term for cold trap,
has been written by D. I. Dunthorn which predicts solid build-
up of the desublimed component along the length of the trap[3].
Specifically, the work performed by Dunthorn studied the de-
sublimation and collection of uranium and plutonium hexa-
fluorides in the volatility processing of spent power reactor

[41

fuel elements” °. This model, patterned after the method

(5]

of Thompson , 1s written generally enough, though, to in-
corporate the desublimation of any component in any noncon-

densable carrier gas.
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To acquire necessary design data for a commercial
product purification cold trap, the experimental work of this
thesis utilized gamma scintillation tracer techniques to
obtain solids buildup profiles for the single component
krypton freezing out of a nitrogen carrier gas stream. These
experimentally obtained profiles were then compared to pro-

files generated by the theoretical model.
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CHAPTER TI
THEORY

Presented in this chapter is a brief summary of the
concepts and theory behind desublimation. Solutions of the
differential equations to yield the theoretical profiles were
performed by standard numerical techniques, while the corre-
lating form used to describe the governing heat transfer
coefficient is of a,standard chemical engineering form recom-
mended by the manufacturer of the heat exchanger finned tube

used in the studies.
I. DERIVATION OF DESUBLIMER EQUATIONS

This derivation follows closely that presented by

[3]. Since this reference has become somewhat diffi-

Dunthorn
cult to obtain, it was thought desirable to include in detail
those portions of that reference which are directly applicable
to the present study.

Generally, when a gas stream enters a desublimer, the
gaseous influent is superheated; i.e., it contains less than
a saturated amount of condensable component.: As the gas con-
tacts the refrigerated walls, it is cooled to saturation which
causes solid to condense on the walls and to set up a driving
force for mass transfer between the bulk gas and the wall.

Simultaneously,‘the gas stream is cooled by convective heat

transfer. Since diffusive mass transfer might not remove
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condensables fast enough to keep the stream below saturated
conditions, the bulk gas tends to approach saturation. As
saturation is reached and as the gas is further cooled along
the trap, then theoretically, enough condensable material must
be removed from the bulk stream to prevent supersaturation.
Therefore, material other than that traveling to the wall by
normal mass transfer then freezes out in the stream itself as
a mist or snow and settles to the surface by falling or other
mechanical means. Because of this, it would be expected that
the solid deposit thickness would vary along the length of the
trap and that an increase in deposit thickness should occur
where the bulk gas becomes saturated.

At any point in the desublimer, the base rate of mass

transfer to the cooling walls may be expressed as

= MlK(p - pw) = Mle(l - B), (1)

= diffusive mass transfer rate,

m = mass of condensable material reaching a unit area
of cooling wall surface, 1lb/ft?,
8 = time, hr,
M, = molecular weight of condensable,
z = distance along length of trap, ft,
K = méss transfer coefficient, 1lb mole/hr-ft?-atm,
p = partial pressure of condensable in the gas stream,

atm,
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p.. = partial pressure of condensable at the cooling

wall, atm, and

B =p,/pP-
The point buildup of the solid deposit due to mass
transfer to the wall may be expressed as

O M. Kg

ob I _
(35) = 5 (1 B), (2)
Z s
where
b = deposit thickness, ft, and
Py = deposit bulk density, 1b/ft?.

The mass transfer coefficient is not easily obtain-
able; however, by using the Chilton-Colburn analogy[6] which
relates mass and heat transfer, an expression for K may be
reasonably approximated for many engineering applications.

This analogy is:

KP
. _ "gf .2/3_ h 2/3 _ .
Im G/M_ Sc C G Pr In’ (3)

= mass transfer "j" factor,

jh = heat transfer "j" factor,
P = logarithmic mean partial pressure difference of non-
condensable gas, atm,

G = mass velocity of gas mixture, lb/hr-ft?,
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M_ = mean molecular weight of gas in stream, l1lb/lb-mole,
C. = mean specific heat of gaé in stream, Btu/lb-°F,
h = heat transfer coefficient, Btu/hr-ft2?-°F,
Sc = Schmidt number, u/pDAB, dimensionless,
p = viscosity of gas, 1lb/ft-hr,
D._ = diffusivity, ft?/hr,
Pr = Prandtl number, Cmu/k, dimensionless, and

k = thermal conductivity of gas, Btu/hr-ft-°F.

Using the heat transfer coefficient to estimate the
mass transfer coefficient via the Chilton-Colburn analogy,
the heat transfer coefficient used must be that for heat
transfer from a warm gas to a chilled wall and not an overall
coefficient or one which considers the transfer of latent
heat. For a heat exchange medium having finned cooling
surfaces, the manufacturer of the finned tube used in the
experimental apparatus, Brown Fin-Tube Company, recommends

the following semiempirical relationship[7]:

h _ -2/3
g.g = (Meon) (Pr7) £(Re), (4)

where
hcon = scaling constant determined experimentally, and
f(Re) = function of Reynolds number.

Used in the above form, the Reynolds number is de-

fined as the equivalent diameter multiplied by the gas flow
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rate and divided by the gas viscosity (Appendix A). A least
[7]

squares fit to data supplied by the finned tube manufacturer

indicated the following Reynolds number dependency:

D G
f(Re) = exp[-1.2587 - 0.62828 &n (—%—)], (5)

where
De = equivalent diameter, ft,
DeG
T = Reynolds number, dimensionless.

The logarithmic term in the Chilton-Colburn analogy

may be expressed as

Poe = %%T:_iiﬂT’ (6)
g p./P,

where
p;, = partial pressure of noncondensable in gas stream,
atm, and
Piw = partial pressure of noncondensable at wall, atm.

More specifically, by Dalton's law,

P; = Pp ~ P = Pp = XPq (7)

piw’:pT"pr (8)
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where
Pp = total pressure, atm,
X = bulk average mole fraction of condensable in gas
stream,
p = partial pressure of condensable in bulk gas stream,
atm, and

p.. = partial pressure of condensable at wall, atm.

Therefore,

b - __w™® _ _pa-8 (9)
gt Pp ~ XPp 1 - p,/Pq |
In(s—r——) Anl—g—7x)
Prp Py

Combining equations (2}, (3), and (9) yields

(257 _ e S sLn<—————l _ pW/pT) (10)
90 p.MC 1 - x !
zZ s mm
where
N = (Pr/Sc)2/3.

In a strict sense of the word, this equation applies only

for a superheated gas. In the case of a saturated gas,
though, it also represents the buildup due to tﬁe diffusive
mass transfer phenomena. The relationship between the actual

. 3b b, 0 .
buildup, (55) and (§§) , can be defined as
Z z
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o M. hN l-p

(39 T-a 5g) = p M C (1 - o)
z z s mm

o = fraction of solid buildup due to frosting or misting.

Under superheated conditions, this mist fraction, o, is zero,
and the equation reduces back to the previous form, repre-
senting only normal mass transfer. Under saturated condi-
tions, however, the mist fraction will represent that portion
of condensable which reaches the wall by means other than
diffusive mass transfer. If a differential material balance
for a section of desublimer is made in terms of bulk average
concentration, then assuming plug flow and assuming that the

gas concentration change with time at a point is negligible,

where
y = moles of condensable per mole of inert gas,
V = flow of noncondensable gas, 1lb mole/hr,
M, = molecular weight of condensable component, 1lb/lb mole,
P = perimeter of flow channel, ft, and

p. = density of solid deposit, lb/ft?3.

Rearranging and taking the limit as Ay and Az become

infinitely small gives,
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’ (13)

o
]
°
0]
Q.:|Oa
o|T

In terms of the mole fraction, x,

= — ==, (14)
(1 - x)
Substituting into (13) yields the following expres-

sion for the concentration profile along the trap:

dx _ -(1 - x% PsP db (15)
dz \ My 'de’’

which, when combined with (11), becomes

dx _ -(1 - x)2 hPN zn(l - PW/PT
dz \Y/ M C (1 - a)
m m

——) . (16)

The derivation of the heat transfer equation can be
handled similarly to obtain theoretical temperature profiles

(8]

along the length of the trap If it is assumed that there
is a film through which heat is being transferred, then it
can be treated like conduction through a slab. Figure 1
graphically depicts this type of conduction. At t = tl' the
temperature of the stream is T, and at t = 0, the tempera-
ture at the wall is Tw' Allowing conduction in only one
direction, Q is constant and at any point can be represented

by Q = k%%. When there is material being transferred through
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Figure 1

HEAT CONDUCTION THROUGH A SLAB

out

Tw
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the film, then the material must be cooled as it passes

through and the heat transferred must also be carried by
ar
at*
that reaching t = 0. At t = 0, however, the heat carried by

k The total heat flow into the film at t = tl must equal

mass flow will equal 2zero, since the mass temperature will
be identical to the wall temperature. Therefore, at any

point within the film,

daT 3

o

QT = Constant = - kaE + Clps ) (T - Tw). (17)
\/—V\,W\/
Conduction Heat Carried

By Mass Flow

where
Q. = total heat transferred, Btu/hr-ft?,
T = bulk gas temperature, °R,
T = wall surface temperature, °R, and

C, = specific heat of condensable component, Btu/lb-°F.

Now from equation (11),

o C, (2B = s G| sLn[(l _ pW/pT)] (18)
s 196 M C (1 - x) ’
m m
let
o - MlClN an(l - PW/PT) (19)
M C 1l - x :
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Then,

ob, _
QSCl (a—e‘) = ha. (20)

Substituting back into equation (17), the following relation-

ship is obtained:

QT + kEE - ha(T - Tw) = 0. (21)

Separating variables and integrating yields,

T

w t
kdT
- = - at, (22)
f -Qp + ha(T - T ) f
T o
-Q., + ha(T - T )
k T W - _
ha ‘ol o) 1 = -t, (23)
T
_ _ _ -tha/k
QT + ha(T Tw) = QTe . (24)

Since k/t corresponds to the usual definition of the

heat transfer coefficient, h,

ha (T - Tw)
Q.= —— W (25)
T (1 - e”®)

which is the total heat across the film.

a

The term, a/(1 - e %), is called the Ackerman correc-

tion factor and includes the heat transfer to the wall
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through mass flow 87111

Another way to express the total
heat equation is by summing the individual heat flux com-
ponents. These components are due to the heat of desublima-

tion, change of convective heat in the flowing liquid, and

the heat due to the mass transfer from the flowing fluid to

the wall.
The heat due to desublimation, erost, may be
expressed as:
erost = ALa, (26)

where
A = latent heat of sublimation of condensable,

Btu/lb-mole,

L = ha , the total rate of condensation per unit
Mlcl(l - a)

area, lb-mole/hr-ft?, and
oo = mist fraction; i.e., that fraction of solid removed
from the gas stream by condensation in the gas stream

rather than directly on the trap walls.

The total change in heat content of the flowing fluid

through the element dz can be written as:

\ M C 4aT

Q10w Change ~ P(L - X) m™m dz ' (27)

where
V = flow of noncondensable gas, lb-mole/hr, and

P = perimeter of flow channel, ft.
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Finally, the heat due to the mass transfer to the wall
through the film may be expressed as:

Q = h(T - Tw)a. (28)

Mass Flow

By equating the two total heat fluxes and rearranging
the equation, an expression for the temperature profile,
dT/dz, may be obtained. This yields

dT _ ha(l - x)P Ao (T - Tw)

al - [ —
dz VMmCm Mlcl(l o)

< 1. (29)

(e” - 1)

As long as the gas stream remains superheated, then
o will remain zero; and this equation may be solved numeri-
cally to obtain the temperature profile, and equation (16)
can be solved to yield the concentration profile. Solid
buildup rates may also be obtained by using the information
in equation (11).

Since some condensing material will not be carried
to the wall by normal mass transfer at saturated conditions,
o is no longer zero and the equations are no longer easily
solved. It is éssumed that the condensable desubliming from
the vapor stream settles out at the point of formation.
Also, it is assumed that, after saturation, the bulk concen-
tration and temperature of the gas stream follow the Clausius-

Clapeyron egquation:
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Ir = —> - (30)

where

R = universal gas constant, 1.986 Btu/lb-mole-°R.

By combining equations (16), (29), and (30), an

expression may be obtained for the mist fraction, o.

A, RTE(L - x)
CmMm AX
o =1 - _ . (31)
A, CiMy (T - T)
cHM

mm CM (e? - 1)
m m

The mist fraction may now be calculated. By using this cal-
culated o, it is possible to determine the temperature and
concentration profiles from the mass transfer and Clausius-
Clapeyron or vapor pressure equations, equations (16) and
(30) .

The effect of the solid deposit on the gas-solid
interface temperature, TW’ must be considered in the above
treatment. Initially, this temperature can be assumed to be
nearly equal to the coolant temperature, but as the solids
build up, the conduction of heat through the solid layer must
be considered in determining the interfacial temperature.
This is especially so, since the thermal conductivity of the

frost layer is quite low. The interfacial temperature may
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be determined by equating the heat flux through the deposit

to the heat flux at the deposit surface:

k
] _ ha _ Aha
(T T) = ——m— (T Tw)+MC

b trw c (1 - e & 1“1

(32)

where
ks = thermal conductivity of solid deposit, Btu/hr-ft-°F,
and
Tc = coolant temperature, °R.

The interfacial temperature may then be found which,
in turn, establishes the driving force required to effect
the solids buildup along the trap length.

Since the interfacial temperature may be considered
as a separate system variable, solution of the above equation
for Tw may be obtained by a trial and error technique and
poses no problem for most of the numerical solution. How-
ever, if the calculated Tw exceeds its physical limit, sig-
nificant errors may propogate in the solution.

The limiting or maximum value of Tw may be found by
first finding the maximum deposit thickness and then calcu-
lating the interfacial temperature which coincides with this
maximum deposit thickness. By equating the differential

equation for the deposit buildup with respect to time,
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ds P MC (1 - a)
s m m

0,

1 =20, (33)

to zero, the maximum thickness may be obtained. Since all
of the terms outside the logarithmic term are non-zero, the

logarithmic term then must be zero for the equality to hold

true. Since the antilogarithm of zero is one,
1 -yp/p
w T
—q - = - L (34)
or
Py
= X. (35)
Pp

Since By, is the vapor pressure of the condensable at the
solid surface temperature Tw’ pw/pT will equal x when Tw-
reaches the saturation temperature of the gas stream.

If more solid were to deposit at that point, Tw
would rise above the gas stream saturation temperature and
the deposited solid would sublime back into the gas stream.
The condition described cannot occur in the saturated portion
of the trap since the gas is already at saturated conditions;
and for any heat transfer to take place, some temperature
differential must be maintained between the gas stream and
solid surface temperatures. For a superheated gas, however,
this sets an upper bound on both the solids surface tempera-

ture and maximum deposit thickness. If the maximum thickness
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is insufficient to plug the trap, the trap then cannot plug
in the superheated region.

Not only can equation (32) be used to obtain the
interfacial temperature, but it may also be used to deter-
mine either the maximum surface temperature, i.e., the
saturation temperature, or the maximum deposit thickness,

b

max’
Recall from equations (10) and (19) that

Pgll - @) 4y

a = h Clﬁ . (36)
db
As 5 Joes to zero, a also goes to zero, and
m & g, (37)

a0 a

(L -e 9

At the maximum deposit thickness, the surface temperature,
Tw’ will be at its maximum, Ts’ and from equations (32) and
(37),
k T + hb T
e m

_ ax
Ts = —% +1b ' (38)
S max

or

b = == . (39)
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IT. COMPUTER PROGRAM AND NUMERICAL TECHNIQUES
FOR SOLVING DIFFERENTIAL EQUATIONS
To solve the equations derived in the preceding sec-
tion for a theoretical concentration profile (equation 16),
temperature profile (equation 29), deposit height (equation
11), and solids surface temperature (equation 32), the com-

[3] was adapted to the

puter program published by Dunthorn
specific system being studied. The program was written
specifically for cold trapping uranium and plutonium hexa-
fluorides in the volatility processing of spent power reac-
tor fuel elements; however, it was written generally enough
to incorporate the desublimation of any component in any
noncondensable carrier gas. Solutions to the governing
useful differential equations were obtained by common numeri-
cal method techniques. Prior to obtaining these solutions,
however, certain physical properties, i.e., vapor pressure,
viscosity, density, diffusivity, thermal conductivity, and
heat capacity, had to be correlated into a usable form.
Equations used in the program for each of these required
parameters may be found in Appendix A.

Solutions of the concentration and temperature pro-
file equations were obtained using a four-step Runge—Kutta[l2]
numerical method. Only the gas temperature and concentration
were allowed to vary while the surface temperature and

deposit thickness were assumed to be constant at the values

in effect at the beginning of the step.
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To calculate the integral curve of the equation,

%% = f(X,Y), through the point XO,YO, the following formulae

are used in the four-step method:

kl = f(XO,YO)AX, (40)
AX kl

k2 = f(Xo + —2—, YO + —é—) AX, (41)
AX k2

k3 = f(Xo + "‘2—‘, YO + —2—) AX, (42)

k4 = f(XO + AX, Yo + k3)AX, (43)

AY = l/6(k1 + 2k2 + 2k3 + k4), (44)

Xl = XO + AX, (45)

Yl = Yo + AY. (46)

The four individual steps as outlined above are written as a
subroutine of the main program and accessed by appropriate
programming call statements. Between successive calls, a
check is made to determine if numerical errors have caused
the intermediate bulk gas temperature to be less than the
surface temperature. If this physically impossible situa-
tion occurs, it is corrected by equating the solid surface
temperature with the bulk gas temperature. At the beginning

of each distance integration, it is assumed that the gas
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stream is superheated. At each step, this assumption is
tested. When the temperature drops below the saturation
temperature, the program transfers to saturated conditions.
To prevent any unnecessary propogation of errors, the gas
concentration is calculated using the vapor pressure equa-
tion instead of the Clausius-Clapeyron differential form.
If an excess of heat transfer area exists, the gas and trap
wall temperatures are so nearly equal that the fraction of
solids condensing out in the gés stream is zero. In this
instance, the program changes back to the superheat calcula-
tion mode.

Time integrations are calculéted following the first
of the four steps in the Runge-Kutta method. At this point
in the program, distance derivatives, and physical and flow
properties have correct point values and may be employed

[13]

directly. A simple Euler's method is used to calculate
the change in deposit height with respect to time. 1If the
temperature and composition, as well as all physical proper-
ties and flows, are assumed to be constant with respect to
time at the point in gquestion and if the condensable concen-

tration in the gas stream is small, then equation (11) may

be integrated to give

r db 1
| T~ /D = MG 0 (47)

e} 1 - x
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Recall that the partial pressure of the condensable at the
cooling wall, Py, is a function of the wall temperature which,
in turn, is a function of the deposit height (equation 32).
Figure 2 is a curve generated by solving the above equation
(47) using typical values for the parameters. As seen in
the curve, it is important to note that the rate of solids
buildup is essentially constant until better than 50% of the
solids have accumulated. Since there is no maximum buildup
thickness in the saturated region, the implication here is
that solids buildup should be relatively constant in that
region. A maximum deposit height does exist, however, in
the superheated region of the trap; and as can be seen in
Figure 2, this buildup rate is no longer constant with time.
To obtain an accurate solution to the differential equation
using a simplified method such as Euler's method, very small
step intervals would have to be employed. If intervals too
large are chosen, calculated deposit heights may be greater
than the maximum possible deposit thickness causing computa-
tional difficulties.

From Figure 3, it is seen that if the solution is

replotted as SLn[(bm - b)/bmax] versus time, a nearly

ax

linear relationship is found. Therefore, if

max

by the chain rule of differentiation,
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du _ dU db
ae - ap ao ' (43)
and
du 1 db
= = — = . (50)
dae (b bmax) ds
Since %% is relatively constant, this equation can be
more easily solved using numerical methods than can the equa-
tion for %%. To obtain the desired deposit thickness on the

superheat region, Euler's method is employed in the computer

program using the following calculations:

Ul = ,Qn(bmax - bl), (51)
U2 = ,Qn(bmax - b2)’ (52)
max b2
U, -0 = n ( _— ), (53)
max
AU _ _
(bmax - bl)e - bmax b2’ (54)
_ _ _ AU
b2 - bmax (bmax bl)e ! (55)
b, - b, = (b.__ - by) - (b.__ - by)eV (56)
2 1 max 1 max 1 .
Finally,
tb = (b - by (1 - %Yy, (57)

max 1
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where Ab is the change in deposit thickness over a unit
change in time.

Because of the nearly linear relationship of this
equation, Euler's method for numerical integration offers
good accuracy for reasonably large time steps. Since the
deposit buildup is constant in the saturated region of the
trap, this is calculated by simple use of the derivative
instead of the above method described.

Following calculation of the deposit height, the
solid surface temperature is then calculated using the

[14]

familiar Newton-Raphson numerical method with end point
corrections on a balance of heat flux. The primary form of

the Newton-Raphson method is

X = X F(Xn—l)

- - [
n n-1 F'(X _q)
with

F(X) =0,
where
Xn = newly calculated value of X,
Xn—l = previous calculated value of X,
F(Xn_l) = the function evaluated at X _,. and
F'(Xn_l) = the first derivative of the function evaluated

at Xn—l'
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This method is said to converge when the absolute
value of the difference between two successive values for x
is less than some predetermined convergence criteria. The
Newton-Raphson method is excellent for finding the root of
an equation because of its ability to converge rapidly,
within 3 to 6 iterations. This method is not without fault,
however. To converge, the initial guess must be sufficiently
close to the root. Also, it is obvious that as the first
derivative approaches zero, [F(Xn_l)]/[F'(Xn_l)] goes to
infinity. If either of these two conditions exist, or if
the second derivative of F(X) at Xn—l is excessively large,
the Newton-Raphson method will probably not converge. For
this reason, an escape is incorporated in the program if
convergence is not reached within twenty iterations. If the
convergence criteria are not met within the twenty passes,
the solid surface temperature is determined by successively
halving twenty times the interval where the temperature lies.
Using this method ensures convergence and is equivalent in
accuracy to the Newton-Raphson method; however, this method
is normally a great deal slower than the Newton-Raphson
method and is only used if the preferred method fails.

The program also calculates the total amount of
solids collected in the trap by carrying an integration of
deposit height with distance and by integrating a material
balance over the trap with time. Theoretically, these two
values should be equal; however, satisfactory accuracy is

said to have been achieved if the numbers vary no more than
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10%. These two values, then, are a good indication of how
reliable a particular calculation is.

Appendix B presents a full listing of the computer
program, including a description of the program input.
Initially, the program was written for an IBM 7090 machine
and some of the symbols may seem archaic. The IBM 360 com-
piler will translate these outdated symbols to modern inter-
pretations. All computer runs made for this work were made

on an IBM Model 360 computer.
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CHAPTER ITI

EXPERIMENTAL APPARATUS

This chapter presents a brief description of the
experimental apparatus used to collect the data. Included
is a summary of not only the mechanical equipment employed,
but also the analytical instruments used to obtain stream
compositions. Figure 4 is a photograph of the completed

facility.

I. PROCESS PIPING AND FLOW EQUIPMENT

The primary piece of equipment is a 132-inch-long
single-shell and tube-type heat exchanger or desublimer. The
shell is fabricated from a nominal 2-inch, Schedule 80, 304L
stainless steel pipe. A single 3/4-inch OD finned tube
with sixteen 1/2-inch-high by 10-foot-long longitudinal
exterior fins provided the surface area for cooling. The
fins are cut and twisted every 6 inches to promote mixing
and reduce channeling effects. Boiling liquid nitrogen
tubeside yields the low temperatures necessary for the
krypton to freeze. The trap is equipped with internal
copper-constantan thermocouples equally spaced 6 inches apart
along the length of the shell. Six inches of polyurethane
foam insulates the desublimer, reducing heat inleakage into
the trap. Figure 5 is an assembly, detail, and section draw-

ing of the desublimer. In the drawing, it is of interest to
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note the metal bellows at the end of the heat exchanger. This
bellows provides the needed flexibility for joining the finned
tube with the cold trap. A thermal expansion stress analysis
calculation (Appendix C) indicated that over the operating
temperatures, the 400°F temperature change would result in

up to a 1/2-inch contraction in the stainless steel tube and
pipe heat exchanger.

Process instrumentation was designed to provide all
process parameters required for adequate data analysis.
Linear thermal mass flow meters were installed on the desub-
limer inlet and outlet streams. A differential pressure
transmitter, calibrated between zero and 7 inches of water,
was used to monitor the pressure drop across the trap and
indicate plugging in the pipe flow channels. Shell side
pressure was controlled by means of an absolute pressure
transmitter, an automatic electronic controller, and an air-
to-open control valve. The operating temperature was deter-
mined by the temperature of the boiling liquid nitrogen which
was fixed by the liquid coolant pressure inside the finned
tube. This coolant pressure was controlled by a system simi-
lar to the shell side pressure control loop; however, a feed
forward system, instead of a feedback control loop, was used.
Liquid nitrogen was fed from a Department of Transportation
approved cylinder holding up to 5.6 ft® of coolant. During
a test run, one cylinder lasted approximately 7 hours before
there was a measurable change in the pressure of the coolant

cylinder. Figure 6 is a flow and instrumentation schematic
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of the physical apparatus. Table I describes in detail the
necessary monitoring and control instrumentation employed in

the process.
IT. ANALYTICAL EQUIPMENT

The analytical equipment included a gas chromato-
graph and mass spectrometer, as well as a unique gamma ray
spectroscopy tool developed by the author and his colleagues.

Gas samples were drawn from the cold trap inlet and
outlet streams and either directed through aﬁ in-line process
gas chromatograph or placed into cylinders for mass spectrom-
eter or other laboratory analysis. The in-line chromato-
graph has ranges of 0-50% nitrogen, 0-50% krypton, 0-100%
carbon dioxide, 0-100% xenon, 0-100% oxygen and argon com-
bined, and 0-1000 ppm refrigerant-12. The refrigerant-12,
carbon dioxide, and xenon detection capabilities are specific
for the fluorocarbon development program and are not needed
for the test performed for this thesis.

Radioisotope measurement has recently become a very
useful tool in laboratory research and development activi-

[15]. Although the

ties to better define process behavior
method is well defined for laboratory and bench-scale equip-
ment, very little work has been done using this technique in
pilot plant-scale type work. 1In 1975, Canadians Fulham and

Hulbert used gamma scanning to determine liquid levels, foam

heights, plugging in sieve traps, and internal structural



INSTRUMENTATION KEY

TABLE

I

TO THE COLD TRAP

Symbol Service Description Manufacturer Model Input Range Qutput Range
PRC-PT Product Purification Cold Trap Pressure Transmitter Taylor 1332TF11221 10-100 psi 4-20 mA
Pressure Control Indicating Controller Taylor 1304RA10002 0.25-1.25 v 4-20 mA
Recorder Taylor 1322JA14123 0.25-1.25 v 0-100 div
1/P Transducer Moore 77-16 4-20 mA 3-15 psi
PCV-PT Product Purification Cold Trap Control Control Valve Precision Products % in., 0.003 C, 3-15 psi Mechanical
PdR-PT Product Purification Cold Trap Pres- AP Tramsmitter Taylor 1301TD11122 0-10 in. Hp0 4-20 mA
sure Drop Recorder Taylor 1322JA14123 0.25-1.25 v 0-100 div
TE-LN Product Purification Liquid Nitrogen Thermobulb/Thermowell Taylor PLCL-9-3A/ -320 to +32°F 19-100 @
Temperature Control 1-10RL-9
Resistance to Current Taylor 1002TA14810 19-43 Q 4-20 mA
Transmitter
Indicating Controller Taylor 1304RA10002 0.25-1.25 v 4-20 mA
I1/P Transducer Moore 77-16 4-20 3-15 psi
TCV-LN Product Purification Liquid Nitrogen Control Valve Precision Products % in., 0.006 Cy 3-15 psi Mechanical
Control
TE-PT Product Purification Cold Trap Thermobulb/Thermowell Taylor PLCL-9-3A/ -320 to +32°F 19-100 Q
Temperature Control 1-10RL-9
Resistance to Current Taylor 1002TA14810 19-43 Q 4-20 mA
Transmitter
Indicating Controller Taylor 1304RA10002 0.25-1.25 v 4-20 mA
1/P Transducer Moore 77-16 4-20 mA 3-15 psi
TCV-PT Product Purification Cold Trap Control Valve Precision Product % in., 0.02 Cy 3-15 psi Mechanical
Temperature Control
FIR-ST Stripper Product Flow Thermal Mass Flowmeter Tylan FM-360 0-1 slm 0-5 v
Transducer
Thermal Mass Flowmeter Tylan RO-751 0-5 v 0-1 slm
Indicator
Recorder Taylor 1322JA14123 0.25-1.25 v 0-100 div
FIR-PT1 Product Purification Cold Trap Thermal Mass Flowmeter Tylan FM-360 0-100 sccm 0-5 v
Off-Gas Flow Transducer
Thermal Mass Flowmeter Tylan RO-751 0-5 v 0-100 sccm
Indicator
Recorder Taylor 1322JA14123 0.25-1.25 v 0-100 div
FIR-PT2 Product Purification Cold Trap Thermal Mass Flowmeter Tylan FM-360 0-500 sccm 0-5 v
Off-Gas Flow Transducer
. Thermal Mass Flowmeter Tylan RO-751 0-5 v 0-500 sccm
Indicator
Recorder Taylor 1322JA14123 0.25-1.25 v 0-100 div

£
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[16]

damage on large sieve trap towers . These experiments,
however, did not use tracer isotopes inside the process as
an internal system component, but instead used a source and
detector on opposite sides of the equipment, and plotted a
density profile of the material inside the vessel to deter-
mine liquid levels, etc. 1In 1975, Stephenson, et al, began
using gamma scanning techniques to determine packed column
concentration profiles. Absorber and fractionator column
profiles obtained yielded a greater understanding of the
physical phenomena occurring in gas-liquid contacting[l7—20].
From the experience gained about scintillation analysis tech-
niques for these gas-liquid contactors, it could be seen that
these same techniques could provide a unique method for
solids buildup determination in a cold trap.

Two single~channel and one multichannel pulse height
analysis systems were used to simultaneously determine the
isotopic content of the entering and exiting flow streams,
as well as the point deposit thickness and buildup rate.

Each counting system consists of a sodium iodide detector,

a photomultiplier tube, a tube base, a scintillation pre-
amplifier, a spectroscopy amplifier, a pulse height analyzer,
a timer, and a digital counter. The multichannel analyzer
(MCA) also includes a 200 MHz analog-to-digital converter,

a 1024 channel analyzer, a multiple input multiplexer, a
cathode ray tube display, and a thermal printer. Sixteen
thousand words of memory give the MCA a great deal of versa-

tility for analyzing the data. The MCA also provided a
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common counting base to individually calibrate each single
channel system prior to each test run. A schematic of the
counting network is presented in Figure 7.

Process gamma counting is performed directly through
the pipe wall. For the inlet and outlet counting positions,
the process pipe is encased in a 1-1/2- to 2-inch thick lead
shield to reduce background radiation to acceptable levels.

A hole was bored in one end of each of the shields to re-
ceive the cylindrical crystal detector which is positioned
directly against the process pipe. Figure 8 is a schematic
of the lead shields employed. They were constructed to block
out more than 95% of the background radiation levels.
Appendix D presents a sample calculation for determining the
required shielding thickness. In addition to the two sta-
tionary shielded counting positions, a motor driven mobile
shield was installed on a track to horizontally scan the cold

trap and to obtain the experimental concentration profiles.
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CHAPTER IV

EXPERIMENTAL PROCEDURE

The experimental procedure used in this study can be
broken down into three major categories or steps: (1) pre-
trapping setup; (2) cold trapping operations; and (3) post-
trapping inventory analysis. Each category requires a series

of specific functions.

I. PRETRAPPING SETUP

Prior to the actual cold trapping operation, the
three primary steps performed were (1) preparation of the
gas feed mixture, (2) preliminary cooldown of the trap, and

(3) calibration of the counting equipment.

Feed Gas Preparation

The feed gas was prepared in a standard 1A (220 ft?)
nitrogen gas cylinder which had been evacuated to approxi-
mately 2 inches of mercury total pressure. One curie of
tracer krypton-85 was added with a known quantitative amount
of cold krypton to the cylinder. A nitrogen carrier gas was
then added to dilute the krypton concentration to the desired
feed concentration level. During the initial test, it was
observed that this method of gas preparation did not result
in a well-mixed gas. As the gas was fed from the cylinder,

the krypton concentration started at a low value and steadily
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rose to a value higher than the desired amount. To ensure
better mixing, a heat lamp was directed toward the cylinder
to promote convective currents. A steadier gas feed concen-

tration was realized from this action.

Preliminary Cooldown Step

A time consuming step, preliminary cooldown was
accomplished several hours prior to initiating the actual
test run. This was to ensure that a thermal equilibrium had
been reached in all process piping. Initially, a nitrogen
gas flow was introduced into the trap at a rate equivalent
to the desired cold trapping feed gas flow rate. The cold
trap pressure controller was allowed to operate automatically,
while the gas outlet temperature and liquid nitrogen pressure
control valves were manually opened as were the block valves
bypassing each of these two control valves. This permitted
a maximum flow of liquid nitrogen through the tube side of
the cold trap. As the coolant was fed from the 5.6 ft?
cylinder, the coolant cylinder pressure had a tendency to
drop. A blanket of gaseous nitrogen was introduced through
a regulator on top of the liquid nitrogen to maintain a con-
stant coolant feed pressure.

As the trap was cooled down, the shell side gas out-
let temperature was monitored by means of a platinum resist-
ance thermobulb and a resistance-to-current transmitter.

This transmitter then sent a signal to a recorder for visual

observation. As the trap temperature approached the set
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point condition, the two manual valves were slowly closed,
and the liquid nitrogen control valve automatically operated.
The gas outlet temperature control valve was left on manual
and slowly closed until the final temperature was reached.
The operator manually adjusted the opening of this valve to
give the desired gas outlet temperature. Should the tempera-
ture need to be lowered, the valve was opened to allow more
coolant to pass, resulting in a temperature reduction.
Similarly, should the temperature be too cold, the operator
simply closed the valve, reducing the coolant flow, and hence
warmed up the trap. The trap was allowed to run at a con-
stant temperature for a minimum of 7 hours to achieve thermal
equilibrium. As the liquid nitrogen was depleted in a feed
cylinder, a new cylinder was valved in line. This momen-
tarily disrupted the system; however, the trap temperature
variation was usually less than * 5°F during a cylinder
change. New cylinders were placed on-stream just prior to
feeding the prepared gas mixture, allowing most of the tests

to be completed without changing coolant cylinders.

Calibration of Radioisotope Tracer Counting Systems

Prior to each test run, all three counting systems
were calibrated to a common base using the multichannel
analyzer. A krypton spectrum, similar to the one seen in
Figure 9, was obtained using each counting system and dis-
played on the multichannel cathode ray tube screen. Each of

the individual amplifiers was adjusted to force the primary
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gamma peak to fall at channel number 514 on the screen, since
the gamma energy level of krypton is 0.514 MeV. During
operations, only the primary peak was counted, while the
Bremmstrahlung or breaking radiation peak due to the energy
release of the destroyed beta particles was excluded. With
all amplifiers set, the calibration scheme was only a matter
of adjusting the analyzer "windows" to produce an identical
number of counts in each of the three systems for a given
source. The counting systems were considered calibrated when
all three individual systems were counting with one-half of
one percent of each other.

Before the tracer krypton was fed into the cold trap,
a preliminary scan of the desublimer was taken, as well as
counts of the trap inlet and outlet flow streams. This pro-
vided a background count for later comparison to the actual

running conditions.

IT. COLD TRAPPING OPERATIONS

Following the pretrapping setup, the prepared feed
gas was ready to be fed into the cold trap. The nitrogen
purge gas flow was valved out, and subsequently, the mixed
gas feed was valved into the trap. The sodium iodide
scintillation detectors to monitor the krypton distribution
were placed on the trap inlet, outlet, and at a position on
the pipe wall 2 inches downstream of the trap inlet. The
inlet trap concentration was monitored both by gamma

spectroscopy and gas chromatography to assure that a constant
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feed composition Was being maintained. The outlet stream was
monitored to arrive at an overall cold trap removal effi-
ciency, while the position 2 inches from the trap inlet was
recorded to produce a point deposit buildup versus time
relationship. The gas was allowed to feed until either the
feed gas mixture ran out or until a preset experimental run
time had elapsed.

Operation of the cold trap during each test was simi-
lar to the preliminary cooldown step. The operator manually
adjusted the gas outlet temperature control valve to main-
tain a constant trap temperature. Gas flow rates were also
monitored to ensure that a steady flow rate was being main-
tained, while the cold trap pressure drop was observed to

indicate if plugging was occurring in the pipe.
III. POSTTRAPPING INVENTORY ANALYSIS

After the feed gas mixture had been shut off and
prior to any warming of the cold trap, a concentration pro-
file scan was taken along the length of the horizontal
column. This scan was taken at 2-inch intervals over the
entire length. These scans were then corrected for position
counting efficiencies, plotted, and compared to the theore-
tical model output. Following the gamma scan, the trap was
warmed, and the krypton was collected as it sublimed back

into a gaseous state.
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CHAPTER V

RESULTS AND DISCUSSION OF RESULTS

Presented in this chapter are the experimental test-
ing conditions and the subsequent test results. Also included
in this chapter is a comparison of the experimental results

with those predicted from the theoretical model.

I. RESULTS

Experimental Runs

The majority of the experimental effort was focused
on determining the effect that gas flow rate has on the
krypton deposit buildup profiles. Scoping tests were also
conducted to indicate what other parametric dependencies,
such as coolant temperature, cold trap pressure, and krypton
concentration, the cold trapping phenomenon has.

Eight experimental runs were performed in the testing
facility. Gas flow rates were varied from 0.035 to 1.06
scfm, while coolant temperature, cold trap pressure, and
krypton concentration were held at the nominal values of
-311°F, 2 atmospheres, and 6.3 mole percent, respectively.
The test duration ranged from a minimum of 62 minutes to a
maximum of 697 minutes. The scoping tests included one run
with a krypton concentration of 13.5%, and the system pres-
sure was lowered to 1.3 atmospheres for another experiment.

Finally, the liquid nitrogen coolant temperature was raised
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30°F to -281°F for still another test. Table II presents a
listing of the parameters and the values used in each of the
eight experimental runs.

Following each test, the trap was scanned to obtain
the krypton debosit buildup profile along its length. An
example of the raw data taken is given in Table III. After
the raw counts were corrected for background and count posi-
tion, the ratio of net counts at position Z to the net counts
at the inlet was plotted for each test. The resulting plots
are seen in Figures 10 through 17. Also included in these
figures are the profiles generated by the computer model.
The two curves, one theoretical and one experimental, seen
in Figure 18, represent the ratio:deposit thickness to maxi-
mum deposit thickness as the ordinate, and the ratio:time
to time at 99% complete deposition as the abscissa. These
two curves are similar to the one seen in Figure 2, page 41 ,

and discussed in Chapter II.

Computer Simulation Runs

Prior to obtaining the profiles as predicted from the
theoretical model and illustrated in Figures 10 through 17,
several system variables simulating each experimental run had
to be specified. The parameters required to run the program
and simulate the test are stated in Table IV.

Some of these parameters, such as molecular weights
and trap type, would not change from run to run; while as is

seen in Table II, other parameters, such as flow rate,



TABLE IT

OPERATING PARAMETERS USED IN THE
EIGHT EXPERIMENTAL RUNS

Inlet Gas Inlet Gas Total Gas Cold Trap Coolant Run

Run Krypton Temperature Flow Rate Pressure Temperature Time
Number (mole %) (°F) (scfm) (atm) (°F) (min)
11/10/77 5.2 79.6 0.140 2.008 -310 179
11/15/77 6.2 84.5 0.035 2.022 -311 697
11/22/77 7.4 75.0 0.140 2.009 -281 163
12/1/77 7.4 75.0 0.140 2.001 -309 164
12/15/77 13.5 77.9 0.088 2.010 -311 251
1/5/78 7.0 84.3 0.710 2.034 -312 89
1/12/78 6.7 83.3 1.06 2.025 -312 62
1/19/78 6.9 78.8 0.140 1.311 -312 180

99
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TABLE IIT

SAMPLE OF RAW DATA TAKEN FROM
RUN 1/12/78

Position Position
(Inches Counts/Min (Inches Counts/Min
from Inlet) (Uncorrected) from Inlet) {Uncorrected)
0.0 48,400 6.4 42,754
0.2 87,719 6.6 35,750
0.4 103,105 6.8 22,494
0.6 110,000 7.0 19,146
0.8 110,578 7.2 20,620
1.0 116,795 7.4 32,056
1.2 127,883 7.6 41,124
1.4 133,385 7.8 32,502
l.6 137,908 8.0 24,241
1.8 144,356 8.2 26,559
2.0 153,196 8.4 23,289
2.2 161,469 8.6 19,886
2.4 167,925 8.8 24,262
2.6 165,290 9.0 22,266
2.8 168,172 9.2 16,202
3.0 168,957 9.4 16,867
3.2 164,486 9.6 18,132
3.4 162,674 9.8 13,196
3.6 161,509 10.0 11,073
3.8 153,698 10.2 10,865
4.0 147,808 10.4 13,131
4.2 141,600 10.6 19,564
4.4 129,085 10.8 15,353
4.6 129,076 11.0 8,877
4.8 124,650 11.2 8,825
5.0 103,454 11.4 6,425
5.2 84,471 11.6 4,090
5.4 72,755 11.8 2,077
5.6 66,427 12.0 1,707
5.8 60,948 12.15 1,311
6.0 64,431 0.1 71,802
6.2 54,700
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TABLE IV

REQUIRED PARAMETERS TO SIMULATE TEST RUNS
WITH COMPUTER PROGRAM

10.

11.

12.

Trap type and dimensions

Flow rate of the gas stream

Percentage of krypton in the gas stream
Temperature of the gas stream

Pressure of the gas stream

Trapping time

Molecular weight of the condensable gas (krypton)

Molecular weight of the noncondensable gas
{nitrogen)

Frost density of the as-trapped solid
Thermal conductivity of the as-trapped solid
Temperature of the liquid nitrogen coolant

Increase in temperature from heat inleakage
due to trap supports
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temperature, krypton concentration, and cold trap pressure,
did change.

Simulation of the physical trap for the computer
model was done by assuming the trap consisted of sixteen
equal rectangles bounded by the finned tube, inner shell
wall, and the extended longitudinal fins. The length of the
flow channel was taken to be 6 inches, the length between
cut and twist portions of the finned tube. Figure 19 is an
illustration of the trap model configuration, as well as the
dimensions of each rectangular flow channel used in the
program.

A value for the frost density was patterned after
known values for frost densities of other materials. For
example, the generally accepted meteorological statement
that one inch of rain equals about 10 inches of snow implies
that the frost density-to-liquid density ratio for snow-to-
water is 0.1. Similarly, Dunthorn reported a frost-to-liquid
density ratio of uranium hexafluoride to be 0.69[3]. Since
the cold trap was operated near the melting temperature of
krypton, the solid product should be comparable to a "wet or
heavy" snow. In other words, the frost-to-liquid density
ratio for krypton should be closer to 1.0 than for snow and
probably comparable to the value for uranium hexafluoride.

A value of 68.0 1lb/ft?® was chosen to be used in the program.
This corresponds to a frost-to-liquid density ratio of
approximately 0.5 as the liquid density of krypton reported

in the available literature is 134.4 lb/ft3[21}.
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SEE SECTION BELOW

TOTAL NUMBER OF FLOW CHANNELS = 16

0.406

.

0.595"
.

—»«.4—0.188

DIMENSION OF FLOW CHANNEL
HEIGHT = 0.595"
WIDTH = 1/2 (0.188 + 0.406) = 0.297"
LENGTH = 6"
FLOW AREA/CHANNEL = 0.177 in2

Figure 19
COLD TRAP MODEL CONFIGURATION USED IN COMPUTER PROGRAM
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A nominal value of 0.01 Btu/hr-ft-°F was chosen ini-
tially for the thermal conductivity of the frost deposit.
This value was changed, however, to obtain the best match
between the theoretical model and the experimental data.

The best overall frost thermal conductivity value was found
to be 0.0013 Btu/hr-ft-°F. Temperature correction factors to
account for heat inleakage due to trap supports were experi-
mentally found through internal thermocouples to be about
10°; however, a 4 to 5-degree temperature rise in the model
gives a better match to the experimental deposit profile
data.

Following a good definition of all the program param-
eters, the computer program was run to simulate each experi-
mental test. Table V is a sample output from the program.
Specifically, this output represents a simulation of the
experimental Run 1/5/78. At the top of the page is given
the run identification code, the time step being printed,
and the length of real operating time at that time step.
Also printed is the amount of trapped solids, calculated by
the two methods discussed in Chapter II. Under the column
headings, DISTANCE refers to the distance of the point from
the trap inlet, and DEPOSIT THICKNESS describes the height
of the solid buildup on the trap wall. CLEARANCE refers to
the linear clearance remaining for flow in the trap and MOLE
FRACTION represents the mole fraction of the krypton in the
gas stream. TEMPERATURE and SURFACE TEMPERATURE stand for

the bulk gas temperature and the temperature of the solid
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TABLE V

SAMPLE OUTPUT FROM COMPUTER PROGRAM

DESUBL IMATION OF KRYPTCN RUN 1/5/78 PAGE 1

TIMESTEP NO. 121

TIME 1004300 HRe TIMESTEP 04008300 HR.
HCOLOUP, SOLID BASIS 0459246 L8Be
HCLDUP, GAS BASIS 0457271 LB
DEPOSITION SUFRF ACE
DISTANCE THI CKNESS CLEARANCE MCL TEMPSRATURE TEMPERATURE MIST
IN. INe INe FRACTION DEG F DEG F FRACTIONS DIVISIONS RATIO
0.0 0.41503D~-02 0,28870D 00 04069600 45400 -275.78 0.0 156 1.00000
10000 0.481120-02 0.,28738D 0¢C 04069600 11 447 -275.78 0.0 16 1+1592%
240000 04553350-02 0.28593D 00 Ca 069600 ~17.48 -273478 0.0 16 1.33330
3.0000 04631670-02 0.,284360 00 04069600 =42 ,66 =-275.78 00 16 1.52273
4.0000 0,71720D-02 0,28266D 0C 0+06S€00 =54 468 =275.78 0.0 16 1.72809
$5+0000 0.80913D-02 0.,28082D0 00 D 069599 =-34,07 -275.7S 0.0 16 1.54560
€40000 0,90748D0-02 0.278850 00 0069557 -101.+21 =275+81 00 15 2,13657
70000 0410112001 0.27678D 00 De06558€ =116.,45 -275.86 Qe 16 2043648
B,0000 04111820-01 04274640 00 0.066556 -130405 ~275493 00 15 2.€941 €
9:0000 04122510~01 0.272500 OC 0+06%4E€ -1842.23 -276413 Oe0 15 2495186
100000 04132810-01 0.270440 00 0.069351 =-153.20 -276451 040 16 320001
110000 04127700=-01 0,27146D 00 0065117 ~163.11 =276430 0.0 1o 3407692
120000 0413563D-01 0.2€987D 00 0+068809 -172.19 -277.32 Oe 15 3.26602
1340000 04142350-01 04268530 00 C.0683¢66 ~130.28 =277 .36 040 15 34426923
14,0000 J.14767D~0U1 0+26746D 00 0.067770 ~-187.77 =-27€.73 0.0 16 3.55821
15.0000 0415150D0=-01 04266700 00 0.06700% =194 .64 =279.52 Qa0 15 3.£50456
1£40000 0415382D0-01 0.2€624D 00 0. 0066078 ~200.973 ~280452 0.0 1o 3.70€633
17+0000 0415468D-01 0.26606D 00 04064978 —-206485 —-28le72 Qe 0 1o 3472663
1840000 0.16347D0-01 04263110 00 0063716 =-212,30 =283463 00 15 4.08325
190000 04165689D-01 04263620 0C 0.06215% -217.43 —285.0v 0e0 to 2.,0211¢€
2040000 0.16313D-01 0.26437D OC 04060456 =222 425 =-286450 Oev 15 3+G30€9%
2120000 0.15841D-01 04265320 0C Ce0OSEE3E -226:.79 -223.17 0,0 15 3.81698
2240000 041526G4D-01 04266410 00 V056722 -231.08 -289476 0«0 15 3.£831€
23.0000 0414692D0-01 0.267620 00 Ce05473E =235.15 =251 435 Q.0 io 345400¢
2440000 2.18054D-01 0.,268890 00 0.052704 =-239.02 —262493 0s0 1o 3.38€18
25,0000 0.13394D-01 0.27021D 00 0.050€6S1 -242470 -294 .45 0.0 15 3e22732
2€+0000 0.127280~01 0.27154D0 00 G« 04 855G -246521 -25%.93 0.0 16 3.06€73
2740000 0.,120650-01 0.2728B7D 00 0e04E565 -249.56 —2%7.33 040 15 2490702
280000 0411414D-01 04274170 OC 0.0445¢¢€ 252476 =293e55 0.0 15 2475022
2540000 0.107820-01 0.27544D 00 De042613 -235.81 -2%9.37 040 15 2.59783
30+0000 0.10172D-01 0275660 00 0.040717 ~-258.72 -301.00 00 15 2445063
310000 0Ve95879D-02 04277820 00 Q. 0382884 -261450 =302.04 Qe | 33 24310290
32.0000 0,903130-02 0.278940D 00 0.03712¢ -268e15 =302 453 0.0 15 2417607
33,0000 0+850280-02 0.27999D 0Q 0. 03£42¢€ ~266.68 ~303.34 Vel lo 2.04874
3440000 0.800270-02 04280990 00 04033805 =263408 ~304.61 0.0 15 1e%2822
3%2.0000 0475304D0~02 0.2€164D 0C 0032257 -271.37 =-303.30 0V 1o leB1445<
3€4.0000 0.708540-02 0.28283D 00 0.03C781 -273.54 -305.93 0e0 16 1e70722
370000 0.666560-02 0.283670 JAC 04026377 =275.60 =306.493 00 1o 1.€0€31
3240000 0462723D-02 0 42844SD 0C 0e.02€8G42 -277.56 ~30f.99 0.0 16 151144
39+ 0000 0.5%02390-02 04285190 00 0.02€774 =279 .42 =-3C7.43 0.0 16 1e62231
400000 0455556D-02 04285850 00 0028571 -281.13 =307.33 [ Y] 10 133862
4140000 0,52294D=02 0.,28554D 00 0e024420 =282 .85 -3Cd.18 Qa0 16 1.26007
420000 0a4G2370-02 04ZE715D 00 04023348 -284 .43 -308.50 Qe 15 lel503¢€
430000 Qe48€365D-02 0428773D 00 0.,022324 285493 =308.78 0.0 16 leli718

4440000 0.,43572D0-02 0,288270 00 0021354 ~237 434 =309.02 Qe 1o 1.05227
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V (Continued)

DESUBL IMATION OF KRYPTON

TIMESTEP

DISTANCE
IN.

4540000
46,0000
47.0000
4840000
4940000
5040000
5140000
5240000
5249999
53.9999
S54.9999
55,9999
5649999
5749999
5849999
59.9999
60,9999
61.9999
62,9999
63.9999
64,3999
£65.9999
6609999
67.9959
68,9999
695.9959
70.9999
71.9999
72,9999
73.9999
74,9999
7509999
7649999
77,9999
78.9999
79,9999
80,9999
81.9999
B2.,9999
83.9999
84,9999
85,9999
86.9999
87.9999
88,9999
89,9999
90.9999
91.9999
92.9999
93,9999
94.9999

NO. 121

DEPOSITION
THICKNESS
INe

0+41143D~02
0.38770D=-02
0436542D-02
0+344500-02
0+32484D-02
0+306370-02
0.28902D=-02
0e272700-02
0+257360-02
0427856002
0e27292D-02
025933D-02
0224373002
0+22817D=-02
0.21334D-02
0s.19863D=-02
04184300-02
0e17185D-02
04153 77D-02
0414857D-02
0.23374D-03
D021949D-03
0.20594D-03
0.19320D0-03
0s+18126D-03
J¢170990-03
0.159640-03
0.12785D-02
0.119070-02
0.110820-02
0410319D~-02
0.96246D-03
0+897040-03
0.83648D-03
0.78038D-03
0.72767D-03
0.67952D-03
0+63483D-03
059334D=-03
0+554330-03
04518550-03
0.48528D-03
045395003
04425150-03
0.39802D-03
037303D-03
0e34948D0~03
0.327750-03
0+307260-03
0.28834D-03
0.270480-03

CLEARANCE

INs

0.288770
0.28925D
04+289€690
0290110
0 +290500
0+ 290870
0.26122D
04291550
0e 251850
0 +291430
04291540
04261810
#e292130
04292440
04292730
0e2$303D
04293300
0293560
04263800
0+29403D
0296530
0 +29656D
0256590
0.296610D
0296640
0+29666D
0+ 296680
0.29444D
04294620
0.29478D
0+29494D
0295070
0e29521D
0 +295330
0295440
0 +29554D
0295640
04295730
04295810
0+29589D
0.29596D
0296030
0¢429609D
0«2%615D
0296200
0.2962SD
00296300
0+29634D0
04296390
04296420
0 ¢ 296460

RUN 1/5/78

¥OL
FRACTICN

002043€
0+01%$5€7
Oe018784
Qe 01 79E€
0.017229
0016533
0e015872
0.015250
Ce0146€0
0.013916
0s0132C€
0012549
0011945
0.011387
00108723
0.0: 0395
040099€1
0009556
0eQ0G183
0.008838
0. 00851§
De00£412
0e.008312
0. 008216
0.008131
0.008046
0e007972
0007900
0«007651
0007421
C. 007207
04007009
0. 00€82¢
0.00€€S4
0400€496
0.00€34¢
0.006211
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deposit surface at the solids—~gas interface, respectively.
MIST FRACTION is that fraction of solid removed from the gas
stream that condenses out of the gas stream directly rather
than on the trap walls. Naturally, this fraction is zero in
the superheated region of the trap. The number of parallel
groups being analyzed is stated under the column headed
DIVISIONS, and the RATIO column represents the ratio of
solids buildup at a distance, Z, to the buildup at the dis-
tance 0.0, or inlet position.

By changing the base position from the inlet to deter-
mine the ratio, the theoretical curves, as seen in Figures 10
through 17, pages 68 through 75, were adjusted to make the
integral under the theoretical curve equal to the integral
under the experimental profile to a reasonable degree.

A single set of parameters, i.e., frost density, tem-
perature correction factors, and frost thermal conductivity,
was used to obtain the theoretical profiles. Because, how-
ever, the profiles representing the run made with a warmer
coolant temperature and the run made with a higher krypton
concentration were so different from their respective experi-
mental profile, theoretical profiles using different frost
thermal conductivities were generated and are plotted with
the appropriate experimental data in Figures 20 and 21.

Finally, a simulation run was performed to show the
effect operating time has on the solids buildup profile.

The results of this run are plotted in Figure 22.
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II. DISCUSSION OF RESULTS

To be a useful model, the theoretical results should
fit the experimentally obtained data within reasonable toler-
ances, both qualitatively and quantitatively. The following
discussion details each experimental/theoretical comparison
and attempts to discuss why the model's predictions did or

did not agree with the test data.

Run 11/10/77 (Figure 10, Page 68)

This was one of two runs in which the experimentally
obtained deposit thickness appeared inconsistent with the
model's prediction. Note that, initially, the theoretical
profile rises slightly higher than the experimental. The
dip observed in both profiles at a distance of 12 to 18 inches
is due to the heat inleakage from the initial trap support.
Immediately following this heat effect, both profiles in-
crease due to the colder regions found in the trap. The
theoretical profile increases, however, for only a few inches,
while experimentally, a large deposit was observed for
approximately 20 inches before the profile tailed off. This
could be due to the *emprratures, warmer than predicted Ly
the model, which were found experimentally in the first
20 inches, followed by a sudden 30-degree temperature drop,
causing the "snow" to last for an extended period of time.
Another possible cause is that the krypton feed gas concen-
tration varied from 2.6% to 6.9% during the experimental run.

The model, however, was written to accept in-line
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perturbations of this order and the plotted theoretical pro-
file should include any effects caused by such concentration
changes. Some of the other tests suggest other possible

explanations for this irregularity in the loading profile.

Run 11/15/77 (Figure 11, Page 69)

The flow rate was decreased by a factor of four from
the previous run to 0.035 scfm. As expected for such a low
flow, the resulting deposit profile indicates that the bulk
of the solids are removed near the trap inlet. Theoretical
and experimental profiles compare quite favorably for this
test case. The only deviation occurs within the first few
inches of the trap where, experimentally, krypton deposits
were greater than theoretically predicted. This is probably
due to inlet effects, some of which are caused by the gas
channeling down the first 6 inches of the trap. Notice in
the detail drawing of the trap, Figure 5, page 49, that the
inlet gas lines are perpendicular to the cold trap. The gas
probably uses primarily only two flow channels during this
first 6 inches. This reduced flow area causes an increased
gas velocity and convective movement. The increased convec-
tion enhances the heat transfer, and thus a larger than pre-
dicted amount of krypton will freeze out in this region.
After the gas flows 6 inches, the initial cut and twist in
the finned tube forces the flow to become more evenly dis-

tributed throughout the sixteen flow channels. As is seen
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in the figure, following the initial entrance effects, the

theoretical and experimental profiles agree quite well.

Run 11/22/77 (Figure 12, Page 70, and Figure 20, Page 84)

The flow rate was returned to the base condition of
0.14 scfm; however, the liquid nitrogen temperature was in-
creased to -281°F by raising the pressure of the boiling
coolant to 19 psig. As is illustrated in Figure 12, page 70,
the model yields a poor representation of the experimental
data. Since the trap operating temperature was warmer than
previous tests, the frost thermal conductivity and/or frost
density should be greater than the values used to obtain
Figure 12, page 70, due to the "wetter" krypton solid product.

As indicated earlier in the chapter, accurate values
for the density and thermal conductivity of the krypton frost
were not known, and values employed in the theoretical
analysis were estimated. Since the primary objective of this
thesis was to obtain experimental krypton loading profiles
and compére those profiles with ones generated by the mathe-
matical model, and since those theoretical profiles were
normalized by ratioing count positions and adjusted to make
the integral under the theoretical curve equal to the area
under the experimental curve, experimental values for the
frost density and thermal conductivity could not be indivi-
dually extracted from the data. A value for the frost density
could probably have been obtained by running the trap until

the differential pressure transmitter and flow indicators
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indicated a plugging condition had occurred. By knowing the
total flow area and from the profile scan, the amount of
krypton at the plugged position and the total amount in the
trap, the frost density could probably be calculated. Be-
cause of the size of the experimental apparatus, it would
have taken several hundred liters of krypton to plug the
equipment. At a cost of $500/100 liters of krypton, this
test would have amounted to a major cost with no guarantee
of success. Frost density and thermal conductivity studies
could be determined much less expensively in bench-scale
apparatus.

Although these parameters, frost density and thermal
conductivity, do not seem closely related to each other, by
examining equations 32 and 33 in Chapter II, it can be
readily observed that both variables affect the deposit
height, and hence the loading profile, to the extent that it
is not easily possible to distinguish effects on the profile
caused by changes in one from effects caused by changes in
the other. Therefore, for the purpose of this study, the
effects of frost density and thermal conductivity on cold
trap loading profiles were coupled together, and instead of
manipulating both parameters to match the normalized theore-
tical profile to the experimentally obtained profile, only
the frost thermal conductivity was adjusted.

Using a value of 0.018 Btu/hr-ft-°F resulted in the
theoretical curve seen in Figure 20, page 84. Obviously,

this match between the theoretical profile and experimental
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data is much better using this value for thermal conductivity
than using the base value of 0.0013. Results from this run
support the hypothesis that the frost thermal conductivity

or density changes with changing trapping conditions;

specifically, the coolant temperature.

Run 12/1/77 (Figure 13, Page 71)

The initial experiment, Run 11/10/77, which exhibited
the unusual loading characteristics was repeated. Experi-
mental and theoretical results were similar to the earlier
test verifying that something strange was occurring between
20 and 40 inches. Most likely, this effect has to do with
thermal instabilities caused by the metal support bracket.
Krypton inlet concentrations remained constant at 7.4% during
this run, so it can be concluded that the variation in feed
observed in Run 11/10/77 was not the cause of the irregular

deposit loading.

Run 12/15/77 (Figure 14, Page 72, and Figure 21, Page 85)

The flow was decreased to 0.088 scfm and the krypton
concentration increased to 13.5 mole percent. As can be
observed in Figure 14, page 72, the match predicted by the
base parameters of the model, a frost density of 68.0 1lb/ft?
and a frost thermal conductivity of 0.0013 Btu/hr-£ft-°F, is
again unacceptable. Since the krypton concentration was
nearly twice that of the other runs, it is possible that the
frost density and/or frost thermal conductivity might be

greater due to an increased solids packing. In Figure 21,
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page 85, the experimental data is replotted with a theoretical
profile calculated using the increased value of 0.010 Btu/hr-
ft-°F for the thermal conductivity of the solid deposit.
Entrance effects are again observed initially; however, the
overall match is better than with the lower conductivity

value.

Run 1/5/78 (Figure 15, Page 73)

The total gas flow was increased to 0.71 scfm. The
entrance effect due to the inlet piping situation was again
present. It is of interest to note that, with the higher
flow, a significant deposit buildup is observed as far as
90 inches from the desublimer inlet. It appears that the
high flow, which resulted in a more evenly distributed frost
deposit, overshadows the irregular loading effect seen in
Runs 11/10/77 and 12/1/77. The consequences of the second
6-inch support bracket beginning 66 inches from the inlet
are readily viewed in the figure. Experimentally, the
deposit height dipped in this "warm" region, followed by a
slight rise downstream of the supports where the temperature
again became colder. The theoretical model simulates this

effect, as well as the overall run, with excellent agreement.

Run 1/12/78 (Figure 16, Page 74)

The gas flow rate was increased to the highest tested
rate of 1.06 scfm. Significant amounts of the krypton
deposit were detected over the entire length of the trap.

Perturbations in the loading profile due to the inlet effects
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and heat conductive metal desublimer supports were observed.
The high gas flow again overshadowed the irregular loadings
which had been observed in the earlier runs 20 to 40 inches
from the inlet. Overall, the model and experimental profiles
match with reasonable accuracy for this high gas flow test

case.

Run 1/19/78 (Figure 17, Page 75, and Figure 18, Page 76)

The final experimental run was made at the base flow
rate of 0.14 scfm; however, the cold trap pressure was re-
duced to 1.3 atmospheres to determine what effect total
trapping pressure had on the proposed model. The resulting
experimental profile lends some resemblance to the two pre-
vious runs, 11/10/77 and 12/1/77, tested at the same flow
rate but higher pressure. Specifically, a larger buildup was
again experimentally observed around 20 inches down the trap
than that which was theoretically predicted by the model. It
can be readily assumed, then, that total trapping pressure
does not affect the proposed model as krypton concentration
and coolant temperatures do. Due to the ability of the model
to predict loading profiles in other areas of the trap for
this and other runs, it is suspected that the region of
irregular loadings is a result of the physical situation and
not a theoretical problem. This hypothesis, though, should
be more fully explored.

The point deposit thickness 2 inches from the trap

inlet was monitored during this experimental run to obtain a



94

point deposit buildup versus time relationship. The data
are plotted in Figure 18, page 76, along with the profile
generated from the model. As per the discussion in

Chapter II, the data illustrate the linear buildup in the
superheated region of the trap followed by a decreasing
buildup rate due to the decreased heat transfer across the
accumulating krypton deposit. The experimental and theore-
tical profiles agree reasonably well for this case.

From the above discussion, it can be justifiably
stated that the proposed model can accurately predict the
solids buildup profile for the system studied. The most
obvious question which arises concerns the relevancy of the
work and its practical applications. Since krypton-85 has a
half life of more than 10 years, the EPA has decreed that by
1983, 90% of the fission product krypton present in the spent
fuel rods will be removed from the fuel reprocessing stack[22].
A well-defined krypton isolation and collection system must
be defined prior to that date. This model can aid engineers
in designing cold traps for the krypton collection equipment.
By simulating several different trap designs and inputting
the appropriate physical parameters, designers can use the
model to determine optimum operating times, trap size, and
plugging or loading situations. It is very important to be
able to determine if the trap is sized correctly in order to
prevent the cold trap from plugging or releasing krypton be-
fore complete loading can occur. Figure 22, page 86, depicts

this situation a little more clearly. As the trap is loaded
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and time increases, it is observed that, for this case, even
though buildups increase rapidly, the effluent concentration
of krypton from the trap will increase to significant levels
long before trap plugging occurs. This would not be a good
operating situation, nor would be the case where plugging
occurs near the trap inlet while most of the trap remains
unused. For example, should the heat transfer in the trap be
sufficiently high and the flow area too small, it is con-
ceivable that a plug near the trap inlet might occur well
before total trap loading. Prevention of such misdesigns is
the objective of this model. To determine the actual situa-
tions and obtain sufficient design data, the relationship of
the frost density and frost thermal conductivity to trap
operating conditions must be known. For the purpose of this
work, however, the values employed in the model showed that
the model can simulate krypton desublimation profiles but do
not necessarily represent good quantitative values for those

parameters.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Presented in this chapter are conclusions that can be
drawn from the results obtained during this thesis study.
Recommendations are also given to define related areas where

research and development needs exist.

I. CONCLUSIONS

The following conclusions were derived from the
investigation:

1. A theoretical model developed to design uranium
hexafluoride cold traps used in volatility processing has
been adapted to describe the removal of krypton by cold
trapping from a noncondensable carrier gas stream, and the
general validity of this model has been verified.

2. The usefulness of the model to predict plugging
and loading in the trap is dependent upon obtaining accurate
frost density and frost thermal conductivity data.

3. As the gas flow rate was increased, the krypton
was observed to travel farther down the length of the trap
prior to freezing out of the gas stream.

4. The experimental data indicate that the density
and/or thermal conductivity of the frost deposit collected
increase as the temperature at which the deposit is frozen

out increases. Limitations of the testing apparatus made it
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impossible to uncouple these two deposit height parameters
and thus determine which changed with increasing temperature.

5. Similarly, as the concentration of the condens-
able krypton is increased, the data imply that the frost
density and/or frost thermal conductivity increase.

6. It does not appear that the frost density or frost
thermal conductivity is dependent upon the trapping pressure.

7. The experimental data indicate that, if the frost
density and frost thermal conductivity are known, the model
can be used as a useful design tool for engineers to design
cold traps for use in isolating and collecting radioactive

krypton in fuel reprocessing plants.

IT. RECOMMENDATIONS

The following recommendations are made to expand the
work in the field of desublimation:

1. Uncouple the frost density and/or frost thermal
conductivity effects by experimentally obtaining values for
these parameters. This might be done by intentionally plug-
ging a known flow area with the solid deposit and, using the
appropriate equations presented in Chapter II, back calcu-
lating values for these parameters.

2. Expand the applicability of the model by deter-
mining the relationships between freeze-out temperature and

krypton frost thermal conductivity and/or frost density.
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3. Similarly, determine the dependency of the ffost
density and/or frost thermal conductivity on krypton concen-
tration in the gas stream.

4. Adapt the model to the desublimation of other
components such as xenon and carbon dioxide which will be
collected with the krypton in fuel reprocessing plants.

5. Since the gas will contain more than one desub-
limable component in reprocessing applications, expand the
model to predict multicomponent situations.

6. If accurate loading profiles are desired, it is
recommended that inlet effects be reduced by feeding the gas
parallel to the gas flow in the trap instead of perpendicular
as was the case in this study.

7. Since "warm spots," which resulted in discon-
tinuous loadings, were encountered due to heat inleakage
through the trap supports, it is recommended that any future
traps be constructed such that any required heat conducting
supports do not come in direct contact with the cold trap.

8. Selective sublimation was observed during the
remelt process after the freeze-out step. This may provide
a method for higher krypton concentrations for storage and

should be more fully explored.
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APPENDIX A

EQUATIONS USED TO CALCULATE MODEL PARAMETERS

In the following discussion, the equations for the
various physical properties used in the theoretical analysis

are presented.

Vapor Pressure Equation for Solid Krypton

_ -1210.46 [23]
in Py KE = “Sgept> + 16.5257 )

In degrees Rankine and atmospheres,

_ _2178.83
Pathr = exp(9.89238 ——Tgﬁ——).
Viscosity of Gaseous Mixture
_ ! N M2 [24]
Mmix X, X, !
1 + 3= ¢ 1 + 5= ¢
Xl 12 X2 21

where

Cb ! r
12 4 [ Ml]l/2




106

_ 1 vMe kT
ucp = 0.0026693[;—5 _E_] f(?f) ,
o
where
kB = Boltzmann constant, ergs/°K,

T = absolute temperature, °K,
M = molecular weight of gas, g/g-mole,
r = collision diameter for low velocity head-on colli-
sion, angstroms, and
e = enerqgy difference between separated molecules and
the molecules in the configuration in which they

have the maximum energy of attraction, ergs.

For nitrogen,

1 vMe _ £ _
—Z_k— = 3.736 and E = 91.4.
r
e}
For krypton,
1 VMe _ e _
—2 T = 9.676 and E = 190.
r
e}
kBT
Typical values for f(—g—) may be found in the

literature[24].

Heat Capacity Equation

At low temperatures, the heat capacity is essentially
independent of pressure and temperature and depends only on

composition.
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Cp = 0.06 Btu/lb-°F = 5.028 Btu/lb-mole-°F (211
Kr
Cp = 0.25 Btu/1b-°F = 7.000 Btu/lb-mole-°F (211
N
2
Cp = 7.00 (L - x) +5.028 (x) = 7.00 - 1.972x,
mix
where

X = composition of krypton in the gas stream.

Diffusivity
[25]
32 1, 1.1/2
0.001858T (ﬁ— + =)
b cm? _ U
AB’'sec 2
PO QD
where
_ . . kT
QD = collision integral, f(—),
€aB
€EAB = Lennard-Jones force constant for a binary mixture,
k k k !
AR = Lennard-Jones force constant for a binary mixture,
Oap = l/2(oA + oB).

Values of the collision integral based on the

Lennard-Jones parameter may be found in the literature[25].
= 3.655 A
OKr = 3. A.
= 3.790 A
o, = 3 .
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Density of Gaseous Mixture

Density of the gas was obtained from the Ideal Gas

Law:

PV = nRT[26],

m
PV—'—MRT,

3
e,
=

Thermal Conductivity of Gaseous Mixture

k_ .. = x(k

mix Kr) + (- x)kN

2

Least squares fits were performed on available

[27]

data to arrive at equations for individual thermal

conductivities.

o
It

0.00004856T°K + 0.000104,

0.0000196554T°K + 0.0005781.

o
I

Combining the above three equations yields, in °R,

5 3

kK_._ = -1.606 x 10 ~“XT°R + 4.7420 x 10 ~x

mix

+ 2.698 x 10"°T°R + 1.0410 x 107 3.
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Reynolds Number[28]

Equivalent diameter of shell,

Shell ID = ll%%g— = 0.1l61l6 ft,

0.75"

12 = 0.0625 ft.

Inner Tube OD =

Cross-sectional area of shell space is

TT(O.16162 - 0.06252) _ 16 x 0.5 x 0.035

4 144

= 0.0155 ft2.

The perimeter of the air space is

m(0.1616) + 1.529 £t = 2.037 ft.

The hydraulic radius, Ty is
0.0155 ft2 _ -3
5537 ft = /-61 x 10 ft.

The equivalent diameter, De’ is

4 xr, =4 x7.6Lx 1073 = 0.0304 ft.

The Reynolds number of the N, + Kr mixture is
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0.0966 1lbm . 28.0 1b

DG  0.0304 £t X [ o LS
T 0024 1b/Ft=hr x 0.0155 Ft?
7.23 x 10> 1bm (83.8) 1b
hr-1bm

0.024 1b/ft-hr x 0.0155 ft

Re = 270.5.
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APPENDIX B

FORTRAN PROGRAM FOR SOLUTION OF THE MODEL EQUATIONS

A listing of the computer program is presented in
Table VI, along with pertinent information required to pro-

cess the program on an IBM 360 machine.

Program Input

(3]

When the program was originally written by Dunthorn
for the design of uranium hexafluoride traps, the program
input was set up such that repetitive calculations could be
made on similar test runs without requiring certain inputs to
be repeatedly read into the machine. Inputs, such as dimen-
sional units for inputs and outputs, as well as trap geometry,
may be saved between successive data sets. For these cases,

if a variable is "saved," then by leaving a blank space on
the data card, the saved variable will retain the value it
had on the previous data set. If a value of zero is desired
for a saved variable, it is necessary that a value such as
0.001 be specified rather than zero, since a zero value for

a saved variable will cause it to retain the value used in
the previous data set. This highly unlikely situation would
only occur for a temperature value, since other program
variables could not have a zero value and still have a useful
meaning.

It is possible to initialize certain saved variables

prior to reading the first data card by using a DATA
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TABLE VI

LISTING OF COMPUTER PROGRAM

COLD TRAP DESIGN PROGRAM

IMPLICIT REAL*¥8 (A-H,0-2)

REAL*8 T(S501)+X(501)+8(501)+D(501),L(501)ALPH(S01)eVU(S01)
WID(SO1) s TWL(S501)sTS(S501) s TW(S501)+WI(S501),XL(501),LLI(S00),
LI{S00)+DI{500)+R2(50)+sR3(S50)+sRS(501)»PRES(501)+56(501),

REAL*8

1

REAL*8 JSCFM/&4HSCFM/ e JLH/SHLB/HR/ » JKH/ SHKG/HRY/ » JKMH/6 HKGM/HR/ »

ARA(S501)+TIN(SOL1) 4 XIN(501),FLOW(S501)

KSsLBeLBOSLB14LB2sL1+L2+LI3sL4sLENGTHKB3,0MEGA,
RHOG+PRAJDIFsSCHeTCOR1 ,TCOR2

JFL/Z6HLBM/HR/

REAL TITLE(18)
INTEGER TYPESR1(50)4+RA{(S50)+R6(S500)+NUM(S5D1)
LOGICAL SATDsSSAT,DONEHSPEC

[aNaNs!

VARIABLE SPECIFICATIONS

DATA IN23,ICP+IMULIKO o ISAT/ 3HN23+s2HCP ¢ 2HMU s 1HK s2HVP/ »

JBLNKs JKGSsJFT s IN/IH 22HKG»2HF T, 2HIN/ &

JCMs JCs K JF s JPS 1/72HCM s IHC e IHK o 1HF s AHPSTI A/
JMM/GHMMHGY/Z ¢ M1 s M2 s RHOS s KS/352¢0¢29e¢0+140604+061/
HSPEC sHCON»SHLOP s JHLDP/ o F ALSE ¢ 9067 31+05,2HLB/ »
SDISTHJIDISTeSCLR yJCLR/71e0+s2HF T312¢042HIN/
STO1+STO2+JT0/1e0:e=459.6941HF/

STI1+STIZ2+JTI1/1 05453669 s1HF/,

JPAYSPA, SFL/3HATM 100160/

JR1+5SR1 4 JR2+SK2/72HIN, D 083333,2HINs0.083333/
JR3ySR3/74HFRAC,1 ¢ 0/

DATA JUPS,J M, JPAl1/74H PSsed4H MM 3HATM/

DATA GROUP ONE

1 READ (S+100+END=69) L X1sLX2sLX3sLX4,(TITLE(I) 1=1,18)
100 FORMAT (2X+411:4Xs17A4,A2)
WRITE(64200) (TITLZ(I)»I=1,18)
200 FORMAT (1H1+25X+17A4, A2/1H0+30Xs I8HPROGRAM PARAMETERS)

C
C

DATA GRODUP TwO

IF (LX1LTel) GO TO 2

READ(S5+101) YTl s¥T2:YT3:YT4,YTS5,YT6,JT1
101 FORMAT(6F10.0,15)

IF (YT1eGTe0s0) ML = YT1

IF (YT2.GTe0s0) M2 = YT2

IF {YT3.GT4040) RHQS = YT3

IF (YT4.GTe0.0) KS = YTa

H

Y75

IF (YT6eGTe0e0D) HCON = YTH

HSPEC

= YT5eGT 4040

2 WRITE(6+201) M1 sM2sRHOS+KS+HsHCON

201 FORMAT(1HO+6X s 2HM1 4 BX ¢ 2HM2 s 6Xs SHRHC=Se 7X 9 3HK=S 47X s 1 HH s BX s 4 HHCCN/

I1H +3F10e2+3F10.3)

READ(5,286) TCCOR1,,TCOR2
286 FORMAT(2F10.0)

C
C

DATA GROUP TWOe+ SECOND PART

IF XALX1eLTe1<eOReXJTL,LTL1<< GO TO 8
WRITE%6,202<

202 FORMATX1HO» 15X, 3BHSPECIFIED PHYSICAL PROPERTY PARAMETERSK

NO ¢ N1 sN2sN3sN2I3sMMeML o M2 M3y MUL s MU2 +MU3 + MU + KB, KBO KB 1 +KB2»
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TABLE VI (Continued)

3 READ(S5,102) JT1eYTLsYT2,¥T3,YT4
102 FORMAT (A4,1X,4F15.0)
WRITEXS ¢203< JT1:YT1,YT2,YT3,YT4
203 FORMAT {(1H +A4+1Xs4F20e9G)
IF XJT1eNEIN23< GO TO 4
NO # YT1
N1 # YT2
N2 # YT3
N3 # YTa
GO TO 3
G4 IF ZJT1 JNELICPL GO TO
CO # YT1
Cl # YT2
CcC2 # YT3
C3 »# YTa
GO TO 3
S IF XJT1.NE.IMUK GO TQ 6
MUL # YT1
MU2 # YT2
MU3 #»# YT3
GO TQ 3
6 IF XJT1NELIKOK GO TO 7
KBO »# YTI1
KBl »# YT2
KB2 # YT3
KB3=YT4
GO 70O 3
T IF %JT1NELISATC GO T3 8
ASAT ¥ YT1
BSAT »# YT2
CSAT # YT3

(8]

READ GROUP THREE
8 IF XLX2..Tel< GO TO 9
READXE+103< JT14JT2,YT14JUT3,YT2,0T4
IF ZJT1eGTeO< M ¥ JUTL
IF XJUT2.GTe0< NTOT ¥ JT2
IF X¥YT1eGTe0e0< DTHETA # YT1
IF XJT3.6T40< IC # JT3
IF XYT24GTe0.0< PRINT # YT2
103 FORMATX2I11042%F10604+110<<
9 WRITEX5+204< MyNTOT,DTHETA, ICsPRINT
204 FORMATX1IHO 93X 41 2HX= INCREMENTSs3X 4 12HT=INCREMENTS+6Xs 9HT IME STEP,
o BXs7HX=PRINTs BXs 7HT=PRINT/1H +2115,F15¢8+115,F15,8<

READ GROUP THREE, PART TWwQC
IF XXLX2sLT21<o0ReXJT4.LToal1<< GO TO 13
READ(S+104) JUT1,+,4T2,U0T3,JT4a
104 FORMAT (10Xs4(A4,6X))
IF XJT1.EQeJBLNKS GO TO 10
SHLDOP # 1.0
IF XJUT1.,EQeJKGS< SHLDP # 0,45351
JHLDOP » JT1
10 IF XJT2.EQ.JBLNKS GO TO 11
SDIST # 1.0
IF XJT24EQeJINK SDIST # 12,0
IF XJT2+EQeJCM< SDIST # 30,48
JOIST # JT2
11 IF XJT3EQ.JBLNK<S GO TO 12
SCLR # 1.0
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TABLE VI (Continued)

IF XJUT3EQeJINC SCLR # 12,0
IF XJT3.EQeJCM< SCLR # 30.48
JCLR # JT3
12 IF XJTA.EQeJBLNKL GO TO 13
STOL # 1.0
IF XXJTBeEQeJCKeOReXJTA,EQe KKK STO1 # 045555556
ST02 # 0.0
IF XJT4.EQaJC< STO2 # -273.16
IF XJT4 ,EQeJFK STO2 # =459,69
JTO ¥ JT4

READ GROUP FOUR

13 IF XLX3.LTe1< GO TO 19
READ(S4+105) JT1.TJ2,TJu3,TJa

105 FORMATXI10+3%XA6+4X<<
CALL WRTZER (TJ2:TJ3sTJ4+8,*(3A6)*)
CALL RDTZER (JT2,JT3,JT4,4,%(3A4)")
IF XJT2.EQeJBLNKL GO TO 14
JTIL # UT2
STI1 # 1.0
IF XXJT2.EQeJC<KeORaXJIT2EQeIKLK STIL1 # 1.8
STI2 # 0.0
IF XJT2.EQeJCK STI2 # 273.16
IF XJT24EQeJFK STI2 # 459,69

14 IF XJUT3.EQeJBLNKK GO TC 15
JPA = JPAL
SPA ¥ 1.0
IF (JUT3.EQeJPS) SPA 0.0680S
IF (JT3.EQ.JPS) JPA JPS1
IF (JT3.EQeJM) SPA = 0,0013158
IF (JT3.EQeuM) JPA = UMM

15 IF %XJT4.EQeJBLNKS GO TC 16
SFL # 1.0
JFL = TJa
IF (JUFLEQeJSCFM) SFL = 0.16681
IF XJFLEQeJLHK SFL # 1.0/M2
IF XJFL+EQeJKHS SFL # 2.,205/M2
IF XJFLEQeJKMHK SFILL # 2,205

16 WRITEX6,205< JTI1.4PALJFL

20S FORMATAXIHO+SX +»34HFLOW CONDITIONS. TEMPERATURE, DEG ,Al.

i

. 12Hs PRESSUREs +A498Hs FLOWs +AE/11H  TIME STEP+7X»
. THY=INLETsEX 9 7HX=INLET, 8X s 9HFLOW RATE, 7Xs BHPRE SSURE »
. TX»6HT=-WALLL

INB ¥ 1

111 » 0

DO 18 1#1.,4T1
READXS+106< JT2s¥TL1sYT2,¥YT3,YT4,YTS
106 FORMATXIS,5F15.0<
IF XYT1eEQe0e0< YT1 # TINXINBLK/STII - STf2
IF XYT2+EQe0e0< YT2 # XINXINBKL ’
IF XYT3.EQe0e0< YT3 # FLOWXINBK/SFL
IF XYT4.EQe0e0< YT4 # PRESXINBLK/SPA
IF XYTS5eEQe0e 0K YTS # TWLXINBK/STI1 - STI2
IF X111 sEQel< INB ¥ INBEL
IIT # 1
WRITEX6+206< INBeYT1,,YT2,¥YT3,YT4,YTS
206 FORMATXI10+F15e342F15+8¢F1564,F1543<
YTL # XYTIESTI2<%STI1
YT3 » YT3%SFL
YT4 # YT4%SPA
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TABLE VI (Continued)

YTS # XYTSESTI2<*STI1
JT2 # JT2€INB~-1
IF X%JT2eGToNTOT<KeORe %I eEQ.JTILKC JT2 # NTOT
DC 17 J¥INB.JT2
TINXJ<S # YT1
XINXJ< # ¥YT2
FLOWXJ< # YT3
PRESXJ<S # YTa
17 TwiXu< # YT5
18 INB # JT2
GO TO 20
19 WRITEX6,207<
207 FORMATX1HO»10X,34HFLOW CONDITIONS SAME AS LAST CASEZeK
Cc
Cc READ GROUP FIVE
20 IF XL X4..Tel< GO TO 25
READ(S¢107) TYPEJMLDIAMIIBREAKs JT1,3T2,J7T3
107 FORMAT (2110,F10e0+s110+3(A4,6€6X))
IF XXTYPE2NEe 1< eANDeXTYPE e NE e2<es AND e XTYPE oNE ¢ 3<< TYPE # 4
IF XJT1.EQeJBLNKS GO TC 21
JR1 # JT1
SR1 # 1.0
IF XJR1,EQeJINC SR1 # 0,0833333
IF %XJR1 +EQeJCML SK1 # 0,03281
21 IF XJUT2.EQeJBLNKK GO TC 22
JR2 # JT2
SR2 # 1.0
IF XJT2.EQeJINC SR2 ¥ 0.0833333
1IF XJUT2.EQeJCML SR2 # 0,03281
22 IF XJUT3.EQeJBLNKS GO TC 23
JR3 # JT3
SR3 # 1.0
IF %JT3eEQeJINK SR3 # —-6.94444E~-3
IF XJT3.EQeJCMC SR3 # —-1,07638E~-3
IF XJUT3EQeJFTK SR3 ¥ ~140
23 IF XDIAMNEL0e0< WRITEX6+208< TYPE yDIAMy JRI1
208 FORMATXIHO+10X s 1OHTRAP TYPE +11+13H DESCRIPTION«s 10X
. GHDIAMETER +F6e3e1XsA2s1He<
IF XDIAM,EQeO +0< WRITEX6+4209< TYPE
209 FORMATX1HO,10X+ 10HTRAP TYPE ,+114+13H DESCRIPTIONG<
IF XSR3eGTe0e 0K WRITEXE5210< JRI s JR1,sJR2
210 FORMATXIH +19XsA2s1He 012X eA2s1He322X9sA201Hes 10X BHFRACTIONK
IF XSR3eLEe0e0< WRITEX€E€+211< JR1 s IR1+sJRZ2,JIR3
211 FORMATX1H s19XesA2s1He s 12X1A201He s22X9sA241Hes12Xe3HSQ +AZ2<
DO 24 I¥#1.ML
READXS5+108< RIXICKIR2XICHIRIXNICKIRAXIKIREXIC+SEXIC
108 FORMATXTI10+2F1060+s110+2F1060<
WRITEX6+212< RIXI<KsR2XI<KIRIXICKIRAXICIREXIC4SHXIL
212 FORMATXLIH +J110:,2F15e6511062F1546<
R2XI< # R2XI<*SR1
R3XI< # R3IXI<*SR1
RSXI< # RSXI<K*SR2
IF XS5R3eLTe0e0< SE6EXIK # SH6XI<®SR3
24 CONTINUE
DIAM ¥ DIAM%XSR]
25 CONTINUE

C PRINT SELECTED TRAP HEADING
IF XTYPEEQel < WRITEX6,213<
213 FORMATX1HO+30X»15HCROSS—-FLOW TRAPL
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TABLE VI (Continued)

aO0Oo0n

IF XTYPE.EQe2< WRITEX6,214<
214 FORMATX1HO+30Xs1SHRADIAL FIN TRAPS
IF XTYPEWEQe3< WRITEXE,215<
215 FORMATX1HO+30Xs14HEGG=CRATE TRAPK
IF XTYPELEQe4< WRITEXE£,216<
216 FORMATX1HO+30X,14HFREE-FORM TRAPK
WRITEX6,217<
217 FORMATX1HO:29Xs17HDISTANCES IN FEET/1HO» 7THSECTION» 6X s SHHEIGHT

. X oSHWIDTH »7Xe LIHTHIS LENGTHe4X s L 1HTYPE=LENGTH,» 3X»
. 12HTOTAL LENGTHL
GO0 TO 30

ROUTINES FOR TRAP TYPES

CROSS FLOw
26 RIXIC # RIXI<E]
X1 # DSQRTXDI AMXDIAM - R3XI<**x2<K
WIXI< # XDIAMEX1<K/2.,0
LIXI< # XOIAMXDIAMARDATAN2XRIXI < X1<KERIXIKHFXLIK/ X200 1<K
DIXI<K # R2XI<
GO TO 32

RADIAL FIN
27 WIXI< # R2XI<
DIXIK # 1+5708%X%X2,0%DIAM~R2XIK<K/FLCATXRLIXILKL
LIXI< # R3%1<
GO TO 32

EGG-CRATE
28 WIXI< # R2XI<
DIXI<K # R2XI<
LIXI< # R3XI<
GO TO 32

FREE FORM
29 WIXI< # R2%I1<
DIXI< ¥ R3XI<
LIXIK # RSXIL<
GO TO 32

ASSEMBLE TRAP INFORMATION
30 LENGTH # 040
T1 # 0.0
J1 ¥ 2
I # 1
31 GO TO (26427528429) +TYFE
32 K # RA%IKEJIL-1
LENGTH # LENGTH & FLOATXK—=J1E1<*LIXI<
LLIXI< # LENGTH=TI1
T1 # LENGTH
WRITEX6+218< I +DI%I<oeWIXI<oLIXI< LLIXI<sLENGTH
218. FORMATX1H +16,5F1546<
J1 # KE1
1 # 1l
IF XI.LEWML< GO TO %26,27,28+29<, TYPE

INITIALI ZE PROGRAM PARAMETERS
TIME # 0.0
ASAT1 # ASAT
RB # —1+987%3SAT
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TABLE VI (Continued)

35

36

38

DONE # JFALSE.

Twl # TwL%1l<

DELZ1 # LENGTH/FLOATXMK
HLDP # 0.0

FORM CHANNEL DIMENS IONS AND NUMBER
J#l
DO 36 I#1.ML
K # LLIXIK/DELZ]1 €& 005
IF XI+EQeMLS K # M-JE 1
Jl # JEK-1
IF XIBREAKGTL0< R6XIC< # J1E1
T3 # wIXI<
T1 » DIXIK<
T2 # T3
IF XT3eLToT1< T3#T1
IF XT2.LTT1I< T1#T2
T2 # LIXI<
TS5 # =-S6X%I<
IF %XT5eLT20e0< TS#=TSkTIXRTI*FLCATXRIRIKK/X]1 ¢ 06TS<
TS # TS/FLOATXR1IXIK<
DQ 35 K#J,,Jl
DXK< # T1
WIDXK< # T3
NUMXK< # R1XI<
ARAXK< # TS
LXK # T2
IF XTYPEWSEQel1< RIXIK # R1XI<~-1
J # Jlel
IF XIBREAK«GT e0< REXMLCHMEM
IF XIBREAKeLE «0< R6EX1 KH#MEM

FIND AREA OF TRAP APPROXIMATION
AREA # 0.0
D0 37 1#¥1.M
AREA # AREAEL2 sO*XWIDXIKEDXIK<*¥DELZI*FLOATXNUMXIKKL
WRITEX6 +219< AREA
FORMATX1H0+20X s LAHEFFECTIVE AREA $F12¢€96H SQ FTK

ESTABLISH STARTING PROFILES
MP1 # Mgl
DD 38 J#¥#2.MP1
BXJ< # 0.0
TSXJ< . # Twl
PTHETA # 0e999995%PRINT
TSX1< # Twl
8%1< # 0.0

START MAIN PROGRAM LOCPs SET BOUNDRY CONDITIONS
DO 67 1I#1,NTOT
VSCALE # FLOWXI<
XX1< # XINXI<
XSTAR # XX%1<
VT # VSCALE
ASAT # ASAT1I-DLOGXPRESXIK<
TT # TWLxI<
TX1< # TINXIL
XTJ # DEXPXASATEBSAT/XTTECSATCL
HOLDUP # 0.0
SATD # .FALSE.
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TABLE VI (Continued)

39

988

989

40

41
300

301

42

43

44

a5

TSG # 0.0

DC 39 J=1,370

TwxJ< # T7

VUXJ< # VSCALE/FLOATRINUMXJILL
DO 988 J=12,18

TW(J) = TW(J)+TCORI

DO 989 J=66,72

TWlJ) = Tw(J)+TCOR2

START DISTANCE LOOP
DO 61 J#lsM
GO TO 47

SUBPROGRAM FOR SINGLE STEP

CMMM # COEXC2*TTECIK®(XTECI*TT

Zi # COECLEXC2E6C3<K*TT

CPlL » Z1/M1

IF X%XTeGEeDs OKeAND e X TToeGE e TSTK e ANDe XX T oL T41,0<< GO TO 42
WRITEX6¢300<

FORMATX1HO 34 H**%%k%xCUMULATIVE ERROR BUILCUP **%x%%<
WRITEX64301< 13 Je XToXT1eTTTSTJAREA,V

FORMATXIH oSX el HIs9Xe 1HJe 13X 2HXTo18Xs IHXTL 31 7X2HTT,18BX+3HTST/
. IH 421 1034E20e5/1H +8Xs4HAREAWIBXs1HV/IH s2E2049<
GO TO 68

XT1 # 1.0-XT

MM ¥ MLIXXTEM2% XT1

CM # CMMM/MM

KB=KBO+KB1xXT + KB2*TT + KB3%xTTx%xXY

MU1=,00043448 + ,000202759*TT

MU2==4 000783719 + e0001B7594%TT—e0000001378%TT %x%2

MU= (MULXXTRMLIXKk 045+ MU2R(LI-XTIXM2%X%065)/(XT* ML1%k%k0eS +XT1%M2%x%0.5)
RHNG=MMX*PRES(I)/7(1072*TT ) %1447

PRA=CM®*MU/KB

TEPS=0e600492*TT

OMEGA=1e¢06036/TEPS**¥0 15610 + +19300/DEXP(00+47535%TEPS) +
11s03587/DEXP{ 1+S2996%kTEPS)+1.76474/DEXP(389411%TEPS)
DIF=((0+s001032%TT*x%X1e5)%(1e0/M1 + 160/M2)%%045) /(PRES(I)*OMEGAX
113.891)

CIF=DIF*3,8706

SCH=MU/ (RHOG*DIF)

N23=(PRA/SCH) x%x 00,6667

IF XHSPECK GO TO 43

G # VXMM/ XXT1 *ARE AL

IF XGel,Ee0Ds0< GO TO 41

H= =142587022 = 0.62828111%DLOG{ 0 0304%G/MV)
H=HCON®XGXCM/ { CMEMU/KB ) %%0 46667 XDEXP(H)

LB # RB*XTT/AXTTECSATLS<*%2

Al # N23*OLOGXREXPTS/XTIL

AF # Z1/CMMM

A # AFxXA1L

EA = DEXP(A)

EAL # EA-=1.0

IF %XDABSXA<KeLEe140E=-3< EAl ¥ ALA%XA/2,4,0

IF XRDABSXA<eGTe1,05=3< EA2 # 1.0~1,0/EA

IF XDABSXACeL Eel 40E=3<K EA2 # EAl-A%A

IF XSATDeORGXDEXPXASATEBSAT/XTTECSATKC dLEJXTLKK GO TO 46
ALPHA # 040

Fl # —HXXT1XXT1*A1%PXDELZL/XV¥CMMML

IF XDABSXEA1<KGTel1e0E~€< GO TD 45

F2 # —HEXTT=TST<kXT1%2PxDELZ1/XVRCMMML

GO TO IRS»XS50+57:58B459<

F2 # F1¥%AF®XTT=TST<K/XXT1*EALL

GO TO IRSsX50+57,58+s59<
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TABLE VI (Continued)

46 SATD # «TRUE.

ZLB # LB/CMMM

ALPHA # 1,0

IF XDABSXEAL1<«GTels0E~E€KL
e ALPHA # 160 = %ZLBEL1e 987k TTRTTAXTI/XXTRLBKK/ XILBEAFXXTT=TSTK/EALL
SATD # ALPHAGT 4040

IF XeNOT.SATDK GO TO 44

FI1 # 0.0

IF XALPHA LT 140<
oF1l # ~HEXTI¥XT1*A1%xP*xDELZI/XVX¥CMMM*X]1 o 0~ALPHAKLK
F2 # BSAT/XDLOGXDABSXXTEFL1<<K~ASATL~CSAT-TT

GO TO IRS %50 +57+5B+59<

END SUBPROGRAM —~ START LOOP

47 XT # X%J<
X2 # XT
TY ¥ TxJu<
T2 # 77
L1 # LXJ<

TST # TS%J<
IF ATSTelL TeTWAIKK TST # TWXIK
IF XTSTeGTTT< TST # TT
EXPTS # 1e0~-DEXPXASATEBSAT/XTSTECSATKLKL
IF XEXPTSsLTe0.0< GO TO 41
BY # BxJ<
TEMP # BTe8T
DT # DXJL-TEMP
BYPAS # ARAX UKL
IF XDTeGTe0e0< GO TO 465

a8 XXJELK # XXJL
TXJELS # TxJU<
GO TO 60

4G WIDT # WIDXJU<-TEMP
P # 2.0%¥XWIDTEDTL
AREA # WIDT*DT
V # VUXJ<SKAREA/XAREAEL BYPASK
IF XXTelLTeXTI< XTXTy
IF XTTeEQeTST<K EXPTS # 140-XT
ASSIGN 50 TO [RS
GC TO 40

RETURN FROM SUBPROGRAM - GET STEP RESULTS
50 SK1 ¥ F1
SL1 » F2
ALPHXJ< # ALPHA
TSMAX # BSAT/XDLOGXXT<-ASAT<K-CSAT
IF XALPHAGE«1,0< GO TO 80
IF XALPHA«GT.0.0< GO TC S1
DBMAX # KS*XT SMAX-TWX JK</XH®XT T-TSMAXL<-8BT
GAMMA # DTHET A*H*A/ XRHOS*¥CP 1<
DB # GAMMA—GAMMAX%2/%2.0%DBMAX<E GAMMAX %3/ X6 0%DBMAX¥%2<
IF XDABSXGAMMA/DBMAX< +GTe 14 0E=3<
. DB #DBMAX*X1l . 0-DEXPX-GAMMA/DBMAXLKK
B8XJ< & BT&08
GO TO S2
S1 BXJ< # BXJIKEOTHETA¥AXH/XRHOS*CPL *X1,0-ALPHAKLK
52 BTl # BXJ<
LB # LB/ 21
Tww # TwXxJ<
JTST # 1
TST1 # TST
TST # TSG
IFXTSMAXeGTeTTC TSMAX #TT
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TABLE VI (Continued)

53

54

85

55

a3

81
82

80
56

57

ASSIGN 85 TO JTT
IF XXTSTelLTeTHUW<KoOReXTSTeGTa TSMAXKKTSTATWWED «S*XTT-TWW<

Wl # TSTECSAT
w2 # BSAT/wI
w8 # ASATEW2
W3 = DEXP(W8)
w4 # w2¥W3/wl
Wl # X1.0-w3<

IF XW1.GT+0.0< GO YO 5S4

TST # TWWEO+9*xXTST~-TW W<

GO TO S5

IF XDABSXWB8<elLTele0E=3< Wl # —~w8-WB%xW8*0.,5
wo # wil

Wl # W1/XT1

w2 ¥ AFRN23*%DLOGXWIL
IF(W2.EQeDe0ODO)W2=1.0D-08

w3 # AFXN23%w4a/w9

W7 = DEXP(-wW2)

w4 # 1e.0-W7

IF XDABSXW2< oLl Toele0E=~3< W4 # W2=w2%W2/240
Wl # XTT=-TST</w4

W6 # KSEXTST-Tuwn<—AWl £ ZLB<*H*W2%BT]

GO TO JTT,%85.83<

WS # KS=XWIEZLB<kH*W3 *BTIEX10EW 1RWT7 W 3<kH*W2%BT1/ W4
WEFWOH/WS

w4 # TST=wS

IF X WAl ToeTWWS WA # TWWEQSIXXTST~TwW<
IF%XW4 e GEa TSMAX<WA#TSMAX=0e1%XTSMAX=-TSTZ
TST # wWa

IF XDABSXWS5<eLTe0.001< GO TO S8

JTST # JTSTEL

IF XJTSTelL.Te20< GO TO 353

JTST#1

ASSIGN 83 TO UTT

Ta¥T ww

TS#TSMAX

IFXW54LTe040< GO TO 81

TS#TST

GC TO 82

T4¥TST

IFXJTSTGTH19< GO TO £¢€

JTSTH¥UTSTEL

TSTHO+S5*XTAETSK

GC TO S3

TST # XTWWETT<K*0.5

TSXJ< # TST

TSG # TST

TST = TsST1

CONTINUE SINGLE PASS RUNGE=KUTTA
TY # T2 € 0.5%F2
XT # X2 & 0e5%F1
IF XXTelLTeXTU< XT # XTI
IF XTTeLTLTST< EXPTS # 1.0-XT
IF XTTeLTeTST< TT # TST
ASSIGN S7 TO IRS
GC TO 40
SKZ2 # F1
SL2 # F2
TT # T2EF2%0e5
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TABLE VI (Continued)

XT # X2EF1%0.5
IF XXTeLTeXTJU< XTH#XTJ
IF XTTLTeTSTC EXPTS # 140~XT
IF XTT4LT.TST<K TTR#TST
ASSIGN S8 TO RS
GO TO 40
58 SK3 # F1
SL3 # F2
TT # T2eF2
XT #»# X2&F1
IF XXTeLT XTI XTH#XTJ
IF XTTeLTeTST< EXPTS # 140-XT
IF XTTeLTeTSTS TYT # TST
ASSIGN SS9 TO IRS
GC 7O 40
S9 XT # XSK1EF1<K/6e0 £ XSK2ESK3<K/ 3.0 & X2
TT # %SL1EF2<K/640 & XSL26SL3<K/ 3.0 & T2
XXJE1< # XT
TXJEL<S # TT
IF XBYPASLE«D0+0< GO TO 60
XX%JELK #AUXXKIEL1<SHKAREAEL XXJI<kBYPASK/XAREAEBYPAS<
TXJIELS #XTXJE1<FAREAETXJI<CkBYPASC/ ZAREAEBYPASK
X2 # DEXPXASATEBSAT/XTXJIELI<KECSATLKL
IF %X2eGE «XXJE1<K< GO TO 60
BXJIC # BXJIC & AX%JELI<=X2<HXDTHETA*V XML/ XP*DELZ1%*%]l ¢ 0=X2<*%x2%¥RHOS<
XXJE1< # X2
60 HCLDUP # HOLDUP & FLOATXNUMXJSK<K*RHOS*XXWIDXJ<-2.,0%¥8%XJ<<
. EDXIK<*kBE I<KDELZL %2 o0
61 CONTINUE
BIN=B(1)
END OF DISTANCE LQOP - PREPARE QUTPRUT
62 HLDP # HLDP & %VT/X1e0=-XSTARK=VT/%X1e0-XXMELI<K<K<KAkDTHETA*M]
IF X1.GTel< GO TO 75
TT # XTXLI<ETWLX1<<%0,5
Z1 # COECLEXC2EC3K*TT
LB # RBRXTT/AXTTECSATL<C*k*2
XSCL # VTAREX%1</%2 00=X%1<<=XAM</ %] s O—X XM CK<RXL BEZ 1 %XTX1<-TWLX1<<<
TT # ATX1<ETAMK<*045
Z1 # COE%C2*%TTELECI<KEXXMSECI*TT
XSCL # XSCLEZLIXVTXTX1<=TAMLK/ %41 ¢0=XXMLKL
YSCL # 10.0%xXIDINTXDLOGLO%XSCLLCL=1K
IXSCL = IDINT(XSCL/ZYSCL+045)
XSCL = IXSCL*®YSCL*1.0000001
WRITEXG6,220< XSCL
220 FCRMATX1MHO:20X ¢ 22HAPPROXIMATE HEAT LOAD sFl12e2¢7H BTU/HRLS
WRITE(6+319) K3sMULMUZ,MURHOGsPRASOMEGADIF SCHiN23 vH
319 FORMAT(S(D126543X)s/+6{D12e5+3X))
75 CONTINUE
DC 70 J¥l.M
IF %X4%DXJ<~20s0%BXI<<eL.Es0e0< e AND ¢ XARA%X J< el E00s0<K< GO TO 71
70 CCNTINUF
GO TO 72
71 PTHETA # 0.0
HCLOUP # 0.0
DCNE # <TRUE.
72 CONTINUE
TIME # TIME £ DTHETA
IF XTIME.LTPTHETAL GO TO 67
PTHETA # PTHETA & PRINT
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TABLE VI (Continued)

63

400

PREPARE PAGE HEADING
KPAGE # S5
KPAGEL>l # 0
J2 # 1
DO 66 J#1l+M,IC
KPAGE # KPAGEE1
IF AKPAGE LT« 52< GO TC 64
KPAGE1l # KPAGE1E&1
WRITE (6,400) (TITLE(ILIST)H,ILIST=1,18),KPAGEL,!
FORMAT (1H1+5Xe18A4 35X s4HPAGE» I2/71H0+5Xe12HTIMESTERP NOes15)
HCLDUP # HOLDUP*SHL DP
HLDOP # HLOP*SHLDP
IF XKPAGE1+EQel< WRITEX6+401< TIME ,DTHETA JHOLDUP, JHLD P ,HLDP , JHLDP

401 FORMATX1HOsSX +SHTIME +F12e698H HRe 910X+ GHTIMESTEP 4F124634H HRoe/

1HO+SXe 19HHOLDUP, SOLID BASISsF12eSslH sA241He/
1HO 9 SXs 1 7THHCLDUP, GAS BASISsF144Ss1H sA2,1He<
HCLDUP # HOLOUP/SHLDP
HLDP # HLDP/SHLDP
KPAGE # 1
IF XKPAGE1.EQel< KPAGE # 7
WRITEX6+402< JDISTHJCLRHJCLR,LJTO,JTO

402 FOPMAT(IHO,16Xs 10HDEPOSITION »39X+7HSURFACE/1H 25X+ 3HDISTANCE, 3X,

i

1

21HTHICKNESS CLEARANCE 46X s 3HMOL 5 2X92(2X+1 IHTEMPERATURE ) 94X s

14HMIST/ZIH +8X 2sA201H a9 2{9X+sA2+1He )s 6X+BHFRACTIONS2{4Xs4HDEG sAl,

4X) s IHFRACTION s 4 XoIHD IVISIONSs 2X 4 SHRATIO/Z1IH )

54 D1 ¥ DELZ1*FLOATXJ—-1<%SDIST

403

404

65

405
66

67
68

69

CHECK BREAK NOTATION
IF XR6XJ2<GT +Jd< GO TO 65
IF XKPAGE.GTe48< 6O TO 63
KPAGE # KPAGE £ 3
WRITEX6+,403<
FORMATX1IH 5 15X%6H=m====<<
WRITEX6+404< u2
FORMATXIH 425X GHBREAK NO»»13<
J2 # J2 & 1
WRITEX6,403<

PREPARE RESULTS AND PRINT LINE

Bl # BXJ<*SCLR

Hl # XDXJ<=2+0%8XJ<<*SCLR
X1 # XXJ4<

T1 # TXJ<%kSTO1 & STO2

T2 # TSXJ<*¥STO1£ST02

Al # ALPHXJ<

BR=8(J)}/BIN
WRITE(6+405)D1+BleH1s X1sT1+,T2,A1 NUM(J),,BR
FORMAT(1H +F1304+2012 ¢5e¢F11e6sF11021F13e2¢F1124+110:3XeF10.5)
CONTINUE

ASAT ¥ ASATI

IF XDONE<K GO 7O 1

CONT INUE

ASAT ¥ ASATI

GO TO 1

sTOP

END
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statement. This would be advantageous if the program is used
primarily for an unchanging physical situation.

The input data set for the program consists of five
data groups. If any of the last four data groups are not to
be changed between data sets, that group or groups may be

omitted.

Data Group 1l: Control

The first data group consists of one card containing
both a title, which will be printed on each page of the out-
put resulting from the data set, and four control markers to
indicate which of the other four data groups are included in
the data set. If it is not indicated that a particular data
group is contained in the set, that group should be left out

completely; no blank cards should be inserted in its place.

Card column 3. Either blank or a decimal digit. A

nonzero digit indicates that data group 2 is specified in the
data set. Zero or blank indicates that the information in

data group 2 is the same as for the last data set.

Card column 4. The same type of indicator as above

for data group 3.

Card Column 5. The same type of indicator as above

for data group 4.

Card column 6. The same type of indicator as above

for data group 5.
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Card columns 11 through 80. The title, which may be

anything the user desires.

Data Group 2: Physical Properties

The first card in this data group contains informa-
tion about molecular weights, solid properties, and the heat

transfer coefficient.

Card columns 1 through 10. The molecular weight of

the condensable component in "F" format (without exponent,

but with decimal point). This parameter is saved.

Card columns 11 through 20. The molecular weight of

the noncondensable component in "F" format. It is a saved

parameter.

Card columns 21 through 30. The as-trapped density

of the solid deposit in "F" format in 1lb/ft®. It is saved.

Card columns 31 through 40. The as-trapped thermal

conductivity of the solid deposit in "F" format in Btu/hr-

ft-°F. It is saved.

Card columns 41 through 50. TIf these columns do not

contain blanks or zero, the value, in "F" format, will be
taken as a constant heat transfer coefficient to be used, in
Btu/hr-sq ft-°F. If the columns are blank or zero, the cor-
relation described in the text is used, regardless of what
was specified in the previous data set. (If this data group

is not read, however, the same convention of constant heat
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transfer coefficient or correlation will be used as was used

in the previous data set.)

Card columns 51 through 60. The scaling constant,

Cn’ to be used in the finned surface heat transfer correla-
tion is described elsewhere. This constant should be in "F"
format. It is saved. Some influence of fin efficiency may
be obtained by using Cn = Cn * n, where n is the fin effi-
ciency. This effectively multiplies the available heat

transfer area by this efficiency.

Card columns 61 through 65. These columns contain a

positive integer to indicate that one or more of the gas
physical property cards following are being specified. A
negative integer, zero or blank, indicates that none of the
gas physical property cards are specified.

The second card in this group is to input a tempera-
ture rise associated with heat inleakage due to the two

mechanical supports on the trap.

Card columns 1 through 10. Input temperature rise,

°F, due to first support. This should be in "F" format.

Card columns 11 through 20. Input temperature rise,

°F, due to second support. This should be in "F" format.

The specification of gas physical properties is indi-
cated by a positive integer in columns 61 through 65 of the
previous card. All gas physical property specifications are

in the form of coefficients for correlating equations. These
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coefficients must be specified so that, when used in the
described forms with mole fractions of condensable, x, and
temperatures, T, in degrees Rankine, the value of the physical
property will be obtained in the required units. Any of the
cards, except for vapor pressure, may be omitted, in which
case, the initialized values for the coefficients or those
saved from the previous data set will be used. The vapor
pressure curve specification must be last, but the others

may be in any order. If the vapor pressure equation is not

to be changed, a completely blank card may be used in its

place. The general format is as follows:

Card columns 1 through 5. The name of the physical

property, left justified in the field.

Card columns 6 through 20. The constant, AO' in "F"
format.

Card columns 21 through 35. The constant, Al, in "F"
format.

Card columns 36 through 50. The constant, Ay, in "F"
format.

Card columns 51 through 65. The constant, A3, in "F"
format.

The physical properties, names, and equation forms

are as follows:
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Specific heat of the gas in Btu/lb-mole-°F. The name

is CP, and the correlation is of the form

Cp = AO + Alx + A2xT + A3T.

Thermal conductivity of the gas in Btu/hr-ft-°F. The

name is K, and the correlation is of the form

K = AO + Alx + A2T + A3XT.

Vapor pressure of the condensable in atmospheres.

The name is VP, and the correlation is of the form
VP = exp[A0 + Al/(T + A2)].

Data Group 3: Increment Specifications

The first card of this group specifies the time and
distance increments to be used both in the calculation and

for output purposes.

Card columns 1 through 10. The number of distance

steps, no more than 500, to be taken to represent the length
of the trap in "I" (integer) format. Reasonable accuracy is
usually obtained with between 50 and 100 steps, and results
are easier to interpret if the number is chosen so that each
trap section is represented as an integral number of steps.
Accuracy may be checked with a second run using more steps

and comparing results. This variable is saved.



128

Card columns 11 through 20. The number of time

steps, no more than 500, in "I" format. Reasonable accuracy
and stability are usually obtained with between 50 and 100
steps. This may be checked with a second run using more time

steps. This variable is saved.

Card columns 21 through 30. The length of a single

time step in hours in "F" format. This variable is saved.

Card columns 31 through 40. An "I" format integer.

If 1 is specified, output from the program will list results
at each distance increment. If 2, for every other distance

increment, etc. This wvariable 1is saved.

Card columns 41 through 50. A length of time in

hours, "F" format. Intermediate results will be listed as
output at intervals of this specified time or close to it if
the match with the time step is not exact. The variable is
saved and refers to simulated trapping time, not computer

time.

Card columns 51 through 60. A positive integer indi-

cates that the next card in this data group is to be speci-
fied. A negative integer, zero, or blanks indicate the next
card is not supplied.

A second card, specifying the dimensional units for
output, may be entered in this data group if columns 51
through 60 of the above card contain a positive integer.

The format for this card is as follows:
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Card columns 11 through 16. The units in which the

trap holdup is to be listed in output. This may be either KG
or LB, left justified in the field. It is saved and is

initialized to LB.

Card columns 21 through 26. The units in which the

distance along the trap is to be listed in output. This may
be FT, IN, or CM, left justified in the field. It is saved

and is 1initialized to FT.

Card columns 31 through 36. The units in which the

solid deposit thickness and remaining channel clearance are
to be listed in output. This may be FT, IN, or CM, left
justified in the field. It is saved and is initialized to

IN.

Card columns 41 through 46. The units in which the

gas temperature is to be listed in output. This may be in R,
K, F, or C, left justified in the field. It is saved and is

initialized to F.

Data Group 4: Flow Variables

The first card in this group specifies how the flow

variable cards are to be interpreted.

Card columns 1 through 10. The number of cards, no

more than 500, following this one that are used to specify

system flows, pressures, etc.
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Card columns 11 through 16. The units in which tem-

perature is given on the following flow variable cards. This
may be R, F, K, or C, left justified in the field. This is a

saved variable.

Card columns 21 through 26. The units in which pres-

sure is given on the following cards. This may be PSIA, ATM,

or MMHG. It is saved.

Card columns 31 through 36. The units in which the

noncondensable flow rate is given on the following cards.
This may be LBM/HR, SCFM, LB/HR, or KGM/HR. It is saved.
(LBM/HR refers to pound-moles per hour and KGM/HR refers to
kilogram-moles per hour.)

This data group next contains flow variable cards,
the number of which is specified above. The flow variables
are all saved as follows: For variables which are not speci-
fied on the first of the flow variable cards, values are
supplied corresponding to those that were found on the first
flow variable card of the previous data set. For variables
not specified after the first flow variable card, values are
supplied from the previous card and not from the previous

set.

Card columns 1 through 5. The number of time steps
in "I" format, for which the following conditions are in
effect. On the last flow variable card, this number is

adjusted to fill in the remaining time steps.
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Card columns 6 through 20. The inlet gas temperature,

in "F" format, units as specified above. (Temperatures of
exactly zero may not be specified; use 0.0001 rather than

0.0.)

Card columns 21 through 35. The inlet mole fraction

of condensable in "F" format. Note that the desublimer pro-
gram assumes that noncondensables are also present. Relia-
bility of the program decreases for inlet mole fractions near
one, and the program is not recommended for use with this

mole fraction much above 0.9.

Card columns 36 through 50. The flow rate of non-

condensable, in "F" format, units as specified above.

Card columns 51 through 65. The trap pressure,

absolute, in "F" format, units as specified above.

Card columns 66 through 80. The trap constant

coolant temperature, in "F" format, units as specified above.
(Temperatures of exactly zero may not be specified. Use

0.0001 rather than 0.0.)

Data Group 5: Trap Specifications

This data group describes the trap design to be
tested. With the exception of dimensional unit specifica-
tions, none of these variables are saved. One general and

three specific trap types are recognized, and the information
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is interpreted according to the type. The first card is used

for preliminary information.

Card columns 1 through 10. A number, in "I" format,

indicating the type of trap, as (1) cross flow, (2) radial

fin, (3) egg crate, and (4) free form.

Card columns 11 through 20. The number of following

cards (less than 50) used to describe the trap.

Card columns 21 through 30. The diameter of the trap

in "F" format, and units as specified. This diameter is

ignored for trap types 3 and 4.

Card columns 31 through 40. An integer, in "I"

format, greater than zero indicates that break notation is
to be used in the output. Numbered dividing lines are printed
to indicate passage between various sections of the trap. If

a zero or negative integer is given, these markers are omitted.

Card columns 41 through 46. The dimensional units

to be used in interpreting the diameter of the trap and the

parameters, V, and V as described below. This may be FT,

1 27
IN, or CM, left justified in the field. It is a saved

variable.

Card columns 51 through 56. The dimensional units

to be used in interpreting the parameter, V3, as described
below. This may be FT, IN, or CM, left justified in the

field. It is saved.
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Card columns 61 through 66. The dimensional units

used to interpret the parameter, A, as described below. This
may be FT, CM, IN, or FRACTI, indicating square feet, square
centimeters, square inches, or fraction. It is saved.

The remaining cards in the data group are all of the
same format, the number of such cards being as specified

above.

Card columns 1 through 10. The parameter, Il’ in
"I" format.

Card columns 11 through 20. The parameter, Vl’ in
"F" format.

Card columns 21 through 30. The parameter, V2, in
"F" format.

Card columns 31 through 40. The parameter, I2' in
"I" format.

Card columns 41 through 50. The parameter, V3, in

"F" format.

Card columns 51 through 60. The parameter, A, in

"F" format.

The meaning of I Vl’ V2, and V., varies with the

1’ 3
type of trap. I2 is always the number of identical trap
sections of the type described on the particular card, and A

always refers to the amount of "free-flow" area to be put in

parallel with the section as described in the procedure; in
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the fractional interpretation, it is the fraction of flow
area taken up by free-flow. In general, A is specified as
zero or just left blank. Figure 23 may be used with the

following to determine the meaning of the other parameters

for each trap type.

Cross Flow Trap:

Il - The number of fins in a baffled section,

not counting the baffles.

Vl - The distance between parallel fins.
V2 - The distance across a fin.
V3 - May be left blank.

Radial Fin Trap:

Il - The number of radial fins in a section.

Vl - The length of a fin in the radial direction.
V2 - The length of a fin in the axial direction.
V3 - May be left blank.

Egg Crate Trap:

I, - The number of equivalent square channels in

one egg crate section.

Vl - The length of a side of an equivalent square
channel.
V2 - The length of the egg crate section in the

direction of flow.

V, - May be left blank.
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Free Form Trap:
Il - The number of equivalent rectangular channels

in one flow section.

Vl - The length of one side of the rectangular
channel.

V2 - The length of the other side of the rectangu-
lar channel.

V3 - The length of a channel in the direction of

flow.
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APPENDIX C
ANALYSIS OF THERMAL STRESS

Presented in this section is a calculation of the
expansion and/or contraction of the cold trap due to thermal
changes:

Temperature will change from ambient, 80°F, to -320°F
or a net change of 400°F.

Thermal expansion coefficient of 304L stainless steel

6 op (291

equals 9.6 X 10" ° in./in.- Length of cold trap equals

132 inches.

Total contraction equals (9.6 X 10_6

in./in.=-°F) x
(132 in.) x (400°F) = 0.51 inch.

The metal bellows installed can flex up to 5/8 inch.
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APPENDIX D

SHIELDING THICKNESS REQUIRED FOR
BACKGROUND ATTENUATION
This appendix presents the calculation made to deter-
mine the thickness of the lead shield necessary to block out

the background radiation.

. 130]
P(t) = B(kt) y(0)e <t ,

where Y (0) and ¥ (t) are the radiation flux before and after
passage through the shield of thickness t, with a linear
attenuation coefficient k. B(xt) is the buildup factor.

For a shield made of lead blocking out an isotope
having a y energy of 0.5 MeV,kg/p= 0.145 cm?/g (mass attenua-

tion factor),

o = density of lead = 0.41 1lb/ft?}
_ cm? 1 in.? 454 g, ,0.41 1b

« = 4.18 in. T

Using a 2-inch-thick shield, xt = 8.36.

The plane collimated buildup factor, B(xt), for

kt = 8.36 by interpolation is 1.97[301.
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o>l = B(kt)e = fraction unattenuated.

8.36

o0

Percent Unattenuated = (1.97) (e ) (100%) = 0.046
Therefore, (1 - 0.046) or 99.54% of the background activity
will be attenuated prior to reaching the sodium iodide

detector.
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