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ABSTRACT

A mathematical model and associated computer program were
developed to simulate the steady-state operation of wiped-film
evaporators for the concentration of typical waste solutions
produced at the Savannah River Plant,

In this model, which treats either a horizontal or a vertical
wiped-film evaporator as a plug-flow device with no backmixing,
three fundamental phenomena are described: sensible heating of
the waste solution, vaporization of water, and crystallization of
solids from solution.

Physical property data were coded into the computer progranm,
which performs the calculations of this model. Physical properties
of typical waste solutions and of the heating steam, generally as
analytical functions of temperature.were obtained from published
data or derived by regression analysis of vabulated or graphical
data, Preliminary results from tests of the Savannah River
Laboratory semiworks wiped-film evaporators were used to select
a corrvelation for the inside film heat transfer coefficient.

This model should be a useful aid in the specification,
speration, and control of the full-scale wiped-film evaporators
proposed for application under plant conditions. In particular,
it should be of value in the development and analysis of feed-
forward control schemes for the plant units. Alsc, this medel
can be readily adapted, with only minor changes, to simulate the
operation of wiped-film evaporators for other conceivable appli-
cations, such as the concentration of acid wastes,
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MATHEMATICAL MODELING OF WIPED-FILM EVAPORATORS

INTRODUCTION

Agueous waste solutions from the processing of radiocactive
fuel elements at the Savannah River Plant [SRP) are stored in
underground carbon steel tanks with capacities of 3/4 to 1-1/3
million gallons. These solutions are alkaline, with an initial
dissolved solids content of 30 to 35%. The dissolved species
are sodium salts, including the carbonate, sulfate, nitrate,
pitrite, hydroxide, and aluminate,

Tank storage costs are presently reduced by evaporative
reduttion of the volume of the waste solutions in bent-tube
gvaporators. Semiworks tests at the Savannah River Laboratory
{SRL} with two small wiped-film evaporators® have shown that
synthetic alkaline wastes from the plutonium and recovery process
{Fuvex wastes) can be converted to free-flowing slurries that
form a wet salt cake upon cooling to ambient temperature. The
desired concentration can be theoretically obtained in one pass
through the evaporator rather than several passes required for
other methods of evaporation,

Wiped-£film evaporators are used extensively in industry to
convert sguevus solutions and slurries to pastes, purees, and
gven free-flowing powders., For the application described in this
report, the heat-transfer surface is not actually wiped or
scraped; rather, a highly agitated thin film is spread onte the
metallic hegt-transfer surface, The unioue feature of this sgquip-
ment is not the thin film itself, but rathey the wiper blade and
rotor for producing and agitating the film.* A vertical wiped-
film evaporator is shown in Figure 1.

A mathematical wmodel for the simulation of wiped-film
evaporators was developed as an aid in resolving some of the
guestions pertaining to the specification, operation, and control
of wiped-film evaporators used for evaporation of radicactive
waste solutions., It was particularly desived to quantify the
effects of various eguipment and operating parameters on the per-
formance of the unit in the proposed environment. This model
and asscelated computer pregram for performing the necessary
caleulations asre described in this report.

~f
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SCOPE OF MODEL

The objsctive of this work was to develop a mathematical
model that would be a useful aid in the specification, operation,
and control of wiped-film evaporators for SRP applications. The
moedel simulates the steady-state operation of wiped-film evapo-
rators as plug-flow units with no backmixing.®»® An unsteady-
state or dynamic model was not attempted for three reasons: (1)
the extreme complexity that would be asscciated with such a
dynamic model, (&) the very rapid response to changes in operating
conditions characteristic of wiped-film evaporators (a typical
residence time in wiped-film wunits is about 15 te 20 ses},z’g and
(&} the primary control schemes for the plant-scale evaporators
will probably be of a feedforward rather than a feedback nature,

The model was constructed to simulate the operation of
wiped-{ilm evaporators {of any size or configuration) for the
concentration of three distinct types of SRP wastes: Purex,
coating, and HM, Pertinent physical properties for these types
of wastes were coded into the computer program for performing the
model calculations. Physical property data for other types of
wastes would have to be developed and incorporated into the com-
puter program to simulate conCentration of these; provision has
been made in the program to extend the model to other types of
wastes,

Tests of these semiworks wiped-film evaporators are currently
ongoing and will continue for some time. Results of these tests
will probably indicate the need for some modification or refine-
ment of the correlation for the inside film heat transfer
coefficient., Similarly, it may be desirable to incorporate
improved physical property correlations, as the latter become
available, dinto this model.

PHYSICAL PROPERTIES OF WASTES

To perform a valid design or simulation of any chemical
operation or process, accurate values of pertinent physical and
chemicval properties for the components of interest must be avail-
able. The acquisition of appropriste data 1s generally no problem
in the case of single-component processes or processes involving
ideal mixtures of multiple components. Significant difficulties
arise, however, in characterizing the physical properties of
nonideal liquid mixtures or of sclutions of electrolytes. The
iatter category includes the waste solutions processed at SRP.

In this work, & variety of theoretical and empirical tools have
been used to characterize the physical properties of SRP waste

solutions.



A second consideration arises when the process design or
simulation calculations are to be programmed on a digital computer.
1t has been traditional in chemical engineering to report and
present physical property data in forms easily visualized and
adapted to manual calculations--charts, graphs, tables, nomographs,
etc. None of these forms, however, can be directly implemented on
a digital computer. Rather, physical property data must be repre-
sented in the form of equations that can be readily programmed
in a source language such as FORTRAN. Thus, it is often necessary
to regress discrete data values from a table or graph into analytical
form or, better yet, locate the original equation, if such exists,
upon which the data values are based. A considerable amount of such
effort in the early stages of this project was devoted to correlat-
ing and regressing physical property data on SRP wastes; the results
of this work are described below.

Botldown Ratio

The extent of volume reduction that occurs after evaporative
concentration can be characterized by the hoildown ratio® (defined
as the volume of evaporator feed measured at 25°C divided by the
volume of supernate remaining after evaporation}. Data on boil-
down ratio as a function of evaporation temperature have been
reported for various typical SRP wastes.® Data for three typical
wastes»~synthetic Purex, coating, and synthetic HM-.were regressed
and fit to a polynomial eguation of the following form:

- . . z
BOR = b+ bi(t - too) + ba(t top) {1

Constants for each of the three wastes are presented in
Table 1; in all cases the first constant {by) was constrained to
be egual to unity. For synthetic M waste, a better £it of the
available datz can be obtained if a second-order polynomial
gxpression is used {(bz # 0}, A relatively small amount of data
are available in this case, however, and a second-order polynomial
causes the bolldown ratio to turn argund and decrease shortly
after the high-temperature end of the data range. For this reason,
the slightly less accurate first-order representation was chosen.

TABLE 1

Regression Loefficients for the Boildown Ratio of Typical
SEP Hastes

. . taps
Haats B by by “g
Synthetic Parex 1.0 0.1282 0.4 146
Coating 1.0 B.07453 wd, A0ExL070 112
Synthetic HM 1.0 0,06342 4.0 115



Specific Gravity

the specific gravities of SRP wastes® are required to con-
vert bhetwesn volumetric and mass flow rates in the material
balance calculations of this model. The specific gravities of
these wastes generally decrease with increasing temperature
betore bolling; after boiling commences, the specific gravities
increase with temperature as the solutions bescome wmore concen-
trated. Hence, sepavate correlations of

5= ag v a1t - t) v an(t - Tt 2

were developed to represent the specific gravities before and
during boiling., The first constant {a,) is constrained to be
equal to the specific gravity at the initiazl normal boiling

point {$gp) in both corrvelations for each waste. The purpose of
this constraint was to ensure bumpless transfer from the nonboil-
ing or preheating regime to the boiling regime in the model
caleulations, Regression coefficients for the specific gravity
correlations before snd during boiling for the three typical SRP
wastes are given in Table 2. Again, a slightly more accurate

£it of the vaw data for BM waste during boiling could be obtained
if a second-order polynomial expression were used; however, the
specific gravity would begin to decrease shortly beyond the
high-temperature limit of the data range.

TABLE 2

fegression foefficients for the Specific Gravity of Typical
SRE Hastes

Wowde Iy iy Gy

&

Before bodling

Synthetic Purex 1,218 -4.181=107% 0.9
Conting 1,268 -5.188x107% 0.0
Synthetic HM 1,331 -9,76x107" 0.9

During hotiing

Synthetic Purex 1,216 G.0210 4.0
Coating 1. 268 (1. 01899 ~1,833=107"
Synthetic WM 1,331 6.072124 4.0

- 11 -




Heat Capacity

The heat capacity {(strictly speaking, the enthalpy content) of
the waste solutions at various temperatures and concentrations is
needed for heat balance calculations in this model., 8ix different
sodiom salts that may be present in the various SRP waste solutions
are: NasSU,, Nax{0,, NaN3,, NaNO,, NaOH, and NagAl0,. Not all of
these six salts will necessarily be present in a given waste. The
heat capacity of these scolutions was computed from a linear average
of the heat capacities for the pure components {iiguid water and
solid salts) based upon the weight fractions of each of the dis-
solved species. The average value of the product of the mass flow
rate times the heat capacity for each component is

&
We, = Ez W.c {3}
B 1 =0 i ?1

where 4 = O pertains to liquid water, and 1 = 1, 2,...., &
correspond to the six sodium salts in the order of increasing
solubility.

The expression for computing the heat capacity of liguid
watey will be presented later in the section on the physical
properties of water, Molar heat capacities of the various sodium
salts as a function of temperature were computed from

+ 5
C, = A+ BX107 ST 4 ;{5’%—3--» + Dx107 672 (4)

The constants A, B, €, and D in Equation 4 were obtained from a
standard source of thermodynamic data® and are presented in
Table 3. No values were found for sodium nitrite; the values
corresponding to sodium nitrate were used.

TABLE 3

Coefficients for Computing the Molar Heat Capacities of
Sotid Salis

component
Bumber  Formula A B N D
M Naz80, 19,676 36,893 (0.0 §.0
2 Na (s 2.63% 58,326 5.854 0,0
3 NaMQ 6,140 53.8% . 0.0 0.0
5 NalH 17,15 -26.5 8.8 56,35
& NaAly 21,307 E.635 -4,.286 0.0

., The values for component 4 [NaNO;) were assumed
o be the same 48 those for component 3 {NaNGs).

- 12 =~



Equation 4 was also used for computing the heat capacities
of the solid salts themselves {for example, after crystallization).
A comparison of solution heat capacities computed from Equation 4
with published dats for sodium nitrats solutions’ showed very
close agresment., Poor agresment is observed if mole fractions
rather thsn mass fractions of the dissolved species are used to
campute the solution heat capsacities.

Thermal Conductivity

The thermal conductivity of the waste solutions is needed
for calculating inside film heat transfer coefficients for wiped-
film evaporators in this model. Unfortunately, very little data
on this particular physical property are available, The follow-
ing correlation, based upon the thermal conductivity of 11qu1d
water, is pré%ﬁntﬁd in the Iniernational (ritical Tables® for the
thermal conductivity of asguecus solutions: '

k= k (1~ 107 0x) (5}
where o is a constant for a given dissolved species, and X is
the weight fraction of that species in solution. For sodium
nitrate {one of the m@;nr components in SRP wastes), a value of
s = 23% is reported.’ This value was used to characterize the
effects of the various other components on the thermal conduc-
tivity of the aqueous waste solutions:

- 4™ 3
= k(1 ~ 2352107 *x ) {6)

For complete or partial crystallization of the dissolved
solid species, an estimate of the thermal conductivity of the
selid phase is required to compute the heat transfer rate in the
model. A value of 1.21 Bow/(hei{(f3(°F) is repovtad for the
vhermal conductivity of solid potassium nitrate and was used for
thig purpose.

Viscosity

The heat transfer ccefficient of the inside film is a func-
time of the viscosity of the agueocus waste solutions. Viscosity
data on synthetic Purex waste (first, second, and third concen-
tyations’ and on coating waste are given in Reference 5. Vis-
cosity estimates for synthetic HM waste were obtained as averages
between the viscosities for the supernates of the first and
Csecond concentrations of synthetic Purex waste,



In analogous fashion to specific gravity, the viscosities
of these wastes decrease monotonically with increasing temperature
before boiling, and then increase with temperature during boiling
as the solutions become more concentrated, Thus, separate poly-
nomial correlations were also developed for the viscosities of
the waste sclutions before and during boiling (in centipoises):

. - - 2
o oug 4 uwft - tppd o+ up(t tEP} (7

Regression coefficients for these viscosity correlations are
presented in Table 4. Again, in order to ensure bumpless transfer
from the nonboiling regime to the boiling regime in the model
calculations, the first constant (u,) in both cases was constrained
to be equal to the viscosity of the solution at the initial normal
boiling peint {ugp}.

TABLE 4

Fegression {oefficients for the Viscosity {in centippises)
of Typical SRP Hastes

4

Husite %, By Uy
Eefore bolling

Synthetic Purex  1.40  -7.042107%  2.422x007°
Doarting 2,70 000526 1.618x1673

Svnthetic M 1,50 7.658x10°% 3. 802%107"

During bolildng

Synthetic Purex  1.40  -0,0125% 9.01093
Conting 2,70 0.03865 B.537%10"*
Swynthetic HM 1,50 09,2752 0,0

Heats of Crystallization

The heat effects of crystallization of the dissolved species
out of sclution, when this phenomenon occurs, are incorporated
into this model. Although the crystals formed during evaporative
concentration most probably form various hydrated species in the
waste tanks as they cool down to ambient temperaturs, a cursory
inspection of published data® disclosed that none of these solid
hydrates are thermodynamically stable above 100°C. That is, only
the anhydrous forms of the various salts in SRP wastes should be
crystallized out of solution during evaporation. Heats of solution
{generally at infinite dilution) for the dissolved components of
SRP wastes in water at 18°C, except for sodium aluminate, were
located,? and the negatives of these values were taken as the

- 14 -



heats of crystallization {Table 5). The standard heat of crys-
vwllization of sodium aluminate was determined via a standard
thermechemical caleulation procedure and using data from various
sources.? % 1Y This calculation of the heat of crystallization for
sodium aluminate is given in Appendix A,

TABLE &

Heats of Crystallization {aM) of the Dissolved Components
of SHP Wastes?

Hant of Ompataliingbion
Ragl/ {gmmolel Btud{lb-molel

v i o

3

oL

e
MaaG0, 142,04 0,28 500
M 100 3 105,98 5,57 10,050
HaNO 5 83,99 -5, 0% 5,080
NaG; 59, 00 -3.6 6,480
NalH 35,00 16,18 18,320
NaALO 81.97 7.18% 12,920

2. See Appendix A for the determinaztion of the heat of
crystaliization for sodium asluminate.

Solubility Products

The precipitation of dissolved species during concentration
in a wiped-film evaporator was predicted from solubility products.
This procedure assumes that the activity coefficients for all of
the dissolved ionic species are egual to unity, not only under
the glven proecessing conditions but also under the conditions at
which sclubility data ave used to calculate the solubility
products, A more accurate representation of this phenomenon
would require an exhaustive research study to investigate the
liguid-solid phase eguilibrium relstionships for typical SRP wastes.

A salt consisting of m cations C and n anions A disscolves in
water according to the following reaction:

oA St (8}

-1
2 . ‘&"""“‘mil * nA
monls) = U {ag) {aq}
If the saturated solubllity Cg of this salt in water is known at
a given temperature and if the activity coefficients of the cation
and the anion are assumed equal to unity, the selubility product
for this salt caen be calculated by

P n o omn mn
Kep = (mCO" e )™ = m'n"(C) (9)

- 15 -



The saturated solubilities for the pertinent sodium salts, except
for the aluminate, in hot water (100°C)® were used to calculate
solubility products (Table 6). No effects of temperature on the
soplubility products were included in this model. Prediction of
the amount of aluminum precipitated from SRP wastes is difficult.
Various data'® on the solubility of aluminum hydroxide in aqueous
selutions of sodium hydroxide show that the solubility of sodium
aluminate cannot be characterized by a mere solubility product.
The resolution of this problem would agsin require a massive
research study on the pertinent phase equilibriaz, For the purposse
of this model, the same solubility product was assigned to sodium
aluminate as that calculsted for sodium hydroxide. These two
components were thus treated as identical insofar as one is con-
cerned with their solubilities in SRP wastes.

TARLE &

Saturated Solubilities and Solubility Products for the Sodium Salts
of SRP Hastes in Hot Water (100°C)

Solubility

LopmIoeTE {g-moles )/ ey Products
Na, S0, az.7 3.01 108, 7
Naeld, 5.5 4.9 16
MNakiy 180 21.2 449
NaMOs 163 25.5 BE8
Mgl 347 6.8 75350

. Bolubility product for NsAld, is assumsd to be the same as that
for Naldy,

ThsLE 7

Specific Gravities of the Solid Sodium Salts in
Typical SRP Wastes®

Compongnd Spagific Srapity
RETSEN 2,58

Wa,lh, 3,532

HaNG Z.2681

Nakiy 2,168

NaiiH 2.130

NaAll, 2,0

a. Arbityariily assumed value for the specific gravity
of solid NadAll;.



Soiid Specific Gravities

The velume percent solid phase is an important parameter in
the evaporative reduction of SRP wastes and is calculated as an
sutput result in this mathematical model. The specific gravities
of the solid salts in SRP wastes are reported® for all of the
saltg, except again for sodium aluminate (Table 7). An arbitrary
value of 2.2 was assumed for the specific gravity of solid sodium
aluminate.

PHYSICAL PROPERTIES OF WATER

Several of the physical property correlations for SRP waste
splutions described in the preceding section vequire a knowledge
of some physical properties of water., Also, the usage of steam
as the heating medium in wiped-film evaporators requires the
knowledge of & number of physical properties of water in order
to calculate the outside (steam side) heat transfer coefficient.
As in the preceding section, these physical properties of water
must be represented in an analytical form readily adaptable to
programming on a digital computer. The analytical relationships
for the physical properties of water used in this model are
presented in the vemainder of this section. Some of these
correlations have an accuracy and complexity much greatsr than
that required in this model. The reason for selection of these
relationships lies not in their extreme accuracy, however, but
rather theilr ready availability and ease of programming on a
digital computer.

Liguid Density

The density of liquid water,'® which enters into the calcu-
lation of the outside film heat transfer coefficient, is

p = {8y + at + apt? o ast® + ayt® 4 as5t®)/(1 + bt) (10}

where
a_ = H9Y, 8396
a; = 18,224944
Ay = -7.922210x107 %
ay = -55, 44846107 °
ay = 149,7562x107%
as = -393,2052x107 ¢
b= 18,159725x107°
o = density of liquid water, kg/m®
= temperaturs, “C {0 to 150°C)

- 17 -



#E

Bguation 10 was converted to g/cc and then coded as a statement
function in the computer program based upon this mathematical
model,

Liguid Viscosity
The viscosity of liquid water, which also enters into the

caleulation of the outside film heat transfer coefficient, is
based upon the following formula:®

% = 2,1482[(t ~ 8.435) + V8078.4 + (t - 8.435)2] - 120 (11)

whers, u is in poises and t is in °C. Equation 11 was rearranged
to solve directly for u, converted to viscosity units of 1b/(hr) {(ft),
and also coded in statement function form.

Liguid Heat Capacity

The heat capacity of liquid water, used in various enthalpy
balance calculations in this model, has also been represented in
very accurate analytical form!?

¢, = 4,1855{0,.996185 + 0,0002874[({r + 100} /100]°%- %%
+ 0.011160x107 %+ 0381} (12)
where o, is in joules/{g)(°C), and t is in °C. EBgquation 12 was

converted to Btu/ {16} (°F) and also coded in statement function
form. -

Ligquid Thermal Conductivity

The thermal conductivity of liguid water is used in calcu-
lating the thermal conductivity of the agueous waste solutions
a3 well as in computing the outside film heat transfer coefficient.
Haywood " presents an extremely accurate expression for the
thermal conductivity of liguid water as a function of both tempera-
ture and pressure, If it is assumed that the liquid is always at
its saturation pressure, as would be the condensate in equilibrium
with saturated steam, the expression reduces to

ko= oag 4+ ayT ¢ aaTs + asT’ + ayt® 13)
1

whers
_18_



ap = 922 47
Gy = 28385
gz = -1H00.7

g -

By *® 525.77
ay ® -73,4448
T/273.15

o
®

and T is in K and % is in mw/[m){°K). Equation 13 was converted
to thermal conductivity units of Btu/(hr}{£t)(°F) and then coded
in statement function form.

Heat of Vaporization

The heat of vaporization for water is used not only in the
enthalpy balance calculations of this model but also in the
determination of the heating steam requirements. The Watson
correlation’” was used to represent the heat of vaporization of
water as a function of temperature

9,38
T
Ao o Low Ty

Ay 1 - T

Ty

(14}

With Bguation 14 and the criticsl temperature and the heat of
vaporization at one temperdature, the heat of vaporization at any
other temperature can be computed. The reference condition
selscted was the normal boiling point of water, The critiecal
temperature of water is 647,27°K, and its heat of vaporization
at 100°C is 970.% Btu/1b,'® With this reference condition,
Equation 14 then becomes

7 8,38

Y.y
AN
ETT 55

Ao 9703 {15)

which is readily programmable in statement function form.

Vapor Enthalpy

The enthalpy content of steam is needed for a preliminary
estimate of the heating steam consumption, which in turn is
reguired for a preliminary calculation of the outside f£ilm heat
transfer cosfficient., Thus, not a great deal of accuracy is
required in the estimation of this particular physical property.

- 18 -~



With a reference temperature for enthalpy content of 32°F or 0°C,
Egquation 15 can be used to calculate the vapor enthalpy content
al any temperature as

HV « 1.8t + A{(T) {16}

The primary assumption in Bguation 16 is that the heat capacity
of liquid water is 1.0 cal/{g}(°C) or 1.8 Btu/{1B){°C) over the
temperature range of interest,

Boiling Point

The pressure of the heating steam, rather than its tempera-
ture, is generally measured and/or controlled under both pilot-
pilant and full-plant conditions. It is thus of some convenience
to be able to compute the heating steam temperature {boiling
point) given its pressure. Keenan and Keyes'® used the following
expression for calculating the vapor pressure of water as a
function of temperature betwesn 10 and 150°C in their construction
of the steam tables: Q

! ' s g3
2 (alrblorc B) (17)

Pe
1ogio 35 = 7 T+ al £

wherye

a' = 3,2437814
B o= 5.86826x107°
et = 1,1702379%x107°
d' = 2.1878462x107°
£ o= Te - T, °K

Po o= 218,167 atm

Given a value of the heating steam pressure P®, Equation 17
cannot be easily solved directly for T, Rather, some search
procedure 1% required. The method selected for this sesrch was
Newton-Raphson interpolation. In the general case, given a
function ¥ = F{x} = {0 where the value of x is dmplicitly defined,
this procedure operates as follows., An initial guess of the
proper value of x is made; successive values of the varisble x
are then obtained from

xj+1 = xj TN (18)
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until two sucecessive values of x are sufficiently close to one
another. In Eguation 18, y¥° {x } denctes the derivative dy/dx
evaluated at x = X1

If the required derdvative in Equation 18 cannot be easily
formed analytically, as in Bquatiom 17, this derivative can be
approximated numerically. Eguation 17 can be written as

a' 4+ BYE + ¢ 3 Pe
= ( gt A >~ log,, 56 = 0 (19)

With numerical approximation of the derivative dy/dT, the search
algorithm for the solution of BEquation 19 for T then is

y{1} =

(20

The procedure described by EBquation 20 is sometimes referred to
as the secant method. In this method, two initial estimates of
the independent variable (7} must be made Initial values of
T = 100 and 150°C were used for this purpose in the model.

HEAT TRANSFER COEFFICIENTS

Customary practice is to quote the inside surface area as
the heat transfer area in wiped-film evaporation equipment. Thus,
all local overall heat transfer coefficients computed in this
model are based upon the inside heat transfer surface area. With
this convention and with consideration. of the general case of a
protective cladding on the inside of the vessel wall, the local
overall heat transfer coefficient from classical heat transfer
theory for a number of resistances in series is

R R @

The details of computing these various components in this model
are described below,

c::gs-»-r

Outside Film

When a single pure vapor (such as steam), saturated or un-
saturated, is condensed on 2 horizontal or vertical tube, the
condensate wets the tube and film.wise condensation ocours. 5o
long as the condensate flows in stream11ﬁe fashion {4T/uy < 2100},
the dimensionless equations of Nusselt® may be used to calculate
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the value of the outside film heat transfer coefficient,

For a horizontal unit, the condensate flows normal to the
length of the evaporator, and

i
1
T 0 {22}

The sutside film heat transfer coefficient is given by the
following Nusselt relationship:

1/3

h B b’ g
- o - 5w
Nu_ = . oxfé( L > (23)

k i
W

Equation 23 is z dimensionless relationship, and the units of
the varicus parameters must be dimensionally consistent.

For g verticsl unit, the condensate flows normal to the
osutside circumference of the evaporator, and

*

wc
I'= e {24}
&

The dimensionless Nusselt relationship for calculating h, is

3702 LSQ 1/3
N = - (1.2) (&93}(%) {25)

In Eguation 25, the multiplying factor 1.2 is incorporated only
for the special cases of film-wise condensation of water or of
certain organic vapors on vertical tubes, ®

Wall Resistance(s)

The caleulation of the thermal resistances of the wall and
of the cladding {if any) is quite straightforward. The thermal
conductivities of rhese metallic resistances in the temperature
range of interest are available in most handbooks. ® The aresa
ratios in Eguation 21 are readily calculated as

. 26
A Ptk (@e)
A, D,

i i
Ay, ORI (27)
i ) i

. 27 .



The third area vatio, A;/A,, in Equation 21 is obviously equal
o ﬁifﬁmx ‘

Inside Film

{verall heat transfer coefficients from 250 to 400 Bru/ (hr)
{(££2){°F) are often %ueted for wiped~-film evaporators processing
agueous solutions,®»*7+1%:3% onty 4 small number of studies in
the open literature have been specifically directed to the
determination snd correlation of inside film heat transfer co-
efficients for wiped-film evaporators. These varicus studies
are summarized below., The correlations from some of these studies
are given in dimensionless form in which the Nusselt number for
the inside film iz

hiai
Nui Rl (28

with the variocus pavameters in appropriate units to ensure a
dimensionless relationship.

kS

Bott and Romero®” investigated the sensible heating of

water and water-glycerol mixtures flowing vertically down a
heated inside surface that was continuously scraped by rotating
blades., As a result of these sxperiments, the following equation
was proposed;

Nui - U'g}g{RE}G+N5{ReyjGaﬁgpr}ﬂ.E?{gi/L)Q¢QB(nS)G¢2Q {293

In Bguation I8, the filw Reynolds number is defined as

RE % e it £30)

the rotary Reynolds number as
piNp
Re' = “’";'"M {31}

and the Prandtl number as

pr = fig: (32)

Eguation 26 is stated to be accurate within £20% over the range
of variasbles studied [Re = 40.5-2,600; Re' = 347-23,200; Pr =
4.6+129; L/D = 6,25-25.94; ng = 1.4},



In a related study on evaporation, Bott and Sheikh®!r2%
report the following correlation:

Vui = 0~65€R§3}ﬂ'25{&&'}0.1*3(?1“}{}. 3{nB}B~33 {33)

in this study they found, in agreement with others, that the
agitation suppresses nucleation.

Skelland®? presents the following correlation:

w17 friNo, a7
Mu, = &,Q{Raf'”{pr}ﬂ*”(?fi) (%h) (34)

for the inside film heat transfer coefficient in a machine manu-
factured by Votator Division of Chemetron Corporation. This
correlation is restricted to the range 40 € Re' g 2030,

Kirschbaum and Dieter®® investigated the evaporation of pure
ligquids, aqueocus sugar solutions, and binary mixtures, as well as
distillation of the latter, in a Sambay apparatus menufactured by
the Luwa Corporation. In this device, swivelling blades are
pressed against the heated wall by centrifugal force during
operation, As a result of their studies, Kirschbaum and Dieter
developed the following correlation for the inside film heat
transfer coefficient:

SOUA
b, = 953(»5) k (35)
In this dimensional equation, hj is in Btu/(hr) (f£®)(°F), N is in
rpm, 4 is in 1b/(ft) (hr),and k is in Btu/(hr) (ft)(°F). The
original correlation is given in the International System of

Units (5@} and was converted to the form of Equation 35 in English
units. This eguation is valid for liquid systems exhibiting

tyue Newtonian behavior, that is, for systems wherein s direct
propertionality between shear stress and shear rate holds., A
nomograph for evaluating heat transfer coefficients from this
correlation has also been comstructed by Sestak.®®

A novel and interesting approach to the problem of deter-
mining inside f£ilm heat transfer coefficients in scraped-surface
vessels has been taken by Kool.?® He considers the problem of
heating of a3 laminar film between successive scrapings as an
unsteady~-state heat conduction problem in one dimension (normal
to the heated surface). He solves the linear partial differential
equation governing this process, using the Laplace transform, and
obtains the following result:
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B asnm V2 exp(sterfe(s) - 1
At 8% . 2807 5L exp(SPlerfelS) + 1

(36}

where h' represents the partial coefficient of heat transfer from
the heating medium to the scraped surface (exclusive of hy) and
results from one of the boundary conditions asswmed in the ana-
Ivtical solution of this problem. The dimensionless guantity S
is defined as

tt
k
€.p

5 = ht

(373

where t' is the time between successive scrapings and is given by

1
Lf o= T {38}
?\Tlg

For values of S between 0.2 and 30, h; can be calculated from
hy = 1.24 h' 87307 (39)
with an ervor of less than 1%,

Inside filbm heat transfer coefficients weve computed from
the above correlations, Synthetic Purex waste® was chosen as the
process material; the reguired physical properties were obtained
according to the methods outlined sarlier in this report. Values
of hy were computed at various temperatures (before and during
boiling); a partial summpary of these results is given in Table B,

The results of these calculations show that the inside film
heat tranzfer cosfficient increases monotonically as the tem-
perature increases prior to boiling, irrespective of the
correlating equation used. The thermal conductivity of the
solution is increasing, and the visgosity of the solution is
decreasing during preheating. Once boiling commences, the
opposite picture is observed; that is, the value of hy, again
irrespective of correlation, decreases with increasing temperature
{and bolldown ratio). lnder these conditions, the thesrmal
conductivity decreases and the viscosity increases as the waste
solution is boiled down and the concentration of salts increases.

The correlations of Bott and Romero?’ for heating and of
Rott and Sheikh®'»%? for evaporation yield similar values for hy,
generally 500-1000 Btu/(hr)(ft®)(°F), indicating little difference
in their correlations between the mechanisms for heating and boil-
ing. The values of h; resulting from Skelland's correlation®?
sppear to be abnormally low. The corrslation of Kirschbaum and
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Ingide Film teat Transter Copfficient for Synihetic Purex Waste as Computed from
Yarious Dorrelationst

fous Coreslations, Ptul (hwi(fedi 9w

(gt lenam

Shelland®®  and fleter™ 'Y feel®® ppep®t
714 aTE 154 1556 3140 107
TS 213 F ] 15368 3228 143
823 Bid 178 2120 32RZ 176
B35 S48 1831 2174 3302 183
718 875 159 2138 3209 166
GED 847 143 2044 3133 149
1N T35 131 1334 LR 130
B3 HH5 134 181z . G8a 113
454 [y 1 1685 2015 97
4413 542 163 1573 2835 83
363 LR ] L] 14632 . ATTE 73
R 3i8 445 a7 1368 T 63
a7 446 3} S 2538 53

2. The fesd rave was 0,29 gpm at 3070, The mechine characteristics were taken as those of the
havizontal Artissn unit at SHL semiwerks: namely, Ay = 10 f£#, Py = 12 in., N = 803 rpm,
ng v H, o= 3087 Fr, mnd BY o+ 300 Bew/ hri(£r7°F).

Dieter®*:"® yields values of hy in the general range of 1500-2000
Bru/ they (£¢%){°F)., The theoretical development of Kool®® yields
the largest values of hy, of the general order of 3000.

The correlation by Drew®’ for heating of fluids in turbulent
{Re » 2000}, but not agitated, flow down vertical walls and is
written as

: 2 i/2 173
hy = 0.{}1(35-»%5»&) (pry/? (ﬁ%) (40)

This correlation iz included in Table 8 merely for comparison
purposes. Inasmuch as it does not incorporate any effects of
agitatvion, it should predict values of hy lower than those result-
ing from correlations for agitated devices. The results of

Table 8 confirm this assertion.

Preliminary experiments were performed on the horizontal

Artisan wiped-film evaporator installed at SRL semiworks to
determine the order of magnitude of the inside film heat transfer
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coefficient and to provide some guidance in the selection of a
correlating equation., Synthetic Purex waste was used as the feed
stream in these experiments that, for purposes of simplicity,
were designed to occur under nonboiling (preheating only)
comditions, The log mean temperature differences betwesen the
heating steam and the feed and product temperatures could then

be used to evaluate U; and, subsequently, hj.

This experimental unit has a stainless steel heat transfer
wall {no c¢ladding) with a thickness of 5/14 inch, The thermal
conductivity of the wall metal under the processing conditions
is approximately 9.4 Btu/(hr)(ft3{°F). In this construction
{the proposed plant construction consists of a stainless steel
cladding on a carbon steel wall), the primary resistance to heat
transfer is the wall thickness. This circumstance poses some
difficulties in accurately evaluating the magnitude of a
relagtively minor resistance such as that of the inside film,
fxtremely accurate instruments for measuring temperatures and
flow rates are and will be required to support any experimental
program to elucidate the actual effects of process parameters on
the value of the inside film heat transfer coefficient,

The results of these preliminary experiments are summarized
in Table 9, These data, taken under preheating conditions, exhibit

TABLE @

Experimantal Values of the Inside Film Heat Transfer Coefficient from the
5RL Hovizontal Wiped-Film Evaporator Operating on Synthetic Purex Wastea

Hieam Heot Tromefer Toefflcients,
Faad FProdust Brggaursg, BEw/ (b (FE2 ) 178}
Fate, gpm  fewp, “0 Parp, "0 paig iy g - Ry
&, 4 28,0 6, 0 48.5 247 1180 1748
5.4 I7.5 1L 48,5 227 1227 1047
G, 0 27 .4 9.4 40,0 237 1184 1345
5.4 AR 86,0 40.0 233 1239 964
&.0 7.3 2.0 30,48 248 1194 1802
5.0 47,3 94,0 29.5 237 1238 1285
4.0 7.3 304.0 3.0 244 1274 1474
&, 4 28,0 34,5 2.0 z49 1215 1781
5.8 7.7 1.0 20,0 244 1243 1764
4,0 8.5 TR0 5.5 255 1238 2138
5.0 28,5 3.0 2.5 242 1274 1388
4.8 8,5 1.4 §.5 250 1310 1675

e Ay ow 10 P Dy o» 100dnm., L= 3082 fr; Ry

i GO, £ = 00,3125 in.,
;o= 9,4 Btu/ e {FY(°FY, & = 40 mils, N

&30 rpm, and ny @ &

#on



much scatter but nonetheless indicate that the inside film heat
transfer coefficient under these conditions has a value of 1200-
2000 Bru/(hr) (££°3(°F). As far as general ovder of magnitude,
these results then are in good agreement with the heat transfer
coefficients predicted by the correlation of Kirschbaum and
pieter,*¥s#¥  Since the resistance offered by the inside film
remaing @ relatively miner contribution to the overall heat
transfer vesistance, this correlation was selected for represent-
ing By in the mathematical model described below,

MATHEMATICAL MODEL

This mathematical model describes steady-state operation of
wiped-£ilm evaporators for the concentration of typical SRP wastes.
Thug, there ave no acoumulation terms in any of the material or
enthalpy balance equations that comprise this model; a wiped-film
evaporator is treated in this work as a plug-flow unit with no
backmixing. The evaporator is assumed to operate in adiabatic
fashion; that ig, there are no heat losses from the evaporator
to the ambient surroundings. Similarly, in view of the generally
low viscosities of the waste streams being processed, any energy
input from the rotating wiper blades to the stream was neglected,

The mathematical description of any plug-flow device
operating at steady state and without radial mixing generally
consists of one or more orvdinary differential equations. The
dependent varigble(s) in these sguation{s) can be tempsratures,
concentrations, pressures, €tc,; in a wiped-film evaporator, the
original dependent variable is the stream temperature. The
independent variable in the mathematical description of a plug-
flow device is generally some measure of position, e.g., height
gy length., 1If the governing differential equations sre linear
with constant ceoefficients of the dependent variables and of the
derivatives of the dependent variables with respect to the
independent variable, these differential equations can normally
be integrated analytically. Otherwise, some numerical inte-
gration involving finite increments of the independent variable
is normally used,

The various physical properties of chemical compounds and
of process streamns are generally dependent upon temperature and
often corrvelated as functions thereof. These physical properties
can then oceur as nonconstant coefficients in the governing
differential eguation for 4 nonisothermal process, thus occasion-
ing the necessity of numerical integration. In this work, the
original differential equations describing the evaporation process
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5

are inverted such that height or length became the dependent
variable and temperature the independent variable., The numerical
integration was then performed by incrementing the temperature in
finite steps. As a result of this inversion procedure,the
temperatures, and hence all pertinent physical properties, were
known at the beginning and ond of each iptsgration increment.
Arithmetic average values for these properties could then be
readily computsed over a given increment.

The wiped-film evaporator for concentrating SRP wastes is
divided intoe three sections according to the primary phenomenon
accurring thersin:  sensible heating of the waste solution,
vaporization of water, and crystallization of seplids from solution.
This division is shown schematically in Figure 2. The governing
material and enthalpy baslance equations for each of these sections
are presented below,

4= Thickness of

! | e Wall + Cladding
i
P .
b
b
Feed Vapore, | |
at 4 *C P E E Heat Transfer
;1 Coefficients:
; //inss‘de Film
! Steam-side Fiim
_______________________ o DI EDMSE
Steom - // /E - t
Sensibie r i
Heoting ;
P
%
B e Meated inside 4 Vaparizohon L » Length
Surfoces whL T |
f ;
Cond ; %
OPEENBE T e Crystalhzotion |
s ol '
W= ?i"sﬁrmmi Cmduc?évi?y#i a——I AR
of Wall : IITi~Edge of Blode

! j Rotating of N rpm
?roduc‘:*__.‘j 5:

C -l 8 5 Clearance Between
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i

!

I
132 inside Diometer--.
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FIGURE 2. Schematic Diagram of a Wiped-Film bEvaporator
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Sensiblie Heating

In the sensible heating {or preheating) section, the waste
stream 1s heated from its feed temperature to its initial normal
Boiling point.  There is thus no phase change in this section and
no change in the mass flow rate of the waste stream.

In &n enthalpy balance about a dz increment (Figure I} in
this section

Rate of dnput = H + g

Rate of output = H » §§~ dz

whers H = WCpft - tn), and q = Biai{ts ~ tidz., With no accumu-
lation term, the rate of input must equal the rate of cutput, and
the differential enthalpy balance sguation is

- %2” de = O ’ (41)
or
Ujag (tg - t)dz - 55 [Hep(t - tg)]dz = 0 (4

Keglecting any change in ¢y OVer a dz increment and recognizing
that tyg = constant,

.. dt
Uiai(ts -t} - %cp T £ {43}

LV

1
r;

OOV ANAANAN AN

LAY
?

FIGURE 3. Sketch of a dz Increment of a Wiped-Film Evaporator
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Bguation 43 can be integrated analytically between the limits
of U= tpoand U= tpp I U, and ¢, are assumed constant over this
interval, Admittedly this is not true, but the height or length
of the prsheating zone is quite small {generally less than 10% of
the total height or length of the heat transfer zonel in the
proposed SRP applications. Hence, average values of U; and 5
based upon thely values at the feed temperature and at the
initial normal boiling point can be used in Bguation 43. Inte-
gration of this eguation then yields

tg:

WE T
" ip, (44)
5

Lz = in
ﬁ_g &y L5 -~ 1 Ep

Eguation 44 thus determines the required height or length (4z)
to the preheating section.

Vaporization

Once boiling commences, the boilldown ratic function developed
previcusly enters into the caleulations. The temperature of the
waste stream is incremented in uniform step sizes of At. The
mass flow rate (in 1b/hr) of this stream at any temperature greater
than the initial normal bolling point is computed from the boildown
ratio as

{603 p(Fas .
W= TS TR (45)
and
QF?
Frpg = oo : (483
Wi B

and the numerical constants are included to effect the desired
units conversion. The rate of water vaporized over the Az
increment corresponding to the temperature increase of At is
then given by

AV = W{T) - W{t + At] {47}

The enthalpy balance equation in this section has one
additional ocutput term:

Hate of input =H + g
Rate of output = H + au dz + vH dz
; sutp T v
where v = dV/dz = -dW/dz. Subtracting the output term from the
input term and eguating the difference to zero,
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q - = dz = i dz = 0 (48)

. & .
Giai{tﬁ - tidz ~ EE'[“Cpit - tR}Edz - rﬁvdz = 0 {49}

Again neglecting any change in c_ over an increment and recalling

that dW/dz = ~1, P

. \ R <) -
ﬁiai{ts - T} - %Lp el Lpit - tR}r - rﬁv = {503

Thermodynamically, however, for water,

Hv - cp(t - tRJ = A {51}

where 4 i3 the heat of vaperization of water at the temperature t.
Equation 30 can then be rewritten as
dt .

la, (t - - We S= - rh o=
Lixl{rs 1) ch P rh 0

{(52)

With the variable values of Ui, W, , and A, Equation 52
cannot be integrated analytically. Using average values of thess
guantities based upon their values at the beginning and end of
the finite At increment, this eqguation can be written in the
foliowing finite difference form

ﬁ'cm At

bz = = o (53)
Upay (tg = T} - r .

Finally, after approximating v with AV/Az, Fguation 53 can be
solved explicitly for Az to yield

RAV ¢ Wepht

AT = e
Uga (tg ~ 1)

which represents the incremental height or length required to
hest the waste stream from t to [t + At). Water is vaporized at
the rate of AV 1b/hr over this temperature range.

Crystallization
No distinction is actually made in the computer program

associzted with this model between vaporization and crystalli-
zation. In theory, crystallization can begin as soon as boiling
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commences,  For each At increment that occurs after the beganning

of boiling, a check is made, using solubility products, to deter-

mine whether any crystalligzation has occurred. Only in the latter
event are additional enthalpy balances performed,

The sclution flow rate and rate of water evaporated are com-
puted as before, using Eguations 45 and 47. At the new temperature
{t + Ar} and with the new sclution flow rate, tentative molar
concentrations of each of the anions and of the sodium cations in
sclution are computed. These tentative concentrations are then
compared with the maximum allowable concentrations as predicted
from the component solubility products, and the smaller of the
two is selected for each of the dissolved salts

W. . /M K.. .
R &,1/ i SP,1
Cag = min {:0.0&243@ iy (55)
£
MNa
where
G o= Wip o~ G, : : {56)
&
zmiwd,i (57}
) i=1 Mi
“na & THI0524%G

and the numerical constant 0.06243 in FEguations 55 and 57 is to
convert the component concentrations from {1b-moles)/ft° to
g~moles/liter. The rate of crystallization of a given component
out of solution [ANg {1b-moles)/hr] over a 4t increment is then
equal to either zero or some positive gquantity

W s ‘

AN = max 0,0, g . D:002230RSPL (58)
’ i od
Na

For each component that experiences crystallization in a given
At increment, that amount of crystallization is subtracted ocut
from the amount in selution

i

: - ¥ 5
W t o+ At) Wé’i(t} M AN, (5%}

a,il
and added to the amount in the solid phase:

Wssi{t + ALYy = Ws’i{t} + M. AN, (60}
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The volumetric flow rate of the sclid phase is computed as the
sum ofF the volumetric flow rates of each of the crystallized
solid spegies:

G =, w2k (613

s i e
1=l Ts i

where the densities of the various solid species are obtained
from Table 7.

In view of the manner in which the heat capacity of the
solution is computed {linear averazge of the heat capacities of
a1l of the components including water and based upon weight
fractions or mass flow rates), 1t is convenient to perform the
enthalpy balance in the presence of crystallization about the
complete mixture of liguid and solid phases. That is, it makes
no difference in the calculation of sensible heating require-
ments over a At increment whether the sodium salts are in the
dissolved or solid state. In this case, one must then add a
consunption term to this enthalpy balange: -

Rate of conmsumption = &QC

where 4Q. represents the total rate of heat consumed {in Bru/hr)
on crystallization over a Az increment and is given by

5G =

o

Me

AN, A
~ “&iaﬁc,i {62}

The input and cutput rate terms remain the same as for the
sensible heating and vaporization sections. Subtracting both
the output and consumption terms from the input term and equat-
ing the result to zeroe, the differsntial enthalpy balance
eguation is

) d o -
Ujag (e - t)dz - g7 [We (v - tp)]dz - rH ds - AQ, = O (63)

Using the same assumptions and substitutions that were made
i the derivation of Equation 54,

6Q, + AV ¢+ We pat
Uiai{ts - 1]

2w
RS

{643



which determines the incremental height or length required to
heat the waste styream from ¢ to {t + &t) with the simultansous
sccurrenge of both vaporization and crystallization.

when crystallization occurs.  The correlation given by Equation 35
and used to valeulate the inside film heat transfer cpefficient
omplovs the physical properties [K,u} of the solution, The
resulting value can then be considered as representing an extreme
case, namely that with no s0lid phase present. One would
certainly expect some change in the heat transfer characteristics
of the inside film upon the precipitation of solids.

The opposite extreme can be considered as the case of a dry
sodid phase with no liguid or solution present. In such g case
fobviously undesirable from a practical point of view), one can
envision a thin annulus of solid material adhering to the inside
winll, The thickness of this film would be equal to the c¢learance
between the inside wall and the wiper blades, and would be essen-
tiznily undisturbed by the action of the blades. The mechanism
for heat transfer through this thin selid annulus would be pure
thermal conduction, the conductance of which would - be equal to

Ko/%.

A mixture of liguid and solid phases can then be considered
% intermediate between these two extreme cases. As opposed to
the outside film, vessel wall and cladding thickness that con-
stitute thermal resistances in series, the two phases comprising
the inside film are assumed to be parallel resistances insofar
4s the latter film is concerned. Thelr conductances are thus
additive, and the volume fraction of each phase was selected for
the mixing rule. The inside film heat transfer coefficient in
the presence of a solid phase was formed as the sum of that for
the liguid phase times 1ts volume fraction plus the thermal con-
ductance of the solid phase tiwss the volume fraction of the
latter:

g 1/ Ggo. k
w % - g‘fa&l 3:: k wwim mé,. 3
hy = 963(1 o }igj.} * Lol ) (65)

where G.p/W represents the volume fraction of the solid phase
present, The value of h; obtained from this equation was then
inserted into Hquation 21 to determine Uj.

COMPUTER PROGRAM
A digital computer program in the FORTRAN IV language was

written to perform the various calculations described in the
preceding sections., A listing of this program 1s given in
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Appendia B oof this report. This program was written in accordance
with a series of standards®® to maximize its clarity, readability,
and imbedded documentation.

Definition of Program Variables

At the very beginning of the program, a dictionary of all of
the FORTRAN names used in this program is given. This dictionary
consists of a series of comment statements in which all of the
names are defined, in alphabetical order, in terms of their
physical meaning. The units for ali of the variables are also
given,

Stoved Data

Following the DIMENSION statements that create the various
arrays reguired in this program is a large number of DATA state-
ments, The primary function of these DATA statements is to
minimize the amount of information a prospective user must input
to the program, Thus, various physical properties of the pure
salt components (heat capacity correlation constants, heats of
cyyvstallizarion, molecular weights, and solid specific gravities)
are storved within this program. Also, the constants in the
various correlations for physical properties of the typical SRP
wastes {synthetic Purex, coating, synthetic HM) are stored via
UATA statements. As described earlier, these physical properties
invinde specific gravity, boildown ratie, viscosity, and thermal
conductivity, This program provides for the addition of two more
typical wastes {for a total of five), if the requisite physical
property data are available. In principle, any number of such
wastes could be characterized by merely increasing the array
sizes specified in the sppropriate DIMENSION statements. Mis-
celiangous information stored via these DATA statements includes
the waste names, component formula names, critical properties of
watery, and certain constants such as g and 7.

Htitity Functions

Prior to the actual executable part of the program, a number
of statement functions are defined. These fall into two general
categories., This first category consists of general mathematical
atility functions including calculation of the arithmetic average
of two quantities, evaluation of a second-order polynomial, and
conversion of temperature values from units of °C to °F and vice
versa., The second category pertains te various physical property
functions and includes, among others, the heat capacity, specific



gravity, thermal conductivity and viscosity of liguid water, and
the heat capacities of the solid salts, all as functions of
temperature. Actual arguments are of course supplied to these
statement funmctions at exscution time.

Input Data

In view of the large amount of data stored within this
program, omly a small amount of information relating to feed
conditions, processing conditions, and eguipment parameters
needs to be supplied for each case study or simulation. Each
case study reguires four input lists or data cards (Table 10).

TABLE 10
fnput Data LISty o the Computer Program for Simutation of Wiped-Fiim fvaporators®

ription

[ fippa Infuemationd

Type of machine: | - vertical, 7 - horizontal {must be

right-gdinsted in the field) -5
HNEEED fvpe of feed: | - synthetic Purex, 2 - coating, 3 »

synthetle 4 (must be vight-adiusted in the field) G610

2d suing oondidtions} X *
9 Waste feed rale L6 evaporalor, gph i34

waste feed temperatnrs, U 1130
TEINAL Estimate of fisal produst temperature, °C I1-30
PELTAT Tesperature increment size durisg vaporization, °C

{ryplosily 170} Xi-40
PETEAM Healing steam pressurs, psig 4150

Lhar F {eguipment parameters)

RS Ipside dismeter of avaporater, in. 130
THIIN Chradding thickaess, in. 13-20

THIIN Evaptorator wall thickness, in. 21-30
AREA sigar trasfer avsa of evapurator, 18 Bi 443
TC1 Thermal conductivity of cladding, Bou/(hr){fO){"F) 4150
T2 Thersmal conductivity of evaporater wall, Buu/{hr}(fei{"P} 5160
SPEED botor spesd, Ttpm B831-70
CLEAR fiearance between votor blsdee and evaporator wall {ov

cladding), wils Ti-BD

Mular conventration [(g-moles}/livter] in the waste feed of:

CMOLAR{LY  NapSO. 1-10
CMOLAREZY  Hoalts 11-30
CMULAR(S)  NaND, 2330
CHMOLARTA)  NaMig ] 3140
CMOLAR (B} NalH ' 41456
CMOLARIEY  NaAlly 516

5 The vanizbles in List ! are imteger quantities snd cemnet have z decimal peint. The wariabiss

in hist 2, 3, ang 4 sre noninlepsr geentivties and must have & decimal polnt. hach case study
@il four of the sucteeding vase studies £ollow sequentially, The end of

% denoted by 2 singie cord vesponding to LISt 13 on which @ negarive or ieve value

ad for sither NIYPE of NFERD: 4 blank card wall saffice for this purpese.
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The first list supplies mevely type information {two quanti-
ties) in an integer format. The first of these specifies the type
of wiped-film evaporator, and must be right-adjusted in column five
of the card., A value of 1 corresponds to a vertical machine, and
a vaiue of 2 to a horizental machine. The second guantity pertains
to the type of feed waste and must be right-adiusted in column ten,
This quantity can presently assume values of 1, 2, or 3, correspond-
ing to synthetic Purex, coating, or s$ynthetic HM waste, respect-
ively. These are integer gquantities and must be punched without a
decimal point.

Lists 2, 3, and 4 supply various processing and equipment
parameters. The guantities in these three lists are noninteger
guantities and must be punched with a decimal point {even if they
are vound numbers such as 30 or 100}. Each guantity in these
iists can appear anywhere in the columm fields designated in Table
10, so long as it is confined within its appropriate field (no
overlapping into adjacent fields).

The first twoe entries of List 2 are the waste feed rate (in
gpm} and its temperature (in °C}. The third entry {the estimate
of the final product temperature in "¢} is required to make an
initlal estimate of the total heat duty of the evaporator (Q) and
hence initial estimates of the required steam consumption and
outsids film heat tyansfer ceoefficient. The fourth entry in this
iist 1s the finite temperature increment (in °C) for use after
vaporization commences. Experience has shown that a value of 1°C
iz convenient here., Very little difference occurs in the computed
results when, for example, the size of this increment has been
reduced to 0.5%C. The heating steam pressure comprises the fifth
and last entyy in this second list.

List 3 supplies the varlous equipment pavameters of the
evapurater in conventional engineering units, If the evaporator
has no cladding, values of zerc should be supplied for the thick~
ness and thermal conductivity of the cladding; actually, ths
sppropriate fields in this list can be left blank for this purpose.
The compesition of the waste feed is supplied in List 4. The con-
centrations of the wvarious salts, in the order of increasing
solubility maintained throughout this report, are read in units
of {g-wmoles)/liter. Again, a zero concentration value should be
supplied for any component{s) not present in a given waste feed,

Ay maber of cases can be run in a given job. Succeeding
case studies merely follow ssquentially, with the reguirement of
the four lists supplied for each case and with no form of
delimiter bhetween succeeding cases. The end of a job is denoted
by a single card {corresponding to a new List 1} on which a
negative or zere value 1s supplied for either of the two integer
gquantities in this list; a blank card will actually suffice for
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this purpose.  An example of the input data cards for a job where
three gases sre run is given in Appendix C.

in the program itself, the input data are immediately printed
out after being read in. This information comprises the first
page of output in each case study.

Geomatric Calculations

The first caloulations of the program convert various dimen-
siens from inches or mils to feet, determine the height or length
of the heat transfer zone, and compute the variocus area ratios
regquired in Bguation 21.  The thermal resistances of the wall and
of the cladding are then computed. In either case {cladding or
wally, if a zers value is read in for either the thickness or
thermal conductivity, that particular resistance is set equal to
zero; although this result is natural enough, another impartant
purpese is to prevent a division by zero.

Caloulation of Heating Steam Temperature

The heating steam pressure supplied in psig is converted to
atm and, with the stored critvical properties of water and the
water vapor pressure function, the Newlon-Raphson interpelatvion
search procedure for the hesting steam temperature is begun,

This procedure has been summarized by EHguatiens 19 and 20, The
two initial guesses of the stean temperature required to initiate
this precedure are 100 and 150°C. This search procedure continues
until the relative absolute difference between two successive
steam tempevatures {in °K) is less than 107%, The final converged
value of the steam temperature, the esrlier determined height or
tength of the heat transfer zone, and the initial novmal boiling
point of the feed as retrieved from the stored data are then
printed out, slsoe on the first page of output.

Preliminary Process Calculations

Mass and molar feed rates of all of the dissolved salts are
caloulated from the feed rate and feed composition, which were
read in, The total flow rates of dissclved so0lids and sodium
cations are alsoe computed. Several parameters are computed at
both the feed temperature and initial boiling point: namely,
product of mass flow rate times heat capacity, viscosity and
thermal conductivity of the solution, and inside film heat
transfer coefficient.



The reguired steam consumption is estimated from the estimated
final temperature, which was read in. This estimate should always
be greater than the boiling point of the solution. The boildown
ratio at the estimated final temperature is computed and the amount
of water vaporized is determined by difference. The total heat
duty is then approximated as the product of this amount of water
times its vapor enthalpy content; sensible heating and crystalli-
zation heat effects are ignored in this approximation. The first
gsvimate of the required steam consumption is then obtained as
the guotient of this heat duty divided by the heat of vaporization
of water at the steam temperature (saturated steam condensing to
saturated liguid is assumed throughout this model). All of the
previous calenlations are performed only once for each case study.

Calculation of Outside Film Coefficient

With a value for the heating steam flow rate, the outside
film heat transfer coefficient can be readily determined.
Equation 23 or Equation 25 ig used for this purpose, depending
upon whether the evaporator is az horizontal or a vertical unit,
At this point, all of the heat transfer resistances except that
of the inside film remain fixed until a new estimate of the stean
consumption is obtained.

Simutation of Preheating Section

With the outside film coefficient and the previously computed
inside film coefficisnts at the feed and initial boiling conditiong,
the overall heat transfer coefficlents at these same conditions are
obtained. These values are then averaged, as is the solution heat
capacity over this temperature range, and Equation 44 is used to
compute the height or length of the preheating section.

If the processing conditions are such {e.g., high feed rate
and/or low steam pressure) that the distance computed above is
greater than that available in the given evaporator, the latter
value is chosen as the height or length of the preheating section
and the program proceeds to compute the resulting outlet product
temperature. Because of the slight variation with temperature
of Uy and ¢y, this is a modest trial-and-error computation. An
initial estimate of the outlet temperature is made from

- yau
toE oty ¢ {tBP - el . ] {66}

where z exceeds L in this case. This estimate i$ uysed to compute
new values of ﬁﬁ and Cp and average values thersof, which are then
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inserted into an equivalent form of Bguatlon 44 to obtain a new
estimate of the outlet temperature.

.. a. L
S - tple i (67
t L, {tg tprexp o {67

3

and the procedure is repeated with this new estimate. As opposed
to Newton-Eaphson interpolation, this search procedure is kKnown
as direct substitution. This procedure 1% continued until the
relative sbsolute difference between twe successive valuaes of the
outlet product temperature {in °K) is less than 0.001.

Simulation of Vaporization/Crystallization Section

Unce established that boiling commences before the end of
the heat transfer zone, the solution temperature is incroased by
the temperature incyement size read in at the beginning of the
program,  PBguations 45 and 47 are used to determine the new
solution flow rate and the amount of water vaporized over this
increment. Equations 55 through 58 are used to determine whather
crystallization of any of the dissolved salts occurs., If thers
is no crystallization, Equation 54, with averaged values of W ,
A, Ujsand t over this At increment, is used to determine the
requirved increment of height or length {4z}, If amy crystallization
does occur, Eguation 64 is used for this purpose; also, in this
case, EBgquation &5 rather than Equation 35 is emploved to evaluate
the inside £ilm heat transfer coefficlent.

The procedure described in the above paragraph is repeated
until, normally, the variable length of the heat transfer Zons as
determined by sumsing up the individual values of Az is - greater
than that available in the given evaporator. An exception hers
oscours when the volumetric flow rate of the solution, ss computed
from Equation $6, hecomes negative. Physically, this corresponds
to too high of a beildown ratio and obviously represents a highly
undesirable situation in practice. In this case, further calcou-
lations with the current value of the steam flow rate are suspended.

Determination of Steam Consumption

The total amounts of heat transferred in each individual &%
for Az) increment are totaled as the simulation progresses to
vield the total heat duty {Q) of the evaporator. When the end
of the heat transfer zone is reached, this value of %5 used to
determine a new estimate of the heating steam consumption:

W,y (68)
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With this yesult the program returns to the point where the out-
side film heat transfer coefficient is computed, and the simulatien
is vepeated from that point on. This whole procedure is repeated,
using divect substitution of the new value of the steam flow rate
in each trial, until the relative absolute difference between two
successive values of the steam flow rate is less than or equal to
1%, fhis relatively loose convergence criterion is justified in
view 0f the rather small contribution of the outside film to the
overall resistance to heat transfer, Having satisfied this con-
vergence criterion, program control is transferred back to the
very beginning to vead the input data for a new case study.

Juiput Format

The various input-output format statements assocciated with
the reading and displaying of information are collected at the
end of the program. The input format statements appear first,
followed by normal and then abnormal output format statements.

An example of the typical output from this program is given
in Appendix D. This example corresponds to the flrst case study
in the input dats shown in Appendix C. The first page of outpur,
as mentioned previcusly, is essentially a recap of the input data
read in for this case study., Simulatien results follow on succeed-
ing pages. A table of output is printed for each estimate of the
required steam consumption. Typically, no more than two or three
trials arve reguired for achieving convergence on the steam con-
sumption, Reading from left to right, the values of the depend-
snt variable z and of the independent variable t (in °C and °F}
arg printed out. The remaining columns of this tabular ocutput
are devoted to various dependent varizbles of engineering interast,
the significance of which should be apparent from the column head-
ings. Among others, these include: the heat duty in Btu/hir, boil-
down ratio, volume percent splids, and the overall and inside film
heat transfer coefficients in Btu/{hr)(£t?}(°F)}. This information
is printed out for every increment. The last page of output for
gach case study, printed out after convergence has been attained
on the steam consumption, represents a complete process material
balance about the evaporator.

Error Messages

The abnormal cutput format statements at the end of the
Program represent warning messages to the user when certain un-
wsual or errvor conditions arise, These messages are printed out
at the time the conditions occur to facilitate detection of the
reason for the abnormality. Three of these messages have to do
with abnormal process calculation results: a computed sclution



bolldown ratio less than unity, & negative value for the amount of
water vaporized sver an increment, and an outside film Reynolds
numbey greater than 100, In the last event, the Nusselt relation-
ships for evaluating the outside film heat transfer coefficient
ave not applicable. The remaining two messages pertain to triale
andw-error caleculations. An upper limit of ten iterations has been
assigned to the evaluation of the outlet product temperature when
ne bolling ecours, as well as to the calculation of the reguired
stean consumption. In elther case, 1f the upper limit is reached,
the simulation proceeds with the current estimate of the variasbls
after printing out the warning message,

APPLICATIONS

The mathematical model and associated computer program should
be g useful aid in the specification, operation, and control of
wiped-film evaporators for the concentration of typicsl SHP wastes.
in particular, with this model one has the capability of quanti-
tatively determining the effects of broad changes in three cate-
gories of variables: {7} feedstock conditions (rate, temperature,
and composition}, (2 operating conditions {heating steam pressure
and rotor speed), and (&) equipment parameters {heat transfer
area, wall and/or cladding material and thickness).

The results of z series of case studies investigating the
effect of heating steam pressure on evaporator performance for
various waste feed vates ave given in Figures 4-6. These case
studies pertain to the conmcentyation of synthetic Purex waste in
a machine with characteristics identical to that of an expevisaental
hoyizontal unit installed at the 5RL semivorks.

The dependent variables in Figures 4-6 ave the outlet product
temperature, the bolldown ratio, and the weight percent solids
plus solute in the producy, respectively. These variables are
obviously related to one another and behave similarly. EHach of
these variables increases monotonically as the heating steam
pressure is raised and, at a given steam pressure, decreases with
increasing feed rate. The outlet product temperature is of
interest from an engineering point of view in the experimental
determination of inside film heat transfer coefficients. The
boildown ratio and the weight percent solids plus solute in the
product gre obvious important variables from an operations stand-
point, The actual positions of the curves in Figures 4-6 may be
subject to adiustment resulting from more-refined sxperimental
determinations of the inside film heat transfer coefficient and
more-refined physical property correlations. The general behavior
of these curves as functions of heating steam pressure and waste
feed rate, however, should remain unchanged.
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This model 1is alse of practical valus insofar as any feed-
forward controel schemes are implemented in the proposed plant
ingtalliation., In a feedforward control scheme, one must have
g priori knowledge of the effect of a change in any one of the
load variables on the controlled variable in order to effect any

desived change in setpoint.

This model provides a basis for that

capability,



AECOMMENDAT IONS

In future work, a number of possible improvements to this
model can be suggested in the correlation of physical properties.
In the correlation currently used {(and, most probably, in any
such correlation in the future) for the inside film heat transfer
coefficient, the thermal conductivity of the waste solution is
an important variable. Thus, a representation of this variable
more accurate than the rather approximate one of Equation & would
be a valuable improvement. Also, in comparison with the other
sxpressions for the physical properties of water, Egquation 15 for
the heat of vaporization of water (Watson correlation)} is rather
cruide and conld probably be refined somewhat,

Using solubility products for predicting the precipitation
of dissolved solids in this model was discussed earlier. In the
computation of the solubility products from solubility data, as
well as in the smployment of these solubility products in the
mopdel, molar concentrations of the cation and various anions were
assumed, That is, the activity coefficients for all iomnic species
in solution were set equal to unity. This model wduld certainly
be improved if some reasonably tractable approximation of these
activity coefficients based upon rational considerations could be
developed,

Finally, work remains to be done in the area of accurate
determination of the inside film heat transfer coefficient. This
problem 15 complicated by the fact that the inside film is one
of the minor resistances to heat transfer {as compared to z wall
or cladding thickness}, and experimental determination of this
coefficient is extremely sensitive to instrument or operator error.
Nonetheless, it vemains important to refine the estimate of this
guantity and, in particular, to establish its dependence upoen
operating conditions and physical properties to at least an
approximate extent, The results of such work could lead to a
different empirical correlation; any such new correlation could
be similar to one of the others examined earlier in this veport
or it could be entirely original,
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APPENDIX A

DETERMINATION OF THE STANDARD HEAT OF CRYSTALLIZATION OF SODIUM
ALUMINATE

The chemical reaction is
[T ) ot e Wi . -
Na (ag} * A},i)_f{aq} A\dﬁxiﬁg{g} {(A-1)

Reaction A-1 can be constructed fyrom the following reactions:

fat R y - ‘ N

Ha {&q} + Al{&ﬁ} + zﬁgO{Q} NaAlOgis} + 43+{&Q} {A 2}

Eﬁ&{aq} + 2Q§an) * 2&2@{%} i {A-3)

WY rany v ALDY > ALY . 20H7 {A-4Y
3 ? (aq) (aq) (aq) *

The heat of reaction (A-1}, designated as &Hy, is then the
algebraic sum of the heats of reactions {(A-2, A-3, and A-4):

Ay o= AHp o+ AHy + AHy {A-5)

The heat of reaction (A-2}, namely AHp, has been reported by
Coughlin'® as 51.22 kcal/{g-mole). The heats of reactions (4-3
and A-43 can be computed in each case as the sum of the heats
of formation of the products less the sum of the heats of
formation of the reactants. The following data are required
for these caleulations:

AHE,
Bpecies keal/{g-molel Reference
# .0 -68,
j (2) 68 ?2 8
i {aq) 0,0 -
oH ~54,957 8
{wg)

ALEET -127, 11
{ag)

ALQ ~219.6 11
“{ag)



Thus, for Reaction A-3,

#

AH, (2Y{~-68.32) - (2)(0) -~ {2){-54.857)

#

-28.726 keal/{g-mole}
and for Resction A-4,

Ak, 127+ {2Y(-54.957y - (23({0) -~ (-218.6)

1

E

~17.314 kcalfi{g-mole)
Finally, from Equation A-3,

Ak 51,22 - 26,726 - 17.314 = 7.18 kecal/{g-mole)

i

i

12,820 Btu/{ib-mole)

which was used as the heat of crystallization for sodium aluminate
in this model,
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APPENDIX B

LISTING OF FORTRAN PROGRAM FOR SIMULATION OF THE OPERAVION OF
WIPED-FILM EVAPORATORS

Uh 4 EeU FURTRAN H CUMPILER OPTIGNS ~

MAMES  BAIRLUPT=00.LIALLNT =545 L E=0300K,
SOURG e« BEBL DN o NOL ISy BODECRSLUAD AP NUED T T I D 4 NURREF

DerInITION OF PROGRAM v ARLABLES

aiaMi o~ RATIU OF InoIOF HEAT TRANSFER AREA TU MEAN HEAT
TRAMBFER AREA OF CLADDING
RATIU OF IholUE nEAT TRANSFER BREA TO MEAN HEAT
TRANSFER ARBEA OF EVAPORATOR wall
ALAD w RATIO UF Ia3I0E HEAT TRANSFOR AKEA TU OUTSIDE

FEaY TRANSFER AREA UF ovAPURATOR
HLPHALTE ~ LunaTanT IN The THEHRMAL CONOUCTIVITY EQUAT IuN FOR

H

Al A M

AaSTE TYPL 15 7O = TonZu®liile( ~ ALPHALLII*X35/1000.0
AR A = FOYTAL INSiDE HEAT THANSFEH AREA LF EVAPURATOR., FTZ2
aVid - FUnLTIuN Wiy COMPUTES THE ARITHMETIL AVERAGE OF

Tl UARTITIES
Add lds AL TR, AZ2¢1F -
SUNSTANT S Ja THe SoCUMM-ORUER FULY NOAT AL cQUAT TUN

FOR T SPECEFIL CRAVITY UF «#ASTE TyPe | BEREORE sOILIN
iR - BULILDURh RaTiu, GFM UF FELD AT 23 LEG L76PM UF PRODUCT

SR P ~ BAXIHRUM BOILLGWN RATIC, GPM UF FEGD AT 23 DEG L/
BEM OF PROCULT

sbadily B0LUEEe BRZYEE -
Cuns¥anTs in THe SECUND-OROLR FPULYmLMA AL EQUATION
LR OTHE BOLLOUsN Balld FOR 445TE TYPE

BO{ B3e BLULE, 2400 ~
CEMITARTS In Tré SECONU-URDER PULY NOMI AL EGUAT ION

Fuk Tog SFeclPic GRAvITY OF wa STE TYPE 1 BURING BOILIN

ChHL sy L8B4y LOidd s C0LESY
LuliaTanTs [ THE PULYNUMIAL EGUATION FOR THE HEAT
CAPACITY GF CUFPUNEAT U -

LT DN~ MOUal CONCENTRATION JF wATIURS {S500EUM JUNSY IN
SULUTIGH s 6M IonssuITew

CATSESE ~ NUMBER OF SD0Iud ATdME IN A& MULECULE OF CUMPUNENT 4

Lria il o~ CHARAUTERISTIO LINZAN QIMENS OGN NORMAL TO THE
SToak Folw mATE. FT

CIRCUM = QuUTSite CIRCUBRFERENRLE OF EVAPURATUR, FT

CLEAR = LULEARANCE 2T adbh BLADES AND INSIOL wabis MiLS

CLRFT  — CLEARANLE BETeBLEM BuaDES AND INSIUE WaLlLe FT

SRR ARt J Y o~ MUL AR CUNL aNTRATIOn UF CUMPUNENT J IN THe FEsls

GM MLGLE SALITER

CHPLEX ~ (UpE A0UT OF ({GRAVRIHUHZIEFZI ZIGAMMAR VI SHZD) +
RELIPRUCAL FEERY

LUMBS = BLPHANUMER 10 ARRAY UF WA STE COMPUNENT NAMES

Wil o~ MOLAR LUNCENTRATION OF THE ANIUNS GF COMPUNENT J IN
SELUTION, &8 LUNRSALITER

LRR20 - FUNCTIOn wHICH CUMPUTES THE HEAT LAPACITY OF LiqulD
WATER Ih BYJALE~DuG F

LPSLO -~ POLYNOMIAL FUNCTION WHIlH COMPUTES THE ®EAT LAPACITY
OF SULIUR IN BTuU/vyg mOLE-DeG F

CYIGNF » TuTal Mass Fldw raTo OF CaTiond (50D1ud [UNS)
GRIGINALLY IN ThE FeEls L IONS/HR

CTIURS - TuTAalw #ASS FLUw RATE uF CATIUNS (SUDIUM TUNS)
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HEAT OF VAPURLZATION GF WATER AT THE BEGINNING
OF A& 02 INCRERBENTs aTu/LnB
HEAT UF VAFURIZATION ofF WATER AT THE chi
OF A& U4 INUREMENT s B8TU/LB
INSIUE LIAMETER OF EVAPURATORs FT
INSIDE OIAMETER UF EVAPURATORY In
HATE OF LISSOLUTION UF COMPONENT J 4T OF S0LUTION
OVER & DZ INCRERENT s LB MULFSAHR
GUYTSIDE DIAMETER OF EVAPORAR, FT
RATE UF HEAT TRANSFERKED DOVER & DI INUREMENT, BTU/HR
RATE U F roat CONDUMPT TUN un DI S30LUTION
GYER A& OF INCREMEMNT . BTU/HE

TEMPERATURE INCREMENT SId&. uf&

TEMPERATLR S INCREMENT SI4Ey LEG F
RafE OF v aPURATIUN F waTer UVER A OF INCREMENTs LBS/
HEIGHT OR LENGTH InOmEMLaT, ET
EREOK IN TERE CALLCULATED VWAPUR PRESSURE UF WATER BASED
UPUN THE OLD ESTIMATL UF THE STEAM TEMPERATURE, ATM
EAKOR IN TEe CALCULATED VAPIR FRESSURE UF WATER BASED
UPUN THE WEw ESTIMATE UF THE STEAM TEMFPERATURE, ATHM
VOULUMETRIC FEED RATor LITeRS/HE

- MOLECUL AR WEIGHT UF S0LIU CUMPUNENT Js LBSFLE MUOLE
INSIDE FEAT THRANSFER AREA UF EVAPURATUR PER UNIT
HEIGHT UR LENG TH. FTIZ2/FT
TUFAL VOLUMETAIL FLos RaTi OF SULUTION + S0LIDS. FT3/H
CONUENSATE {STEAM) MASS FLOW RATE PER UNIT LENGTH
NORMAL Ty FLIW: LBS/HR-FT '
YULUMETRIC PEZL RaTE. GalL/MiN

ESTIMATE OF THE Flaas VOLUMETRIC FLUW RATE OF THE
PROODUCT s GALAMIN
PUNCTION wHICH COMERTS A FLlw RATE FRUM URNITS OF
GALAZMIN TU WNITS OF LITERS/AHR

WOLUME TRIC FEZD RaTe AT 2u DEG U AL/ MIN
ADLELERATION DUE TU THE FIRCE OF GRAYITY =
4. L7308 FI/HRZ

FEIGHT O/ LBNGTR OF Tri EVAPUKATOR (HEAT TRAMNSFER
IUNEY s FT

INSIDE FILM HEAT THANSER LOSFFICIENT: BTUFHR-FIZ-DEe F
INSIDE FILM HEAT TRANSFER (UBFFICIENT 2T THE KURMAL
BOILING POINT . BTUFAMR-FT &-Da6 F

INSIUE FILF MEAT TRANSFeR CUBFFICIENT AT ThE FEED
CUNDIT IONS » BTUSHRFT 2=UEBG #
GUTSIOE FILM HEAT TrAnSFoK CCEFFICIENT o BTUS BR=FT 2-DEG
Ral {0 OF THE JUTSIDE FILM REAY TRANSFER COBFFICIENT
T THE THERMAL CUNUULTIVITY OF THE CUNLENSATE FIiM,
RECIPROC A, FEEY
FURBLTIGN WHICH CoMPLTESs THE ENTHALPY OF WATER VaAPOR

kS
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INTEGER COUNTER FOR ALPHANUMERIC DUTPUT

INTEGER COUNTER FUR TnE NUMBER OF ITERATICNS ON THE
REYUIRED STEAM CONSUMPTION (MAXIMUM JF 10}

O FF LIGLIOD wATER IS »Tiil PRESENT, 1 IF NOT
INTEGER COUNTER FOR TrE NUMSER oF ITERATIONS ON THE
FInAL PRODLCT TEMPERATLRE (MAXIMUM CF 10)
ALPHANUMER I{ ARRAY OF MACHINE TYPE NAMES

TYPE GF waSTE FEDT 1~ PUREXs 2 — CGATIAGs 3 = HM,
4e 5 ~ CUKRENTLY UNASS IGNEQ

TYPE UF EVAPUGRATURI 1 - VERTICALs 2 ~ HORIZONTAL
SUM P THE KEAT TRANSFER RESISTANCES GTHER THAN THE
INSIDE FILMe nR-FT2-DEG F/BTY
CRITICAL PHESSURE UF WATER, ATH

PSR ‘

FUNCTILN WHICH EVALUATES A SECOND~ORDER POLYNJMIAL
MEATING STEAM PRESSURE s ATM
HEATING SYEAR PRESSURE, PSIG

TUTAL RATE UF HEAT TRANSFERRED s BTU/RR

NECIPRUCAL oF THE UVERALL HEAT TRANSFER CUEFFICIENT
BaSku UN THE INSIDE AREAs HR-FIZ-DEG F/BTU
CONDENS ATe FILM REYNULDS NUMBER

THERMAL RE SISTARNCE OF CLADUDING s HR-FTZ-DEG F/BTU
THzdMAL RESISTANCE OF EVAPURATOR wall, HR~FT2-0E6 F/87T
ESTIMATE OF THE FINAL UENSITY CF THE PRCDULT. GMS/CC
DENSITY OF THE FEED AT ThE FEED TEMPERATURE, GHMS/CC
CENSITY CF LINUID WATER, LBS/FY3

-~ DENSITY OF SULTID CUMPONENT Js GFS/CC

CENS 3TY OF Trig SOLUTIUN. GM3/CC

JENSITY OF THe FEED AT 25 DEG O GMSALL

FUNCTION WeICH COMPUTES THE SPECIFIC GRAVITY UF
Lluwuio WATER

RGTATIGMAL S¥cky OF wIPEK SHAFT, HPH

- SOLUBILITY PROULCT FUR LUMPUNENT J AT 100 DEG &

(M MOLES/LITERI¥*(LATSII + L4}

- NUKMAL BUILING PULNT FUR WASTE TYPE Is DEG C
NOAMAL BUILING PUINT OF FEEUG, CEG F
NORMAL BOLLING POINT UF THE FEED. LEG K

THERMAL COMWCTIVITY OF THE SILUTION AT Tre NORMAL
SOILING PUINT, BYLAHR-FT-UEG F

THERMAL CONJCTIVITY OF THE FEED, BTU/ HR-FT-0EG F
FUNLTION wrldn CuMPLYES THE THEKMAL CONCUCTIVITY OF
LIWUID WATER IA BTU/HR-FT-0E6 F

THERMAL COMGUC TIvETY UF THE S0LID PHASE, BTU/BR-FT-DEG
THEAMAL COMUCTIVITY UF THE SOLUTIUN, BTU/HR-FT-DEG F
FUNLTION wHICH CUNVERTS A TEMPERATURE VALUE FRCM
GHITS OF DEG € TO LEG F

CRITIGCAL TEWPERATLRE OF wATER: DEG K

THERBAL COMMCTIVITY GF CLALDING, BTU/ RR-FT-DEG F
THERMAL CORDUC TIVITY UF EVAMCORATOR wALL, BTU/HR-FT-DEG
ARITHME TI0 AVERAGE UF FSLNFL ANU TSLAF2s DEG F

FEED TeMFE#ATURE. CEG C

FEEw TEMPERATUREs Dou F
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Fegly TEMPERaTURE, Diu K

ESTIMATeL FINAL TeMPERATURE OF PROLULT. DEG C
FunCTION wrilin (ONVERTS A TEMPERATURE YALUE FROM
unNETS GF DEG F TU BEs €

ONE THIRD = 0. 333333

THILKNESS CF CLAUGEMG s DN

THILKNESS OF EVAPURATUR wWAlis IN

OLp ESTIRATE UF ThE rcaTING 3T AN TEMPERATURE. CEG
NEW ESTIMATe OF THE HEATING SThaAM TEMPERATURE. DEG
SULUTION TEMPERATURE AT THE BECGINNING UF & O
INUREMENT, LEG C

SOLUTION TEMPERATURE a¥ Tric wU OF A O INCREMENT., DS
GLD ESTIMATE GF THE Floike PRODUCT TEMPERATURE IF

THEHRE 15 RO BUILIMG, DBG L

NEw ESTIMATE GF ThS FINaL PRUDUCT ToMPERATURE IF

THERE I8 NO BOILIMGY UeG O

SOLUTION TEMPERATURL AT THE Bz GINNING GF A DL
INCREMENT, LEG F

SCLUTIUN TEMPERATURE AT Tie EnU UF A 04 INCREMENT . DEG
UL HESTI#MAle OF THE FINAL PRUDULT TEMPERATURE IF

THEAE §5 ®NC dulLlhGs LEu F

pEw ESTIMATE oF IhE FInal PRUDUCT TEMPERATURE IF

THERE 185 NL BUILIMGy UEG F

JULUTTON TEMPERATURE AY THE END OF & DI INCREMENT . DEG
Cits ExTlmale OF Tre FINaL PRULDUCY TEMPERATURE IF

THERE 15 MO BOILLINGy LDEG K

NEw RSTIMATE OF ThHE Filnal PRODUCT TEMPERATURE IF

THERE I8 NGO BOILINGy D& K

pEATING STEAM TEMPERATURE, DEG C

FEATING STEMd TEMPERATURE. OBG F

HEATING STEAM TEMPERATURE. DEG K

ARITHMET IC AVERAGE OF ulli AnD Ui2s BTU/HR~FT2-DEG F
AYERALL REAT TRARSFeR COuFFICLENT BaSED ON THE INSIDE
AREA AT Telf BECINNING OF 4 DL INCREMENT BTUMHR-FT-UE
JVEHALL HEAT THRANSFeR CUSFFICIchT BASEL ON THE INSIDE
AREA AT THE ENU OF A 0L INCREMENT, BTUSHR-FTZ2-DEG F

e

Widiie w2}y -

-

CONBTANTS N THE SECUOND-CORDER POLYNGMIAL EQUATION
FO& THE wISCOSITY GF WaSTE TYPE I BEFURE BOILING
YOLUMETRIC FLOw RATE OF THE PRULLCT IF THERE IS5 NO
wATER PHESENT» FTZ/HR

TOTAL RATE OF WATER EVAPORATED . LBS/MHR

YESCUSTIY GF THE SOLUTION AT THE NCOBRHAL BUIL ING
PUINT, LES/FT-FR

VISLOSITY OF THE Fecle LBS/FT-HR

FUNCTION WHICH COPFUTES THE YISCUSETY OF LIQUIR
#WATER IN LBS/FT-nR

VISCCSITY LF THE SCLUTIONs LBS/FT-HR

VOLUME PERCENT SOLID PHASE [N THE TUTAL FLUMW
FURLCTION wHICH COMPUTES THE VAPUR PRESSURE OF WATER
IN ATM AT A GIVEN TEMPERATURE

VOLUMETRIC FLOW RATE OF THE 30LID PHASEY FY3/HR

Y URETRID FLUw RATE OF THE LIQUID PHASE, FT3/HR

Yidids vaiisy -

CONSTANTS In THe SELONOU~ORADER POLYHNOMI AL EQUATIGN
FOR THE i 3L0S1TY OF WASTE TYPE { LURING BOILING
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AT THE EBNL OF A D4 IACREMENT, LBSFHR
MASS PLOW RaTE UF ODlbautveDd SGLIDS, LBSAHR
- MASS FLiw AaTE (F TrE UISSULVED FORM OF
LOMPUNENT J» LB3/HK
= MaSS FLUW RATE CF THE DISSULVEU FORE OF
LUMPONENT J IN TrE FEED, LBS/HK
FuTal Mass FLuw RATE OF DISSCLYED SCLINS IN THE
FEEDs L83/ R
TOTAL MALS FLuw BATE UF THE FEED . LBS/HR
Mash FLUW RATE OF LIguiD waTER, LBSAHR
Mabd FLLHW RATE OF wATER FED. LBS/HR
HASS FLOW RaT € WF Thi LIWlv PHASE., LBS/HR
~ MULAR FLUw RATE OF THe QISSULVED FURK OF
COMPORENT Je LB MULES/HR
- MULAR FLOW RATE OF THE OISSGLVEU FUFRF OF
COUMPLARENT 4 It THg FPoEDe L3 MOLES/HR
WEIGHT PERCenT 308lus ¢ 3ULUTE InN THE TLTAL FLOW
ESTIMATE JF The FINAL MAS5 FLOW RATE GF Thk
PaOSUL Ty LB/ /HR
MASS FLLwW RATE CF SOLGTION + 30uLiDs AT THE
BEGINNING OF A Ld INLREMeNTs Lob/HER
Mashh FLUW RATE CGF SCLUTION + S0LI0S AT THg
EnD OF & O INOKEMENT, LBS/HR
MASS FLOR RATE CF THE SULID PHASE. LBS/RR
GL BSTIMATE UF REQUIRED STEAM CUONSUMPTION. LBSAMK
NEw ESTISATE UF REQUI<ED STEAM CUNSUMPTICON, LBE/HR
WELIGHT FRACTIUN DISSALVED SULIOS IN SLUTION
IHTTIAL O SSOLVEL SULIDS wWEIoHT FRALTICHN IN ThE FEeD
YARFABLE HEIGHT UR LonGTH OF HEAT TRANSFER LJNE. FT
NUMERIC COMSTARMT EQUAL TO ZERU

DIMERSION STaTEMENTS

ALis} A2 {5)

ALPHAL 3} s AQ{5} N * *
BOUEs) : BRLin) ¢ BDZE5) y BOLSY $
$1{5} s Badind + ToOlini5) « UL} ¥
Biding y U215} » Y05} v ¥1{5%} .
¥it s}

CALS} « LATS {6} s LBELGG » LE16} ¢
Lutal s DMCLAR{o) « DHORYS (o) » FMRSLDIEY »
REUGSLOEGY » SPIV0L8Y  + wlALIGS v wWLnzlo} *
WUSLYDTE) » WODSLYFLE) » wWMPHRIo) ¢ WMPHRF L&}
MaLHInd3e 23y WASTELZY Sy CUMPHIZs 6}
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PATA STATEMENTS

UDATA MACHIN F24MVERTICAL HURIZONT AL/

BATA WASTE 7 4UHPUREXR CUATING HH RESERVEORE SERVED/

DAaYa CLHPS F4BHMISI4 NA20U3  NanDY NANDZ MADH NAALDZ /
Lata Pl F 3441094, THIRD /0.333333/« GRAV/2.1T3E%08/

DATA PLuAT FLlBabe?dy TOWAT F64T.27/
GATA TUSLD FLl.21Fy LERO J0.0/

PHYSICAL PRUOPERTIES OF THE WARTES

RATA ALPHA  /o%2539.0/F

aaTa AO FleZke La2be Fa331e %1274
Gafa Al F= o dBLIE~04e =D, JOBGE~USy =P THIRE~Q% 2%0.0/
DATA &2 380,07

LCata Boo TP WV T4
DATA B8Ol 0. 08823y Ta9538E-02 s 6.301TE~DLe Z%0 .0/
LaTa BLZ FOals =42 405TE~U%, 390,07

Gata dg¢ Fla2los Lol26By 1a33ls &%La2/

EaTs Bl F.0210s 1.8987E~0dy Z.143BE~02. 2%0.0/

pate 82 Flsle =18326E-04 4+ 3#0.07

pata TEOILU F106.0, 11240+ 115,08y 2%1350.0/

DaTa L Fleadls 2270y La50s 2%2.0/

uATAa U} F~T 204220 ~00e 64 5255E~Q&s T.0O582E~05+ 2%0.07
HaTa U2 F20%dLl TE~DB y L6 L8LE-D3s 3.80208~04y 2.0/
GATA VU Flatle 270 LaBOy 2%2.0/

LATA ¥ Fol2B L E~L2, 3. 8658E-02y 027504y 2% 00/
Gats ¥ FLeU92TE~0Q2y BuO36TE~03s 3%0a0/

PHYSICAL PRCPERTIES OF THE FURE CUMPONENTS

PATA Ca Fi9«6The 2633 6.140: 6140, 17,15, 21.30%/
LATA CaTs F2e2.0y 4%1.0/

uaTa OB F 36893 58,326y 53.3%9: 53,99y ~Z6.5y 3.6547
Gath L 7400y 56435 0.0/

DAT A UNHCRYS /50%.x LU0Q30.9 ~3090.y ~6480. 9 183280.+ 12920,/
GATA FHRILE 7144404 105.9F B84.99: 69.00, 40.00, BL.97/
E}Q‘gé RMSL& !20&51’ 205&2!’ 2:: 2&12 Ziuibﬁv 2-2-39?2:2/

DaTs SPID0 Fi08eT s 31697+ 45845y 5581y Tid6 s 753047

FUNCTION STATEMENTS

o B g 40 g 3

=

AVS{XLis X2} = (Rl + X23/d.0
CPHZUIT § = 0.99995% (0. 5561485 + {2,8748~00)%{{T + 1U0.01/
LO0.032%5.205 + QLULLI60/ 110 0% {0.036%T})
LP3Liddy Be Cy D¢ Th = A+ BeTFLLQE-03 + (C+1.0B+08)1/7(7T%7) +
E#*T T+ JOE~DG
SHYHZOLT ) = 970L.3%014.0 ~ (47 & 273.16} /6474311 /1.0 ~
(3731070473 1 19¥0, 38
GEMTLHIYY = 3.785860.0%Y
HYHZU0ET = 1.8%2T & STUL3%{{4.0 = {17 » 273,16} /6473437
{10 = (373.16/647 .3 318%0.33
POLY fAs 8y Ly X} = 4 + B¥%X + (®XR¥2
i DUHZUET S = (9998396 + 18.c299%T ~ {7 F2221E~03)1%T %2 -
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APPENDIX C

Example of Input Data to the Computer Program for Stmulation
of the Operation of Wiped-Film Evaporators
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APPENDIX D

Example of OQutput from the Computer Program for Simulation of
wWipaed-Film Zvaporators

COMPLTER SIMULATION CF WIPED=-FILM EVAPORATOR

TYPRE OF FAOHINE == HORIIONTAL

IYPE OF WASTE e PUREX

FEEL HETFE = (.40 GPM

FEEL TEMPERATURE =  30.0 DEE L
STEAM PRESSURE = 50.00 P3IG
IRSIDE LIAMETER = 18,00 IN b
ELACLING THILKNMNESS = 0.9 iN

WALL THICKNEES = 03128 IN

FEAT TRANSFER ARES =  10.0 FT2

i

THERM COND OF CLADDIAG 0.0 BIUAMHR=-FT-0EG F

#

THERY (LND OF WALL o400 BTU/HR-FT=-LEG F

FOYCR SPEED = E34.0 RPM
MACHIRE CLEARSNCE = &0.0 MILS
BASTE COMPOLRITICON

MKAZED & G.0BO #»

NAZCOS DLEER M

REMNDE 3.400 M

NANLE 0.0 M

N&OH 2.334 M

NARLEDZ 0.550 ¥
HEIGHT 10R LENGTHE = 2,82 FY
INITE4L BCILING FRINT =  106.0 DEG L
STEAM TEMPERATURE = 147.6 DEG €
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s FY
8.8

. 298
G.8%6
i.2494
1L BE7
L8118
daD83
L]
24
2. %85
22333
P 22
£.5%4
3012
2.222
3.%2%

2,424

3 &G¥
3.6%8
3.78¢

2.8

Y. DEG F
34 00
227,84
224,80
226 el
EFE L
23 .04
221082
224,40
235,40
237,20
23% .50
4T ED
243,64
Tad 40
246,80
248,00
249,88
251.60
253,48
245,20
257.80

258483

Ty

CEG €
Eg .00
10605
.00
108.00
i0%.00
$10.0D
100
12,00
PE3.00
114,00
13550
116,060
FL7.00
1i8.80
$I9.00
120,00
14500
18800
143 .00
144,00
125,09

126,97

EUTY
EYU/LR

G
LB
£e{68,
T4427.
8923,

101769«
L2218,
fzi14%,
126858 w
1EET B4,
141504,
148753,
121438,
155845
18444,
I6ZBE8.
tEHQZT.
16BESS,
F7i%36 .
173999,
FTE318.
LHIEGRS

REQUIRED STERAM [ONSUNMPTILN

OQUISI0E FILM COEFFICIEATY

¥APOR
LBIFHR

Call
]
30.€40
45,652
£5,19%9
TELCFT
88542
QB.E33
106268
i13.28¢
119,468
L 2% w956
129, B&D
134,266
338,253
141.872
145.1%3
148,197
158,977
153,542
155,915
158137

SOLUTIOH
LBSAHR

4%, B85
24T ERE

2195225

ITL.6CE
1635432
E8E.¢52
1434617
136,599
530,417
1264.%29
120,025
115481 7%
111.632
IC8.0LE
1064712
101.68¢
SE5EE
95,985
GEB8T

80089

CAYSTALS
LBS/HR

$.6
g.C
o.008
G 30T
G040
0. 000

G000

0.000

0,000
4,000
h
2. 060
0.000
3,000
3.002
0000
8,000
¢ .000
5,000
6.900
.358
LA R83

1.678

® FO0.33 LBL/HE

i 17841 BTU/HR~FTE~LEG F

FRACTION
SALTS

Ga.3182
G316
3.360%
¢a 3845
B.%278
Cu% 358
GeF0Y
Q.5210
Ju BEGL
85784
De£G58
Q.6304
G.6582
de 6833
q.7877
G.7314
BaTh45
D769
Q. TRES
G.8194%

G. 8389

BOILODWN
RETIO

10000
L5008
1.1282
1.258%
1. 3847
1.5128¢%
Pet4ll
1+76%%
1. 8878
E20258
2o bBAH1
L2823
2.4 105
25388
2. B66TG
27852
25234
3.0347
341799
3.3081
3ok 5%

ER-1L 2

¥oL FCY
LIRS

Oa0

G. 0

G LGU
C.00
8,08
0.00
4.40
.00
G038
o.00
J.00
0400
040
2.00
2.0¢
0.00
0.0¢0
¢.00
¢.00
4,23
Q74

1.18

WY 80T
3LIDS +
SOLUTE
31.62
BLab2
304
3046
LY P
45 .98
4%, 0%
52.10
58.91
57,84
[24081.1
£3.34
&5, 82
68,33
T 7T
TE. 14
545
TTets
79.38
82,00
Bé .08
B9

OVERALL
ty BT
HEE T B
28241
26t
2éd, }
FA-EY
253.0
2E2.73
REL.4

260, %

ZHE LD
Z46.5
245.3
24304
24t.7

Z40.1

INSIDE
Hy 8TLS
HAmPTZ~F
1355.8
2178.%8
21586, 8
2127.8
20990 .0
20443
1990 .4
1534. 3
187%.8
18i4.0
175853.0
L8688, 7
1628. %
18710
1515.5
1462.4
1431+8
1383.8
13i8.4
L2734
12E8.8
11878



2y ¥Y
Ge b

e 29¥
[ -
Tuid 3
L2583
e 81%
2042
2edh3
637
FoBE4
2. 131
2807
2.992
FL B0
3219

T pEC F
[N ]
FrE.E0
22460
2Rb 49
228,20
RT3
231.80
233,80
215443
237.20
A3G.04
240 .80
247 .80
FE LI T
244520
ZABGD
249,60
5% .60
253,40
BBS .20
257.08
258,80

¥y

LEG €

2G. U3
108. 88
167 .00
1¢8.00
189,400
119,00
11t.4¢8
114.00
112 00
114,00
115.00
116.80
117.0¢
118,00
114.0¢
12000
121.00
132.00
123,00
12408
125.00
126,00

COMPUTER STHULSTION OF WIPEO-FILM EVAPORATCR

DuTY
BTH/HR

2
28488,
BEOEE S
F4e2T.
BY3il.

11745,
112219,
121143,
128E5Hw
12584
141534,
14£%53,
i51438,
155645,
188443,
1&ZBEE,
6el2l.
148899,
175834,
17399%.
YEE3L2 .
178449,

REQUIRED STEAM [ONSUMETION

OUTSEOE FILM (QEFFILLERT

VAELR
LESSMR

6.3
Ge8
20,840
4R.652
65,199
TB.077
BB 942
88,233
1064268
113,288
119,468
134.954
129860
134.268
138,553
I41.E72
145,173
HELLDT
1850.97%7
153,542
158.915
PERLLLTY

SGLUTION
LEE /R

245, £8E
249,885
i19,22%
2G0.1%2
184,804
178,808
EH0, 543
151,652
142,617
136.5%%9
125.417
124,929
120.425%
115617
11i.432
10B.313
104,712
01.688
98,908
25 GBS
B2.8ET
G 089

CRYSTALS
LBS/RR

g0
0.0
£.000
0.000
0.£00
G003
0.000
0,880
0.000
G.000
§.060
0.006
o.600
o.000
. 000
6.460
5.000
2.0C
0000
0.358
5§03
1.678

» 167,73 LBE/HR

= 14E5.0 BYIL/HR~FT2~{EG F

FRACYT ION
S&LTS

D3Pk
Q.3162
G« 2604
023546
Q.5278
Gak 058
2.490%
D 85218
0.5501
G.5784
46.&358
26324
G.6582
§.6833
SaT0T7
f.73%%
G.7545
G« TTES
G.7988
0. 8194
f.538%
G EGRS

B0 ILCOWN
RATIQ

1o G000
§ 0000
1.1282
1.2565
1.3847
1681329
16411
17694
1. B978
2aiEa
2o 1341
2228273
2aH198
2.85388
TR
2. 1952
29234
3, 8517
3.179¢%
3,3031
ERLY-7 1
3.5646

YOL PLY
SCLINS

G.0

G.0

D30
0.00
.00
0.00
G.00
T.00
.00
000
G. 00
.00
G L8
G.00
.00
$.00
060
G .30
4.00

.23

wT PLY
SOLIDS +
SOLUTE
A%, 63
21.62
36434
39, 46
L7 78
45,58
49,09
$2.13
5%, 01
47,84
60,58
53424
65,82
68,33
10,17
T3, 1%
78 4%
T 69
7%, 88
82.00
84,08

86.0%

OVERALL
Ue BTU/
HwFT I
£52.3
Z6%a b
Z6%.3
28348
263a2
25245
2814
260 5
259 B
298a3
370
F8%.8
254,32
252,77
2513
HTLT
248, 2
246.7
245, 2
24344
4t.9

240. 2

INSIDE
Hy BTUS
HRSE T8
1855.%
2378.%
2i85.0
127, 8
20¥0.0
045 .0
1591, 4
1934,1
15¥3.8
18%2.0
1750.0
LHE8. Y
1628,9
157L.0
1315.5
1487 0%
1411.8
1363.8
1318.4
12784
1228.8

1187.0



mggm

COMPLTER SIMULATION (OF WIFEL=FILM EVEPORATOR

COMPONENT FLOW
RATESy LBS/HR

NAZE04
nNEZ2CCE
NAND 3
RERDZ
NACHK

ha gLl
L

TOTALS

TEMPERATURES s DEG (

FEED

WALTE

Tau3
ET.£7
1e2
2+4C
F.03
17€.88
ChTLEQ

2X.00

PRODLCT
SOLLTION

Z2.28
E.4%
£T.817
el
&4
9.02
12ei¢
FC.09

1264.3

PELDLCTY
CRYSEYALS

126400

COMPLETE FRULCESS MATFRIAL ERLANCE

CVERKFAD
VAPCF

g4
158.1¢
150,12

PaEai

HEAT IMNG
SYEaAM

167473
1€7,73

147,59



APPENDIX E

NOMENCLATURE

English Letters

AR, C.B

ao,‘ 1;&2

at,bt, el d

BDR

bbb

Cay

coefficients in the polynomial expression for the heat
capacity of solid salts as a function of temperature

inside heat transfer area of evaporator, ft?

mean heat transfer srea of evaporator cladding, £t?
mean heat transfer area of evaporator wall, ft?
outside heat transfer area of evaporator, ft?

inside heat transfer area per unit of height or length,
Fré/ft :
regression coefficients in the second-order polynomial
gupression for specific gravity as a function of
temperature

constants in Eguation 17 for the vapor pressure of
water as g function of temperature

boildown ratio, gpm & 25C/gpm

repression coefficients in the second-order polynomial
expression for boildown ratic as a function of temperature

molar concentration of the anion of the i™h component in
solution, (g-moles)/liter

molar concentration of the sodium ions in solution,
{g-moles)/liter

molar heat capacity, Btu/{lb-mole}(*F}

solubility of a salt in water at saturation, (g-moles)/
Titer

mass heat capacity, Btu/{1BJ(°F)
inside diaweter of evaporator, ft

ocutside diameter of evaporator, ft
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base of natural logarithms
waste {eed rate to evaporator, gpm
wastes feed rate to the evaporator measured at 25°C, gpm

voalumetric Flow rate of the solution exclusive of the
solid phase, ft7/hr

velumetric flow rate of the solid phase, ft'/hr
acceleration due to gravity = 4.173x10° ft/hr?

enthalpy flow rate, Btu/hy

enthalpy content of water vapor, Buu/lib

heat of crystallization, Btuf{ibmmole}

standard heat of formation, kcal/(g-mole}

inside film heat transfer coefficient, Etuj(hr}{ftz){°F}
outside film heat transfer ceoefficient, Btu/ (hr) (Ft3) (°F)

partial coefficient of heat transfer from the heating
medium to the wiped film exclusive of hy, Btu/(hr){ft?){°F)

solubility product for a salt, units of (g-mole}/liter

thermal conductivity, Btu/(hr){££)}{°F)

thermal conductivity of solid phasé; Btu/ (hed (FEY (°F)

thermal conductivity of the evaporator cladding, Btu/{(hr){(ft}{°F)
thermal conductivity of the evaporator wall, Btu/(hr)(ft)(°F)
height or length of.the evaporator heat transfer zone, ft
thickness of the evaporator cladding, ft

thickness of the evaporator wall, ft

molscular weight

number of catlons in a salt

rotor speed, Tpm
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2 rate of crystallization of component i out of sclution
over a Az increment, {(Ib-moles)/hy

My Hussaelt number for heat transfer
1 number of anions in 2 salt

number of blades on the wiper shaft

B
?c critical pressure of water, atm
P vapor pressure of water, atm
Py Prandtl nusber = cpu!k
9] total rate of heat transfer in the evaporator, Btushr
&G, rate of heat consumed on crystallization over g Az
increment, Biu/hr '
) rate of heat transfer from the heating steam over s
Az ingrement, Bou/hr .
» He film Reynolds number = 47/u
ke? rotary Reynolds number = D;ﬁp/u
¥ rate of water vaporization per unit height or length,
; 1o/ (hry{ft)
“ 8 dimensionless quantity defined by Equation 37
s specific gravity
Sap specific gravity at the initial normal boiling point
T absoclute temperature, “K
TQ critical temperature of water, °K
?r reduced temperaturs
T, heating steam temperature, K
T temperature, C or °F
At remperature increment size, °C or °F
o initial normal boiling peoint, °C or °F
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i

Ug,iy Uz

W

AV

feed temperature, “C or °F

reference temperature for emthalpy content = 32°F {0°0)
heating steam temperature, °F

vime between successive scrapings, hr

iocal overall heat transfer coefficient based upon the
inside area, Btu/(he) (£f:%3(°F)

axial flow velogity, ft/hy

“regression coefficients in the second-order polynomial

expression for viscosity as a function of temperature
total rate of water vaporized in the evaporator, lb/hr
rate of water evaporated over a 42 increment, ib/hr

total mass flow rate of solution plus solid phase, 1b/hr
heating steam flow rate, 1b/hr (

mass flow rate of component i dissolved in solution, 1b/hr
total mass flow rate of component i, 1b/hr

mass flow vate of component 1 in solid form, 1b/hr

welght fraction of a dissolved component in solution
weight fraction of 3%1 dissolved solids in solution

variable height or length of the evaporator heat transfer
zonge, ft

size of g height or length increment, fi



Greek Letisrs

&

)

™
ETe

fo
kg

e

constant in Equation 5 for the thermal conductivity of
aquecus solutions

condenzate mass flow rate per unit length, 1b/{f1) {(hr)

cleavance between the wiper blades and heat transfer
surface, ft

heat of vaporization of water, Btu/lb

viscosity, centipoise or 1b/7{ft) (hr)

53,1416 |

density, 1b/f1?

feed stream density at the feed temperature, 1b/ft’
solid density, 1b/fe?

feed stream density at 28°C, lb/fe?

k)
1h/ (£t (hy)

E T T, o
Subscrints

BP initial normal bolling point

o heating steam condensate

i component nunber; inside area

i rrial number

o outside ares

5 dissolved solids or solid phase
w water

Supsrscripts

average value
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