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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-flOl, 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 program, 
which performs the calculations of this model. Physical properti es 
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 tabulated or graphical 
data. Pre liminary results from tes ts of the Savannah Ri ver 
Laboratory semiworks wiped-film evaporators were used to select 
a correlation for the inside fIlm heat transfer coefficient. 

This model should be a useful aid in the specification, 
operation, and control of the full-scale wiped-fi 1m 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. Also, this model 
can be readi ly adapted, with only minor changes, to simulate the 
operation of wiped- fi 1m evaporators for other conceivable app li
cations, such as the concentration of acid wastes. 
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MATHEMATICAL MODELING OF WIPED-FILM EVAPORATORS 

I NTRODUCTl ON 

Aqueous waste solutions from the processi.ng of radioactive 
fuel elenwnts at the Savannah River Plant (SRP) are stored in 
underground carbon steel tanks with capacities of 3/4 to 1-1/3 
million gaHons, These solutions are alkaline, with an initial 
dissolved seLi.ds content of 30 to 35%. The dissolved species 
are sodium salts, including the carbonate, sulfate, ni trate, 
nitritBt hydroxide, and aluminate. 

Tank storage costs are presently reduced by evaporative 
reduction of thE' volumE' of the waste solutions .in bent-tube 
evaporators. Semiworks tests at the Savannah River Laboratory 
(SRL) Hitil tHO small "-iped-film evaporators 1 have shown that 
synthetic alk.al ine wastes from the plutoni.um and recove17 process 
(Pm'ex H"stesJ can be converted to free-flowing slurries that 
form a wet salt cake upon cooling to ambient temperature. The 
desired concentrati.on can be theoretically obtained in one pass 
through the evaporator rather than several passes required for 
ot:her methods of evaporation. 

Wiped-f:i 1m evaporators are used extensively in industry to 
convert aqueous solutions and slurries to pastes, purees, and 
even free-floHing pOHders. For the application described in this 
report, the heat-transfer surface is not actually Hiped' or 
scraped; rather, a highly agitated thin film is spread onto the 
metallic heat-transfer surface. The unique feature of this equip
ment is not the thin fUm itself, but rather the Hiper blade and 
rotor for produc:lng and agitating the fi 1m. 2 A vertical wiped
film evapor-ator is shown in Figure 1. 

A mathematical model for the simulation of wiped-film 
evaporators was developed as an aid in resolving some of the 
quest:lons pertaining to the sped fication, operation, and control 
of Hipcd~film evaporators used for evaporation of radioactive 
waste solutions. It was particularly desired to quantify the 
offects of variolls "~lllipment and operating parameters on the per
formance of the unit in the proposed environment. This model 
ilnd associated computer program fot performing the necessary 
calcu! ati.ons are described in this report. 

ry 
~ , ~ 
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SCOPE OF MOOEL 

The ohjective of this "ork "as to develop a mathematical 
model that "ould be a tlseful aid in the specification, operation, 
and cuntrol of "i ped-fi 1 m evaporators for SRP applications, The 
model simulates the steady-state operation of "iped-film evapo
rators as pJug .. ·flo" units with no backmixing. ',4 An unsteady
state or dynamic model was not attempted for three reasons: (1) 
the extreme complexity that would be associated with such a 
dynamic model, (2) the very rapid response to changes in operating 
conditions characteristic of wiped-film evaporators ea typical 
residence time iD wiped-film units is ahout 15 to 20 sec)/,4 and 
(8) the primary control schemes for the plant-scale evaporators 
wi 11 probably be of a feedforward rather than a feedback nature. 

The model was constructed to simulate the operation of 
wiped-fi.lm evaporators (of any size or configuration) for the 
concentration of three distinct types of SRP wastes: Purex, 
coating, and HM. Perti.nent physical properties for these types 
of wastes were coded into the computer program for performing the 
model cal culat:lons. Physical property data for other types of 
\<Iastes \<Iould have to be developed and incorporated into the com
puter program to s.imulate 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 wi 11 continue for some time. Results of these tests 
wi 11 probably indicate the need for SOme modification or refinE'
mont of the con-e lati on for the inside fi 1m heat transfer 
coefficient. Similarly, it may be desirable to incorporate 
improved physical property correlations, as the latter he.come 
available, into 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 
chemical properties for the components of interest must he avail
able. The acquisition of appropriate data is 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 
noni.deal liquid mixtures or of solutions of electrolytes. The 
latter category includes the waste solutions processed at SRP. 
In this \<Iork, a variety of theoretical and empirical tools have 
been used to characteri ze the physical properties of SRP waste 
solutions. 
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A second consideration arises when the process design or 
simulation calculations are to be programmed on a dig! tal computer. 
1 t has been tradi tional 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 imp lemented on 
a digi tal computer. Rather, physi cal 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. 

Boil down 11.0. ti 0 

The extent of volume reduction that occurs after evaporative 
cOllcentration can be characterized by the boil down ratioS (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. s Data for three typical 
wastes--synthetic PUrex, coating, and synthetic rn.1~-were regressed 
and fit to a polynomial equation of the following form: 

(1) 

Constants for each of the three wastes are presented in 
Table 1; ia all cases the first constant (bo ) was constrained to 
be equal to uni ty. For synthetic HM waste, a better fit of the 
available data can be obtained if a second-order polynomial 
expression is used (b2 t 0). A relatively small amount of data 
are available in this case, however, and a second-order polynomial 
causes the boildown ratio to turn around and decrease shortly 
after the high-temperature end of the data range. For this reason, 
the sl ightly less accurate first-order representation was chosen. 

TABLE 1 

Regression Coefficients for the Boilaown Ratio of Typical 
SRP Wastes 

t pp .. 
{/asi:e 01 h ('C 

Synthet.ic PUTex 1.0 0,1282 0.0 106 

Coati.ng 1.0 0.07453 _4.406xlO- 4 112 

Synthetic HH 1.0 0.06342 0.0 115 
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Sped f1 c Grav Hy 

The specific gravities of SRP wastes 5 are required to con
vert between volumetric and mass flow rates in the material 
balance calculations of this model. The specific gravities of 
these wastes genet ally decrease with increasing temperature 
before boi ling; after boiling commences, the specific gravities 
increase with temperature as the solutions become more concen
trilted. Hence, separate correl ations of 

(2) 

were developed to represent the specific gravities before and 
during boi ling. The first constant (ao ) is constrained to he 
equal to the specific gravity at the initial normal boiling 
pOint (sSp) in hoth correlations for each waste. The purpose of 
this constraint was to ensure bump less transfer from the nonboil
ing OJ:' preheatIng regime to the boiling regime in the model 
calculations. Regres sion coefficients for the speci fie gravity 
correlations before and during boiling for the three typical SRP 
wastos are given in Table 2. Again, a slightly more accurate 
fit of the raw data for llJ.J waste during boil ing COUtd be obtained 
if a second-order polynomial expression were used; however, the 
sped fi c gravity would begi.n to decrease shortly beyond the 
high-temperature limit of the data range. 

TABLE 2 

Regression Coefficients for the Specific Gravity of Typical 
SRP Wastes 

Wager: !1.') a, a, 

Be/o'!'>?. ben: Zing 

Synthetic Purex 1. 216 -4.18J,<]O-" 0.0 

Coating 1.268 -5.169xl0- 4 0.0 

Synthetic EM 1.331 -9.76x I0- 4 0.0 

[P,..i:'f"irifl '["!{)1: >!>r.g 

Synthetic Pure x. 1. 216 O.()210 0.0 

Coating 1. 268 0.01899 -1. 833"10- 4 

Synth0til: H,\1 1.331 0.02124 0.0 
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Heat Capaci ty 

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. Six different 
sodium salts that may be present in the various SRP waste solutions 
are: NazS04, "IazCD 3, NaND s, NaNO z • NaOH, and NaAlOz. Not all of 
these six salts will necessarily be present in a given waste. The 
heat capacity of these solutions was computed from a linear average 
of the heat capacities for the pure components (liquid 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 

(3) 

where i = 0 pertains to liquid water, and i = 1, 2, .... , 6 
correspond to the six sodium salts in the order of increasing 
solubility. 

The expression for computing the heat capacity of liquid 
water will be presented later in the section on the physical 
properties of water. Molar heat capacities of the various sodium 
sal ts as a function of temperature were computed from 

c 
p 

CXIO+ 5 = A + BXIO-ST + + OXIO- sT2 
TZ (4) 

The constants A, 3, C, and I) 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 
Solid Salts 

Component 
Number' F'oromuZa A B C D 

1 NaZS04 19.676 36.893 0.0 0.0 

2 NazCO, 2.633 58.326 5.354 0.0 

3a NallO, 6.140 53.99 0.0 0.0 

5 NaOH 17.15 -26.S 0.0 56.35 

() NaAIOz 21.307 3.655 -4.286 a.o 

a. The values for component 4 (NaNOz) were assumed 
to be the same as those for component 3 (Na~03). 
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Equation 4 was a1 so used for computing the heat capad ties 
of the solid salts themselves (for example, after crystallization). 
A comparison of solution heat capacities computed from Equation 4 
with published data for sodium nitrate solutions? showed very 
close agreement. Poor agreement is observed if mole fractions 
rather than mass fractions of the dissolved species are used to 
compute the solution heat capacities. 

Thermal Conductivity 

The thermal conductivity of the waste solutions is needed 
for calculating inside film heat transfer coefficients for wiped
fUm 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 liquid 
water, is presented in the Inter'national Critioal Tables? for the 
thermal conductivity of aqueous solutions: 

(5) 

where a is a constant for a given dissolved species, and x is 
the weight fraction of that sped es in solution. For sodium 
nitrate (one of the major components in SRP wastes), a value of 
Q = 235 is reported. 7 1bis value was used to characterize the 
effects of the various other components on the thermal conduc
t:[ vi ty of the aqueous waste solutions: 

(6) 

For complete or partial crystallization of the dissolved 
solid species, an estimate of the thermal conductivity of the 
solid phase is required to compute the heat transfer rate in the 
model. A value of 1. 21 Btu! (hr)(ft)(°l') is reported e for the 
t_hermal conducti vi ty of solid potassium nitrate and was used for 
this purpose. 

Viscosity 

l11e heat transfer coefficient of the inside film is a func
time of the viscosity of the aqueous waste solutions. Viscosity 
data on synthetic Purex waste [first, second, and third concen
trations) and on coating waste are given in Reference 5. Vis
cosi ty estimates for synthetic HM waste were obtained as averages 
between the viscosities for the supernates of the first and 
second concentrations of synthetic Purex waste. 
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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 solutions before and during boiling (in centipoises): 

(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 (uo) in both cases was constrained 
to be equal to the viscosity of the solution at the initial normal 
boiling point (~BP)' 

TABLE 4 

Regression Coefficients for the Viscosity (in centipoises) 
of Typ; Cd 1 SRP \jas tes 

Waste Uo '" u2 

Befope: hoI Z 'tr<{j 

Synthetic Purex 1. 40 -7.042x10- 4 2.422x lO-' 

Coa.ting 2.70 0.06526 1. 618xlO- 3 

Synthetic HM 1. SO 7.658x10-' 3.802XlO-' 

D'iAX,·1>!{J bo1.: Z<Y'd] 

Synthetic Purex 1.40 -().012S1 0.01093 

Coat.ing 2.70 0.03865 8. 537xlO-' 

Synthetic liM 1.50 0.2752 0.0 

Heats of Crystallization 

The heat effects of crystallization of the dissolved species 
out of solution, 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 temperature, a cursory 
inspection of published data" disclosed that none of these solid 
hydrates are thermodynamically stable above lOO·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 lS·C, except for sodium aluminate, were 
located,9 and the negatives of these values were taken as the 
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heats of crystallization (Table 5). The standard heat of crys
tallizat.ion of sodium aluminate was determined via a standard 
thermochemical calculation procedure and using data from various 
SOlln:es. 8,10,11 This calculation of the heat of crystallization for 
sedium aluminate is given in Appendix A. 

TABLE " 

Heats of Crystallization (Mia) of the Dissolved Components 
of Sf<P Was t.es 'l 

Na"lSO" 

Na;,CU 1 

NaNO 3 

NuOH 

NaA.102,~1 

14Z.04 

lOS.99 

)$4.99 

69,00 

40,00 

8L97 

0.28 0,00 

5.S7 10)030 

, .. 5.05 ·9,090 

-3.6 -6,480 

!0.18 18,320 

7.18 12,920 

:2. See Appendix A for the determination of the heat of 
crysti111i zat:lon for sodium aluminate. 

Solubility Products 

The precipitation of dissolved species during concentration 
in a wiped- film evaporator was predicted from solubiE ty products. 
Thi s procedure assumes that the acti vay coefficients for all of 
the dissolved ioni c species are equal to unity, not OI!ly under 
the given processing conditions but also under the conditions at 
which solubility data are used to calculate the solubility 
products. A more accurate representation of this phenomenon 
would require an exhaustive research study to investigate the 
liquid-solid phase equHibrium relationships for typical SRP wastes. 

A salt consisting of m cations C and n anions A dissolves in 
,;atel' accnl'ding to the following reaction: 

(8) 

If the saturated solubi li ty Cs of this salt in water is known at 
a gl ven temperature and if the activity coefficients of the cation 
and the anion are asstmled equal to unity, the solubility product 
for this salt can be calculated by 

(9) 
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111e saturated solubili ties for the pertinent sodium salts, except 
fo!' tbe aluminate, in hot water (l()O°C) a were used to calculate 
solubility products (Table 6). No effects of temperature on the 
solubili ty products were included in this model. Prediction of 
the amount of aluminum precipitated from SRP wastes is difficult. 
Various data 12 on the solubility of aluminum hydroxide in aqueous 
solutions of sodium hydroxide show that the solubility of sodium 
aluminate caanot be characteri zed by a mere solubi Ii ty product. 
The resolution of this problem would again require a massive 
research study on the pertinent phase equilibria. For the purpose 
of this mode 1, the same solubBi ty product was assigned to sodium 
aluminate as that calculated for sodium hydroxide. These two 
components were thus treated as identical insofar as one is con
cerned wi til their solubi 11 ties in SRP wastes. 

TABLE 6 

Saturated Solubilities and Solubility Products for the Sodium Salts 
of SRP Wastes in Hot Water (lOO"C) 

N<1<,SO" 

Na<"CO .$ 

NHNO~ 

NflNO~ 

NaOHa, 

<le,7 

]80 

( g-mo Z Be) ;'Z'i ret' 

3,01 

4.29 

2L2 

23.6 

86.8 

SoZubiZ{ty 
PY'odul..":te 

108.7 

316 

449 

5S8 

7530 

:x. Solubility pn'iduct for NaAl0z is assumed to be the same as that 
fnr tb'z)H, 

TABLE I 

Specific Gravities of the Solid Sodium Salts in 
Typical SRP Wustes B 

NazSO~ 

Na.;(,CO:'J 

NaND, 

NaNOI. 

NaOH 

1.08 

2.532 

2.21>1 

2,130 

2,2'1 

0. Arbi traTi 1)' assumed value for the s.peci fie gravi ty 
of :,:,ol:i d NaA10;:. 

- 16 -



Solid Specific Gravities 

The volume percent solid phase is an important parameter in 
the evaporative reduction of SRP wastes and is calculated as an 
output result in this mathematical model. The specific gravities 
of the solid salts in SRP wastes are reported" for all of the 
salts, 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 
solutions described in the preceding section require a knowledge 
of some physical properties of water. Alsb, the usage of steam 
as the heating medium in wiped-fi 1m evaporators requires the 
knowledge of a 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 remainder of this section. Some of these 
correlations have an accuracy and complexity much greater than 
that requi red in this model. The reason for se lection of these 
relati.onships lies not in their extreme accuracy, however, but 
rather thei r ready availabi li ty and ease of programming on a 
digital computer. 

Liquid Density 

The density of liquid water, 13 which enters into the calcu
lation of the outside fi 1m heat transfer coefficient, is 

where 

a 
0 

a,J 

a2 

a, 

a4 

as 

b 

P 

t 

" 999.8396 

" 18.224944 

= _ 7. 922210xlO- 3 

" -S5.44846XIO- 6 

" 149. 7562"'1O-s 

" -393.2952xlO- 12 

'" 18.159725xlO- 3 

" density of liquid water, kg/m 3 

" temperature, ·C (0 to ISOOC) 
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Equation 10 was converted to g! cc and then coded as a statement 
function in the computer program based upon this mathematical 
mode 1. 

Liquid Viscosity 

The viscosity of liquid water, which also enters into the 
calculation of the outside film heat transfer coefficient, is 
based upon the following formula:' 

t = 2.1482[(t - 8.435) + 18078.4 + (t - 8.435)2] - 120 (11) 

where, u is in poises and t is in ·C. EqUation 11 was rearranged 
to solve directly for u, converted to viscosity units of Ib!(hr)(ft), 
and Rlso coded in statement function form. 

Liquid 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 1s 

c = 4.185S{0.996185 + 0.0002874[(t + 100)/100],·2. 
P 

(12) 

where Cp is in joules/(g) (oC), and t is in 'c. Equation 12 was 
converted to lltu! (lb) (OF) and also coded in statement function 
form. 

Liquid Thermal Conductivity 

The thermal conductivity of liquid water is used in calcu
lating the thermal conductivity of the aqueous waste solutions 
as well as in computing the outside film heat transfer coefficient. 
Haywood 14 presents an extremely accurate expression for the 
thermal conductivity of liquid 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 
wi th saturated steam, the expression reduces to 

( 13) 

where 
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aD ~ -922.47 

al " 2839.S 

az " -1800.7 

as " 525477 

a, z -73.440 

T " T/273.15 

and T is in or and k is in mw/ em) (oK). Equation 13 was converted 
to thermal conductivity units of Btu!(hr)(ftHop) 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 15 was used to represent the heat of vaporization of 
water as a function of temperature 

( T)" 3$ 1 - rz 
1. - T 

r1 

(14) 

With Equation 14 and the critical temperature and the heat of 
vaporization at one temperature, the heat of vaporization at any 
other temperature can be computed. The reference condition 
selected was the normal boiling point of water. The critical 
temperature of water is 647.27°K, and its heat of vaporization 
at lOOne is 970.3 Btu/lb. 16 With this reference condition, 
Equation 14 then becomes 

, • gry(). 1 - 647.27 ( 
T)O' 38 

A '." 373.16 (15) 

1 - 647.27 

which is readily programmable in statement function form. 

Vapor Enthalpy 

TIle 
estimate 
required 
transfer 
required 

enthalpy content of steam is needed for a preliminary 
of the heating steam consumption, which in turn is 
for a preliminary calculation of the outside film heat 
coefficient. l~us, not a great deal of accuracy is 
in the estimation of this particular physical property. 
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With a reference temperature for enthalpy content of 32°F or O°C, 
Equation 15 can be used to calculate the vapor enthalpy content 
at any temperature as 

H • I.Bt • A(T) 
v ( 16) 

11,e primary assumpti on in Equation 16 is that the heat capacity 
of liquid water is 1.0 cal/(g)CCj or 1.8 Btu/(lb)CC) 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 pi lot
plant and tiJll-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 16 used the following 
expression for calculating the vapor pressure of water as a 
function of temperature between 10 and 150°C in their construction 
of the s tt'am tab 1 es : 

where 

a' '" 
b' • 
c· = 
d' '" 
I; = 

Pc = 

-Tt: (a' + b' F,; + c' F,;') 
1 + d' ~ 

3.2437814 

5.86826xlO- 3 

1. 1702379xlO- B 

2. 1878462xlO- 3 

T c - T, OK 

218.167 atm 

(17) 

Given a value of the heating steam pressure pO, Equation 17 
cannot be easily solved directly for T. Rather, some search 
procedure :is required. The method selected for this search was 
Newton-Raphson interpolation. In the general case, given a 
function y = F (x) = 0 where the value of x is implicitly defined, 
this procedure operates as follows. An initial guess of the 
proper value of x is made; successive values of the variable x 
are then obtained from 

(18) 
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unti.l two 
another. 
evaluated 

successive values of x 
In Equation 18, y' (Xj) 
at x = Xj. 

are sufficiently close to one 
denotes the derivative dy/dx 

If the required derivative in Equation 18 cannot be easily 
formed analytically, as in Equation 17, this derivative can be 
approximated numeri cally. Equation 17 can be wri tten as 

( 'I) =1. (a' + b'f,+ 
y 1'\ 1 + d';;: 

(19) 

With numerical approximation of the derivative dy/dT, the search 
algorithm for the solution of Equation 19 for l' then is 

= T -j+l (20) 

The procedure described by Equation 20 is sometimes referred to 
as the secant method. In this method, two initial estimates of 
the independent variable (1') 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 wi th consideration. of the general c"ase of a 
protecti ve 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 

(21) 

The detailS of computing these various components in this model 
are described below. 

Outside Film 

When a single pure vapor (such as steam), saturated or un
saturated, is condensed on a horizontal or vertical tube, the 
condensate wets the tube and film-wise condensation occurs. So 
long as the condensate flows in streamline fashion (4r/uw < 2100). 
tbe dimensionless equations of Nusselt9 may be used to calculate 
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i"'; 

the value of the outside film heat transfer coefficient. 

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

r = 
We 
2L 

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

Nu 
o 

h 0 o 0 
:::::----::::: 

k 
w 

1/3 

( 
03
p g) 

0.76 ~} 

(22) 

(23) 

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

For a vertical unit, the condensate flows normal to the 
outside circumference of the evaporator, and 

w 
c 

if)"'" 
o 

The dimensionless Nusselt relationship for calculating ho is 

Nu o ( 
3 )1/3 

(1.2)(0.93) Luwrg 

(24) 

(25) 

In Equation 25, the mul tip lying factor 1. 2 is incorporated only 
for the special cases of film-wise condensation of water or of 
certain organic vapors on vertical tubes. S 

Wall Resistance(s) 

The calculation of the thermal resistances of the wall and 
of the cladding (if any) is quite straightforward. The thermal 
conductivities of these metallic resistances in the temperature 
range of interest arc available in most handbooks. 9 The area 
ratios in Equation 21 are readily calculated as 

A. °i ~ 

\1) " £1 D. + 
~ 

(26) 

A. D. 
1 1 

'\Jz " 2Z1 D. ... + 9'2 
1 

(27) 
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The third area ratio, Ai/Ao_ in Equation 21 is obviously equal 
to DilDo. 

Inside Film 

Overall he;;t transfer coefficients from 250 to 400 Btu! (hr) 
(ft 2

) (°F) are often 1uoted for wiped-film evaporators processing 
aqueous solutions, 1, 7,1 $,19 Only a small number of studies in 
the open literature have been specifically directed to the 
determination nnd correlation of inside film heat transfer co
efficients for wiped-film evaporators. These various studies 
are summari.zed below. The correlations from some of these studies 
are given in dimensionless form i.n which the Nusselt number for 
the inside film is 

Nu, " 
1 

h,D . 
.1 1 

~ 

wi th the various parameters in appropriate units to ensure a 
dimensionless relationship. 

Sott and RomerotO investigated the sensible heating of 

(28) 

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

NUl. O.018(Re)o.,s(Re,)o'B[Pr)D.17(Di/L)a.'I(nB)a.2' (29) 

In Equation 29, the ii 1m Reynolds number is defined as 

the rotary Reynolds number as 

DCN P 
Re' • .2.-

II 

and the Prandtl number as 

(30) 

(31) 

(32) 

Equation 29 is stated to be accurate within ±20'& over the range 
of variables studied (Re • 40.5-2,600; Re' • 347-23,200; Pr = 
4.6-129; LID· 6.25-23.94; nS • 1-4). 
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In a related study on evaporation, Bott and Sheikh21 ,22 

report the following correlation: 

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

Skelland23 presents the following correlation: 

NU
i 

= 4.9(Re)O'S7(pr)O.47(D~Ny·11 (~i)O.37 

(33) 

(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 $ Ret $ 2030. 

Kirschbaum and Dieter24 investigated the evaporation of pure 
liquids, aqueous sugar solutions, and binary mixtures, as well as 
distillation of the latter, in a Samhay apparatu;; manufactured 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: 

( 
N )1/3 

hi = 963 i:i k (35) 

In this dimensional equation, hi is in Btul (hI') (ft 2) (OF), N is in 
rpm, lJ is in lb/Cft) (hI') ,and k is in Btu/(hr) (ftYC·F). The 
original correlation is given in the International System of 
Units (SI) and was converted to the form of Equation 35 in English 
uni ts. This equation is valid for liquid systems exhibiting 
true Newtonian behavior, that is, for systems wherein a direct 
proportionality between shear stress and shear rate holds. A 
nomograph for evaluating heat transfer coefficients from this 
correlation has also heen constructed by Sestak. 2s 

A novel and interesting approach to the problem of deter
mining 1.nslde fi 1m heat transfer coefficients in scraped-surface 
vessels has been taken by Kool. 26 He considers the problem of 
heating of a 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 foIl owing result: 
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(36) 

where h' represents the partial coefficient of heat transfer from 
the heating medium to the scraped surface (exclusive of hi) and 
results from one of the boundary condl tions assumed in the ana
lytical solution of this problem. The dimensionless quantity S 
is defined as 

~' S ~ h' -kc p 
p 

(37) 

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

tf ;::: 1 
Nn 

B 
(38) 

For values of S between 0.2 and 30, hi can be calculated from 

h. = 1.24 h' 5- 1 • 03 
L 

with an error of less than 1%. 

(39) 

Inside film heat transfer coefficients were computed from 
the above correlations. Synthetic Purex wasteS was chosen as the 
process material; the required physical properties were obtained 
according to the methods outlined earlier in this report. Values 
of hi were computed at various temperatures (before and during 
boil.ing); a partial summary of these results is given in Table 8. 

The resll1t:s of these calculations show that the'inside film 
heat transfer coefficient 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 viscosity of the solution is 
decreasing during preheating. Once boiling commences, the 
opposite picture is observed; that is, the value of hi' again 
irrespective of correlation, decreases with increasing temperature 
(and boiJdown ratio}. Under these conditions, the thermal 
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 20 for heating and of 
Bott and 5heikh21 ,22 for evaporation yield similar values for hi. 
generally 500-1000 Btu! (hry (ft 2) (OP), indicating lit tIe difference 
in their correlations between the mechanisms for heating and boil
ing. The values of hi resulting from Skelland' s correlation 23 

appear to be abnormally low. The correlation of Kirschbaum and 
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ins i d .. , F i"lm Heat T fan:';. fer Coef f t r; j ent for Syn trl€t i c Purex Wil~ te as Computed from 
V ari ous Corre L;tt'j ons,1 

!.'e'ifJht 
f;, ';:>1c"!.~n ('r'".r."t.,·O!; 

h-;. fr.,v;,; ;'LU"'O"O CCY'Y'aiatimiS; ,(;hj(h~') (It).) ("P) 

fj,".·'U 2wi "'~{k:;·~-:'t-:-·:;;;j--·-·-------;;K·":P"8-c"chf".mc.","C".---------

F:.r!,.(Q Sa;.fa e:::)m,,;,('o2~ Sh.,,-;'~·h~1,22 :;k$Uarid2~ and Dietcf'21,.~S K(){)Z~~ 

30 I.OO n.316 714 678 iSS. 1556 3140 107 

(~,'l 1.00 0.5}6 ,.' i ,',' 813 no 1368 3225 143 

90 LOO C'. 3Ib IL!3 92,1 178 2120 3::82 176 

lUt1 l,(j() 0.3l.6 335; ~H9 18l 2179 YW2 183 

(;;,,:r<>1.9 }'<::> i t -i r"..1 

lOS t • 2'~ 0.3\IS '719 875 1$9 2128 3209 166 

[10 LSi O,Mi{) 6,<;(~ go'? l!J3 2044 3133 149 

112 l.n O.S2l Si<; 7.35 131 1934 3058 130 

114 ::. G') 1), S 78 ':'03 66;'; 119 1812 2986 113 

ill) 2.28 1),{):)2 ·bD 600 1I0 16-89 2915 9"-

113 2.$4 O.'j1}3 4{):3 S42 101 lS71 2845 83 

120 2,5U (i. 731 .~6:: 4~() 94 1462 2775 71 

122 5.0:; (i 777 32g 445 87 1364 2707 61 

124 3,31 0.S20 29 7 ,W{) " 1275 2639 53 

, .......... --~ 
'.,., nw feed r<<t:~ \{;~~ {),:;:) gprn at 30"C, The macbine chara.cteristics were taken as those of the 

hotlznntal Artisan uhLt at SRL $emi.\i~)Tks; namely. Ai '" 10 ft"', Di '" 10 in,. N '" 804 rpm, 
hS'~ i), L;,;, .;.8:~ ft', m1.1 h' « 3\lO Btu/(hrj(ft~)('JF). 

Dieter ZO ,25 yields 
Btu/(hr)(ft2~(·r). 
the largest values 

values of hi in the general range of 1500-2000 
The theoretical development of Kool H yields 

of hi. of the general order of 3000. 

The correlati.on by Drew27 for heating of fluids in turbulent 
(Re ~2000), but not agitated, flow down vertical walls and is 
written as 

( 40) 

This correlation is included in Table 8 merely for comparison 
purposes. Inasmuch as it does not incorporate any effects of 
agitat.ion, it should predict values of hi 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 desi.gned to occur under nonboiling (preheating only) 
condl tions. The log mean temperature differences between the 
heating steam and the feed and product temperatures could then 
be used to evaluate Ui and, subsequent ly, hi' 

This experimental unit has a stainless steel heat transfer 
wall (no claddi.ng) with a thickness of 5/16 inch. The thermal 
conducti vi ty of the wall metal under the processing condi hons 
is approximately 9.4 Btu! (hr)(ft) COP). 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 ef a 
relati.vely mi.nor resistance such as that of the inside film. 
Extremely accurate instruments for measuring temperatures and 
flow rates are and wi 11 be required to support any experimental 
progl'am to e lucidate 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 Tahle 9. These data, taken under preheating conditions, exhibit 

TABLE 9 

Exporimental Values of the Inside Film Heat Transfer Coefficient from the 
SRL Hotizontal Wiped-Film Evaporator Operating on Synthetic Purex Wastea 

3t'eam 
Feed ____ . __ Prod.u.ct Pr>$S sure ~ 
Il'ate, gpm '1' 8T!P-:- '.l C l\;mrp ~ °C pSi~g 

6,0 28.0 96.0 48.5 

.\,f) 27,$ HlO. Q 48.5 

6.0 2),0 91.0 4(),Q 

5.0 27,0 96.0 40. (l 

6<1) '}'< " 
'" I , ,) 89.0 3().O 

S.O 27.3 94.0 29.S 

<'\.,[1 27.3 104. (] 30,0 

6.0 28.0 84.5 20.0 

5.0 27.7 91. 0 20.0 

0.0 28,S 79.0 9.S 

S,O 28.S 83.0 9.5 

4.0 28.£1 91.0 9,5 

a. At 10 ft/, 0i '" 10 in,> L -'" 3.82 ft; il 
k.;: 9.4 Rtu!(hr)(ftHOFL 0 ~ 40 mils~ N 
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Heat; Tranefel' Coeffic{ents j 

Btu/{hrJ (ft'l) eF) 
II • ho <.."1, 

247 1180 

27 " ~ . 1227 

237 1196 

223 1239 

248 1198 

2:17 1239 

244 1274 

249 1215 

249 1243 

255 1230 

242 1274 

250 1310 

o} t2 ~ 0.3125 in. ~ 
800 rpm, and na ;;: 6 

h· , 
1749 

1042 

1345 

964 

1802 

1285 

1474 

1781 

1764 

2138 

1398 

1675 



much scatter but nonetheless indicate that the inside film heat 
transfer coeffic:lent under these conditions has a value of 1200-
2()()O Btu/(Jlr)(ft")(DF). As far as general order of magnitude, 
these results then are in good agreement with the heat transfer 
coefficients predicted by the correlation of Kirschbaum and 
Dieter.?",>" Since the resistance offered by the inside film 
remains a relatively minor contribution to the overall heat 
transfer resistance, this correlation was selected for represent
ing hi in the mathematical model described below. 

MATHEMATICAL MODEL 

This mathematical model describes steady-state operation of 
wiped-fUm evaporators for the concentration of typical SRP wastes. 
Thus, there are no accumulation 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 l1nit with no 
backmixing. The evaporator is assumed to operate in adlahatic 
fashi on; that is, there are no heat losses from the evaporator 
to the amhient 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 ordinary differential equations. The 
dependent variable(s) in these equation(s) can be temperatures, 
concentrations, pressures, etc.; in a wiped-film evaporator, the 
original dependent variable is the stream temperature. The 
independent variable in the mathematical description of a plug
flo,,' device is generally some measure of position, e. g., height 
or length, If the governing differential equations are linear 
wi th constant coefficients of the dependent variables and of the 
deri vati ves of the dependent variab les with respeet te 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 streams are generally dependent upon temperature and 
often correlated as functions thereof. These physical properties 
can then occur as nonconstant coefficients in the governing 
di fferential equation for a nonisothermal process, thus occasion
ing the necessi. ty of numerical integration. In this work, the 
original differential equations describing the evaporation process 

- 28 -



are Inverted such that height or length became the dependent 
va:dable 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 aU pertinent physical properties, were 
Known at the beginning and end of each integration increment. 
Arithmetic average values fer these properties could then be 
rcadi ly computed ov('r a gi yen increment. 

The wi.ped-film evaporator for concentrating SRI' wastes is 
divided into three sections according ·to the primary phenomenon 
occurring therein: sensible heating of the waste solution, 
vaporization of water, and crystalli. zation of solids from solution. 
This division is shown schematically in Figure 2. The governing 
material and enthalpy balance equations for each of these sections 
are presented below. 

• 6" Thickness of 
I --Wall + Cladding 
I 
I 
I 
I 
I 
I 
I 
1 

Heat Transfer 
Coefflcien!s. 

~i~~ 0C == vapo'l 

I
r~~~~'1 r--r-"i /'nslde Film 

. . // .Steam-side Film --/ ................ .. 
Stecm~~-.~ __ • 'I y/ t Sensible 

Heating /' I 
I 
I 
I 

, e""",,,", r - ~"",",'" Surface..l '/TOL < -1;) 
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L /' .... - /J 
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I 
I 
I 
I 
I 
t 

K" Thermo! Conductivdy// 
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\ ,: 
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I ~- 0::: Clearance Between 
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! r D~ Inside Diameter- ~! 
1 

FIGURE 2. Schematic Diagram of a Wiped-Film Evaporator 
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Sensible Heating 

In the sensible heating (or preheating) section, the waste 
strewn is 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 an entha lpy balance about a dz increment (Figure 3) in 
thi s secti on 

Rate of input = H + q 

Rate of output ~ H + ~ dz 

where H ~ Ivcp(t - tR), and q = lJ i ai [ts - t)dz. With no accumu
lation term, the rate of input must equal the rate of output, and 
the differential enthalpy balance equation is 

or 

dH 
dz dz = I) (41) 

(42) 

Neglecting any change in cp over a dz increment and recognizing 
that tf{ = constant, 

[j,a,(t - t) - We.. ddt = 0 
11' 5 P Z 

(43) 

W, t 

t 
, dz z 

I-----;...~..t-r+-_~' --1 
L2-

--
FIGURE 3. Sketch of a dz Increment of a Wiped-Film Evaporator 
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Equation 43 can be integrated analytically between the limits 
of t ~ t" and t - tBP jf lJ. and cp are assumed constant over this 
interval.'. Admittedly this',s not true, hut the height or length 
of the preheati.ng zone is quite small (generally less than 10'6 of 
the total height or length of the heat transfer zone) in the 
proposed SRP applications. Hence, average values of lJi and "p 
hased upon their values at the feed temperature and at the 
ini.tial. normal boiling point ca.n he used in Equation 43. Inte
gration of this equation then yields 

We ts tF 
I:z 

p 
In - (44) ... 

TTl "1 'e ts - tsp 

Equation 44 thus determines the required height or length (I:z) 
to the preheating section. 

Vaporization 

Once hoi Ung commences, the boildown ratio function developed 
previously enters into the calculations. The temperature of the 
waste stream is incremented in uniform step sizes of ht. The 
mass flow rate (in Ib/Ilr) of this stream at any temperature greater 
than the initial normal boiling point is computed from the boil down 
ratio as 

(45) 

and 

(46 ) 

ilnd the Humeri cal constants are included to effect the desired 
units conversion. The rate of water vaporized over the /:;z 
increment corresponding to the temperature increase of /:;t is 
then given by 

ill' ~ Wet) - Wet + Ltj 

The enthalpy ba.lance equation in this section has one 
additional output term: 

Rate of input = H + q 

Rate of output = H + (jf~) dz + rHvdz 

(47) 

where r '" dV/dz = -dW!dz. Subtracting the output term from the 
input term and equating the difference to zero, 
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q -

or 

elil 
dz 

d z - 1'H d: ; () 
v 

( 48) 

(49) 

Again neglecting any change in cp over an increment and recalling 
that dWjdz ~ -r, 

(SO) 

Thermodynamically, however, for water, 

H - c (t - t ) = A 
v P R (51) 

,;here i is the heat of vaporization of water at the temperature t. 
Equation 50 can then be rewritten as 

H.fL(t 
1 1 .s t) - Wc ddt - ri ~ 0 

p z (52) 

With the variable values of Hi> w, ~, and A, Equation 52 
cannot be integrated analytically. Using average values of these 
quanti ties based upon their values at the beginning and end of 
the finite Lt increment, this equation can be written in the 
following Hni te difference form 

(53) 

Finally, after approximating l' with LV / Lz, Equation 53 can be 
solved explicitly for liz to yield 

Hhich represents the incremental height or 
heat the Haste stream from t to (t + llt). 
the rate of hV 1b/hr over this temperature 

Crystallization 

(54) 

length required to 
Water is vaporized at 
range. 

No distinction is actually made in the computer program 
associated with this model between vaporization and crystalli
zation. In theory, crystallization can begin as soon as boiling 
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"oll1mences. For each Lt increment that occurs after the beginning 
of boiling, a check is made, using solubility products, to deter
mine whether any crystallization has occurred. Only in the latter 
event are additional enthalpy balances performed. 

The solution flow rate and rate of water evaporated are com
puted as before, using Equations 45 and 47. At the new temperature 
(t + Ltj and with the new solution flow rate, tentative molar 
concentrations of each of the anions and of the sodium cations in 
solution are computed. These tentative concentrations are then 
compared with the maximum allowable concentrations as predicted 
from the component 501ubili ty products, and the smaller of the 
two is selected for each of the dissolved salts 

, _' ,1. 1 

{ 
Wd i·1 

CAi - mln 0.06243G' 

where 

G ~ 1'1/ p - G s 

C" "a 0.06243G 

(55) 

(56) 

(57) 

and the numerical constant 0.06243 in Equations 55 and 57 is to 
convert the component concentrations from (Ib-moles)!ft' to 
g-moles/liter. The rate of crystallization of a given component 
out of solution [6Ni (lh-moles)/hr] over a At increment is then 
equa 1 to e1 ther zero or some posi ti ve quantity 

h>' _ {(l () Wd,i O.06243GKSP,i} 
U)'1. - max ~ t ---

1 ~. m. 
1. C 1 

Na 

(58) 

For each component that experiences crystallization in a given 
6t increment, that amount of crystallization is subtracted out 
from the amount in solution 

W d . (t + llt) = Wd . (t) - MiLNi 
.1 ,1 

(59) 

and added to the amount :in the solid phase: 

W . (t + Lt) = W ,(t) + Mi IINi 5,1 5,1 
[60) 
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The volumetric flow rate of the solid phase is computed as the 
sum of the volumetric flow rates of each of the crystallized 
solid species: 

w . 
... J!.~2-

,i 
(61 ) 

where the dens Hies of the various solid species are obtained 
from Tab Ie 7. 

In view of the manner in which the heat capacity of the 
so luti on is computed (linear average of the heat capaci ties of 
all of the components including water and based upon weight 
fractions or mass flow rates), it is convenient to perform the 
enthalpy balance :in the presence of crystallization about the 
complete mixture of liquid and solid phases. That is, :it makes 
no di fferenee in the calculation of sensible heating require
ments over a Lt increment whether the sodium salts are in the 
dissolved or solid state. In this case, one must then add a 
consumption term to this enthalpy balance: • 

Rate of consumption ~ flQ 
e 

where LlQc represents the total rate of heat consumed (in Btu/hr) 
on crystallization over a !1z increment and is given by 

6 

= I LN.!1H . 
i~l ,1 C,l 

(62) 

The input and output 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 zero, the differential enthalpy balance 
equation is 

U.a. (t - t)dz - ...i [We [t - t )Jdz - rH ds - LQ = 0 (63) 
1. 1.. S . dz P R v c 

Using the same assumptions and substi tutions that were made 
In the derivation of Equation 54, 

Lz 
~ LQc + AtN + WcpLt 

Uia i (ts - t) 
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whIch determines tile increment/1l height or length required to 
heflt the waste stream from t to (t + Lt) with the simultaneous 
Oc .... ~uTrencc of both vaporization and crystallization. 

One additional modification is required in these calculations 
when crystallization occurs. The correlation given by Equation 35 
and used to calculate the inside fUm heat transfer coefficient 
employs the physical properties (k,~) of the solution. The 
resulting value can then be considered as representing an extreme 
case, namely that wi t11 no solid phase present. One wOllld 
certainly expect some change in the heat transfer characteristics 
of the i.nside fUm upon the precipitation of solids. 

The 0ppDsite extreme can be considered as the case of a dry 
solid phase wi th no liquid or solution present. In such a case 
(obviously undesirable from a practical point of view), one can 
envision" thin annulus of solid materi.al adhering to the inside 
walL The thickness of this fUm would be equal to the clearance 
between the inside wall and the wiper blades, and would be essen
tially undisturbed by the action of the blades. The mechanism 
for heat transfer through thi.s thin solid annulus would be pure 
thermal conduct.ion, the conductance of which would ,be equal to 
k g /6 . 

A mixture of l:lquid and so lid phases can then be considered 
as intermediate betl,een these two extreme cases, As opposed to 
the outside fUm, vessel wall and cladding thickness that con-
s ti tut" thermal resis tanees in series, the two phases compris ing 
tbe insIde fUm are assumed to be parallel resistances insofar 
as thc latter film is concerned. Their 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 
th" 1 iqnid phase times its volume fraction plus the thermal con
ductance of the solid phase times the volume fraction of the 
latter: 

h.. ~ 963(1 
1 

G ,,1/'k - ~) (':.) w V 
(65) 

where Gsp/IV represents the volume fraction of the solid phase 
present.l'lw value of hi obtained from this equation was then 
inserted .into Equation 21 to determine Ui . 

COMPUTER PROGRAM 

A digital computer program in the FORTRAN IV Janguage was 
written to perform the various calculations described in the 
preceding sections. A listing of this program is given in 
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K B of this report. This program was written in accordance 
h'ith a series of standards 2

.
8 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 FOnTRAN names used in this program is given. This dictionary 
consists of il series of comment statements in which all of the 
lHJ.ll1eS are d('fined, in alphabetical order, in terms of their 
physical meaning. The units for all of the variables are also 
given. 

Stored Data 

Following the DIMENSION statements that create the various 
arrays required 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 uSElr must input 
to the progr<L'll. Thus, various physical properties of the pure 
salt components (heat capacity correlation constants, heats of 
crystalli zation, molecular weights, and solid speci fie gravities) 
arc' stored within this program. Also, the constants in the 
various correlations for physical properties of the typical SRP 
Hastes (synthetic Purex, coating, synthetic HM) are stored via 
DATA statements. As described earlier, these physical properties 
include specific gravity, boildown ratio, viscosity, and thermal 
conductIvity. This program provides for the addi tion of two more 
typical wastes (for a total of five), if the requisite physical 
property data are available. In principle, any numlier of such 
wa~tes could be characteri zed by merely increasing the array 
5:1. zes specified in the appropriate DIMENSION statements. Mis
cellaneolls information stored via these DATA statements includes 
the waste names, component formula names, critical properties of 
,cater, and certain constants such as g and 11. 

Uti] ity Functions 

Prior to the actual executable part of the program, a number 
of statement functions are defined. These fall into two general 
categories. Thi s fi r5 t category consists of general mathematical 
uti lity functions including calculation of the arithmetic average 
of two quantities, evaluation of a second-order polynomial, and 
conversion of temperature values from uni ts of °c to OF and vice 
versa. The second category pertains to various physical property 
functions and i.ncludes, among others, the heat capacity, specific 
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gravity, thermal conducti vHy and viscosi ty of liquid water, and 
the heat capact ties of the solid salts, all as functions of 
temperature. Actual arguments are of course supplied to these 
statement functions at execution time. 

Input Data 

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

TABLE 10 

input Data Lists to the Computer Program for Simulation of 1'11ped-Fi 1m £vaporatorsQ 

NFHJ) 

"I PiAL 

i+UAT 

PSTf-,\M 

n! IN 

TOlIN 

TH2!N 

;,BE,<; 

1(1 

fC2 

SPEED 

(LEAR 

c"M(lLAR (1 j 

CMOLM~(2) 

C}4'l tAR (.3. j 

CMOU,g(4) 

t.:MDLAR(S) 

CMOL\R(0) 

T)"p!~ of rr:ad,in(); I - vert.i\~i'll. 2 horizontal (must be 
l'~f:ht~1l.djtt:;ted in trw fi<~iJ) 

[fl;l; of {!Jed: 1 ~ synt.hetic Pun;x, 2 - coating, ,; 
'<)i',\th~tl~' H·,j. (lllu'St b(~ ':ri,ght-acijusted in th~ field) 

\>b,,'-<t<.' f~ed rate t() <,vaponltox', grm 

Wa~>t'~ ie>&d temreT,~tIH'e, ''\' 

Co<t"",,,t.f:': of final produ<:'t temperature, "c 
Temperature in~'rement sire Juring vaporization, Q C 
(typL@.11y l""C) 

H$;:ttlng ~,t:~l~m pn:'ss,ure, psig 

1o,' i6(' d l.<lllle t(T Df evaporat.or, in, 

CbJJing th,icKil.etH', in. 

Ev.}.pera!or \.;«(1), thi~kn<~~;."" In., 

N<:!'-!!.t {:(';'Ht.<;t\;y iHIt" of t'vaporator, ft2 

Tbermal conductivity ;)f cladding, Btu!(hr){ft')("F) 

Th<2'rm;d c{)nibct x~' i ty uf evaporator lI'all, Btu! (hr! (ft} en 
H(1!01' ';p~t?d. 'rj)ffi 

Ck;U'anu;~ bt>tw(~en rotor bi&cle~ lind evaporator wall {o:" 
d~dding), nub 

Mvlar c(!n>.;.;ntrat;ii)fl ['(g-moles)/li.ter] :in the 1>'3.ste feed of: 

N,~;:~)O~ 

0'<.>/:0·; 

NaNO~ 

l'hNO;~ 

N;~OH 

Nfl}, 10;: 

1-10 

11 .. 20 

21<';0 

Jl-4G 

l-ID 

11-20 

2l-3{) 

31-Ml 

4! -50 

51,,60 

61-70 

71-80 

1- J. 0 

11- 20 

21,,30 

31~'tO 

41-50 

11\<: Y!3riabl<,:s in U:<, 1 ;,1":' J.n,«wn 'l'h1"titH'~ "r;d ,:armot rvn.' <l de<::imill p<)~nl 11", <"'3.riables 
tii ti . .<;t 2, an{l ,( ,f<} n(mi«t~ge:r qwmU!~«", ,n"l m!L'>t h«ve u :jt'<:iiU;'o;l p,)int< Lxd', <:at',:, Hudy 
m<>,~t ht,nC t""),,, dt' U;<:~.-, ll'l't=!<. Su~'"",edillg "'",,,0 jtmti~$ (,"II0\> 'l'~qu",ntially, 'n1(: o;ld \~f 
tl'<: .1'.,~-. is QVfli.itto'd f'Y $. $in,,::1(:'- ""rJ (U1rncsPQr"Ung to Li~t 1) (lr. ",hi.,)'\ "' t1f'g:HtH~ vr M.Jr'O value 

'.-pp'i<l',l foX' r,-!.th"'r :'dYN' of NI'[U); ,i t;lM~: <:ard \01111 s,li'fict' for this P'l.q}()s,,",, 
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The first list supplies merely 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, ;\ value of 1 corresponds t.o a vertical machine, and 
a value of 2 to a bori zental machine, The second quanti ty pertains 
to the type of feed waste and must be right-adjusted in column ten, 
This quantity can presently assume values of 1, 2, or 3, correspond
ing to synthetic Purex, coating, or synthetic HM waste, respect
ively, These are integer quantities and must be punched without a 
deci.mal point. 

Lis ts 2, :I, and ·1 supp ly vari ous processing and equipment 
parameters. The quanti. ties in chose three lists are noninteger 
quanti ties and must be punched wi th a decimal point (even if they 
are round numhers such as 30 or 100), Each quantity in these 
lists can appear anywhere in the column fields designated in Tahle 
10, so long as it is confined wi thin its appropriate field (no 
everlapping into adj acent fields), 

The first two entries of List 2 are the waste feed rate (in 
gpm) and its temperature (in 0c), The third entry (the estimate 
of the final product temperature in e C) is required to make an 
initial estimate of the total heat duty of the evaporator (Q) and 
helKe initial estimates of the required steam consumption and 
outS} de film heat transfer coeff:i cient, The fourth entry in thi 5 

list is the fInite temperature increment (in °C) for use after 
vaporization commences, Experience has shown that a value of IOC 
is convenient here. Very Ii ttle difference occurs in the computed 
results when, for example, the size of this increment has been 
reduced to O. S°e, The heating steam pressure comprises the fifth 
and last entry in this second list. 

List 3 supplies the various equipment parameters of the 
evaporator in conventional engineering units, If the evaporator 
has no cladding, values of zero should be supplied for the thick
ness and thermal conductivity of the cladding; actually, the 
appropri.ate fields in this list can be left blank for this purpose, 
The composition of the waste feed is supplied in List 4, The con
centrations of the various salts, in the order of increasing 
solubility mai.ntained throughout this report, are read in units 
of (g-moles)! Ii tor, Again, a zero concentration value should be 
supplied fer any component(s) not present in a given l;aste feed, 

Any number of cases can be run in a given job. Succeeding 
case studies merely follow sequentially, with the requirement of 
the four lists supplied for each case and with no form of 
delimiter hetween succeeding cases, The end of a job is denoted 
by a Single card (corresponding to a new List 1) on which a 
negati.ve or zerO value is supplied for either of the two integer 
quantities in this list; a blank card will actually suffice for 
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this p,upost'. An example of the input data cards for a job where 
three cases are l'UTi is given in Appendix C. 

jn the program itself, the i.nput data are immediately printed 
out after be.ing read in. This information comprises the first 
page of output in each case study. 

Geometr'ic Calculations 

The fi 1'5t calculations of the program convert various dimen
sions from inches or mils to feet, determine the height or length 
of thE' heat transfer zone, and compute the various area ratios 
requin,d in EquatLon 21. The thermal resistances of the wall and 
of the cladding are then computed. In either case (cladding or 
wall!. if a zero value i. read in for either the thickness or 
thermal conductivity, that particular resistance is set equal to 
zero; although this result is natural enough, another important 
purpose is to prevent a div:ision hy zero. 

Co 1 culati on of Heati ng Steam Temperature 

The heating steam pressure supplied in psig is converted to 
atm and, Hi th the stored critical properties of viater and the 
I'ater vapor pressure function, the Nel'ton-Raphson interpolation 
search procedure for the heating steam temperature is begun. 
This procedure has been summarized by Equations 19 and 20. The 
two initial guesses of the steam temperature required to initiate 
this procedure are lOG and 150°C. This search procedure continues 
until the relative absolute difference hetHeen two successive 
steam temperatures (in OK) is less than lO-c. The final' converged 
value of the steam tempe:rature~ the earlier determined hei.ght or 
length of the heat transfer zone, and the initial nOTmal boiling 
point of the feed as retrieved from the stored data are then 
printed out, also on the first page of output. 

Preliminary Process Calculations 

['lass and molar feed rates of all of the dissolved salts are 
calculated from the feed rate and feed composition, which Here 
read :Ln. The total flow rates of dissolved solids and sodium 
cattons are also computed. Several parameters are computed at 
both the feed temperature and initial boiling point: namely, 
product: of mass flo\,' rate times heat capac:i ty, viscosity and 
thermal conductivity of the solution, and inside film heat 
transfer coefficient. 
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The requi.red 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 i.s 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 
estimate of the required steam consumption is then obtained as 
the quotient of this heat duty divided by the heat of vaporization 
of water at the steam temperature (saturated steam condensing to 
saturated Liquid is assumed throughout this model). All of the 
previous calclll ations are performed only once for each case study. 

Calculation of Outside Film Coefficient 

Wi th a value for the hoa ting steam flow rate, the outside 
fUm heat transfer coefficient can be readily determined. 
Equation 23 or Equation 2S is used for this purpose, depending 
upon whether the evaporator is a horizontal or a'vertical unit.. 
At this point, all of the heat transfer resistances except that 
of the inside fi 1m remain fixed until a new estimate of the steam 
consumption is obtained. 

Simulation of Preheating Section 

Wi th the outside film coefficient and the previously computed 
inside film coefficients at the feed and initial boiling conditions, 
the overall heat transfer coefficients at these same conditions are 
obtained. These values are then averaged, as is the solution heat 
capaci ty over this temperature range, and Equation 44 j s used to 
compute the beight 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 Uj and el." this is a modest trial-and-error computation. An 
initial estullllte of the outlet temperat':!re is made from 

where z exceeds L in 
new values of [I. ilnd 

1 

(66) 

this case. This estimate is used to compute 
c and average values thereof, which are then 
p 
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inserted into an equivalent form of Equation 44 to obtain a 
estimate of t.he outlet temperature. 

(-ii,a,L) 
t - t, - (t, - t,jexp )_) 

s s f We 
p 

(67) 

and the procedure is repeated wi th this new estimate. As opposed 
to Newton-Raphson interpolation, this search procedure is known 
as direct suasti tution. This procedure is continued until t'·,· 
relative absolute difference between two successive values of the 
out let product temperature (in 0 K) is less than 0.001. 

Simulation of Vaporization/Crystallization Section 

Once established that boiling commences before the end of 
the heat transfer zone, the solution temperature is increased hI' 
the temperature increment size read in at the beginning of the 
program. Equations 4S and 47 are used to determine the nel'; 
solution flow rate and the amount of water vaporized over thl., 
increment. Equations SS through 58 are used to determine whetl'!";:, 
crystall.i zati()n of any of the dissolved salts occurs. 1£ there 
is no crystallization, Equation 54, with averaged values of We • 
A, Hi' and t over this ,\t increment, is used to determine the p 
required increment of height or length (,}z). If any crystallization 
does occur, Equation 64 is used for this purpose; also, in this 
case, ,equation 65 rather than Equatiou 35 is employed to evaluate 
the inside fi 1m heat transfer coefficient. 

The procedure described in the above paragraph :1.5 rctH';ated 
unti 1, normally, the variable length of the heat transfer zone as 
determined by summing up the indi.1lidual valuE's of [\z is ·~reate:r 
than that avai lab 1 e i.n the gi ven evapora tor, An exception hen, 
occurs when the volumetric flow rate of the solution J as compulc:d 
from Equation 56, becomes negative. Physically, this corresponds 
to too high of a boilJown ratio and obviously represents a highly 
undesirable situation in practice. In this case, further calcu
lations with the curront value of the steam flow rate are suspended. 

Determination of Steam Consumption 

The total amounts of heat transferred 11\ each individual Lt 
(or Lz) increment are totaled as the simulation progresses to 
yield the total heat duty (Q) of the evaporator. lVhen the end 
of the heat transfer zone .is reached, this value of q is used to 
determine a new estimate of the heating steam consumption: 
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With this result the program returns to the point "here the out
side fi 1m heat transfer coefficient is computed, and the simulation 
is repeated from that point on. This "hole procedure is repeated, 
using direct suhsti tuUOll of the ne" value of the steam flow rate 
in each ttlal, until the relative absolute difference between two 
successive values of the steam flow rate is less than or equal to 
l%. This relatively loose convergence criterion is justified in 
vi 01' of the rather small contri.hution of the outside fi 1m to the 
overall resista11ce to heat transfer. Having satisfied this con
vergence criterion, program control is transferred back to the 
very beginning to read the input data for a new case study, 

Output Format 

The various input-output format statements associated with 
the reading and di sp laying of information are collected at the 
end of the program. The input format statements appear first, 
folIowed 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 first case study 
in the input data shown in Appendix C. The first page of output, 
as mentioned previously, is essentially a recap of the input data 
read in for this case study. Simulation results follol' on succeed
ing pages. A table of output is printed for each estimate of the 
required steam consumption. Typically, no mare than two or three 
trIals are required for achieving convergence on the steam con
sumption. Reading from left to right, the values of the depend
ent variable z and of the independent variable t (in °c and OF) 
are printed out. The remaining columns of this tabular output 
are devoted to various dependent variables of engineeri.ng i.nterest, 
the significance of which should be apparent from the column head
ings. Among others, these inc lude: the heat duty in Btu/hr, boi 1-
down rat:! 0, volume percent solids, and the overall and inside fi 1m 
heat transfer coeffi clents in Btu/ (hr) (ft") CF). This information 
is printed out for every increment. The last page of output for 
each case study, printed out after convergence has been attained 
on the st,eam consumption, represents a complete process material 
balance about the evaporator. 

Error Messages 

The abnormal output format statements at the end of the 
program represent I'arning messages to the user I'hen certain un
usual or error conditions arise. These messages are printed out 
at: the time the condi hons occur to faei Utate detection of the 
reason for the abnormali ty. Three of these messages have to do 
wi th abnormal process calculation resu1 ts: a computed solution 
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boildO\·nl. ratio Jess than IJ-nity, <:.:i negative valH€ for the amount of 
water \/aporized over an incrunent) and an outs·ide film Reynolds 
DtJmber greater than 2100. In the last event, the Nusselt relatil1n
ships for evaluating the outside fi 1m heat transfer coefficient 
are not applicahl(', The remaining two messages pertain to trial
and-error ca.1culati.ons, A.D upper limit of ten iterations has been 
,,,signed to the evaluation of the outlet product temperature "hen 
no bei Ling occurs, as weU as to the calculation of the required 
steam C(>l15Umpt:ion, In either case, if the upper limit is reached, 
the simulation proceeds Vii th the current estimate of the variable 
after printing out the warning message. 

flPPL [CflTIONS 

The mathemati cal mode 1. and associ ated computer program ,;:"I(lU] d 
be a useful aid in the specification, operation J and control of 
\dped- fi 1m evaporators for the concentration of typical SI1P was to;, 
In parLicul"r, with this model one has the capability of quanti
tatively determining the effects of broad changes in three cat,,,, 
gO'ries of va.r:iabJes~ (}J feedstock conditions (rate, temperature} 
and composi Uon), (2) operating conditions (heating steam preSSLn'0 
and rotor speed), and (3) equIpment parameters (heat transfer 
area, wall andior cladding material, and thickness), 

The reSlllts of a series of case studies investigating the 
eifeet of heating steam pressure on evaporator performance for 
various waste feed rates arc given in Figures 4-6. These case 
studies pertain to the concentration of synthetic PUlex waste in 
a machine wi th characterist:i C~ identi cal to that of an experi.d;-jntal 
hor1 zontal uni t :installed at the SRt semil'arks. 

The dependent variables in Figures 4-6 are the ol.ltletproduct 
temperature~ the boildown rntio t and the weight percent solids 
plus solut.e in the prod.nct$ respectively. These variables arc 
obviously related to one another and hehave simi lady, Each of 
these variahles increases monotonically as the heating steam 
pressure is :rai~)ed and, at a given steam pressure, decreases with 
.incl'easi.ng 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 
boilJol1n ratio and the weight percont solids plus solute in the 
product are ob'\/ious important variables from an opBrnt.ions stand
point. The aetnal positions of the curves in Figures 4-6 may he 
subject to adjustment resulting from more-refined experimental 
determinations of the insIde fi 1m 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 is also of practical value insofar as any feed
forward control schemes arc implemented in the proposed plant 
installation. In a feed forward control scheme, one must have 
a know ledge of the effect of a change in anyone of the 
load variables on the controlled variable in order to effect any 
desired "hang" in setpoint. This model provides a ba,;is for that 
capab I Ii. ty. 
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RECOMMENDATIONS 

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 corrdat:ion in the future) for the inside film heat transfer 
coeffi.c:ient, 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 6 would 
he a valuablE' improvement. Also, in comparison with the other 
expressions for the physical properties of water, Equation 15 for 
the heat of vapori zation of water (l'Iatson correlation) is rather 
crude and could probably be refined somewhat. 

Using solubiH ty 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 employment of these solubiE ty products in the 
model, molar concentrations of the cation and various anions were 
assumed. That is. the activi ty coefficients for all ionic species 
in solution were set equal to un.! ty. This model WQuid certainly 
be improved if some reasonably tractable approximation of these 
activi ty coeffIcients based upon rational considerations could be 
developed. 

Finall.y, work remains to be done in the area of accurate 
determination of the ins ide fi 1m heat trans fer coefficient. Thi s 
problem is complicated by the fact that the inside film is one 
of the minor resistances to heat transfer (as compared to a wall 
or dadding thickness), and experimental determination of this 
coefficient is extremely sensitive to instrument or operator error. 
Nonetheless, it remains important to refine the estimate of this 
quanti ty and, in particular, to establish its dependence upon 
operating condi tions 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 report 
Or :i.t could be entirely original. 
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DETERMINATION OF THE STANDARD HEAT OF CRYSTALLIZATION OF SODIUM 
ALUMINATE 

The chemical reaction is 

(A-I) 

Reaction A-I can be constructed from the following reactions; 

(.11-2) 

(.11-3) 

(.11-4) 

The heat of reacti.on (A-I), designated as Alh, is then the 
algebraic sum of the heats of reactions (.11-2, .11-3, and A-4): 

;:',t{ 1 ::::: £~H2 + tlll3 + bH 4 (.11-5) 

The heat of reacti.on (A- 2), namely h,H 2 , has been reported by 
Coughlin lD as 51,22 keal! (g-mole), The heats of reactions (A-3 
and A .. 4) can be computed in each case as the sum of the heats 
of formation of the products less the sum of the heats of 
formatioll of the reactants, The' following data are required 
for these calculations; 

S·oecies .---
leEr' 

kcal/(g-mole) 

-68,32 

n,1) 

-54,957 

-127~ 

- 219,6 

Reference 

8 

8 

11 

11 
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Thus, for Reaction A- 3, 

MIl ~ (2)(-68.32) - (2)(0) - (2)(-54.957) 

• -26.726 kcal!(g-mole) 

and for Reaction A- 4, 

,~H •• -127. + (2)(-54.957) (2J (0) - (-219.6) 

- -17.314 keal/eg-mole) 

Finally, from Equation A-5, 

AHl • 51.22 - 26.726 - 17.314 ~ 7.18 kcal/(g-mole) 

• 12,920 Btu/CIb-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 OPERATION OF 
WIPED-F IU·1 EVAPORATORS 

COMPILER OprlON~ -

NAM~' "AIN.UPT.UO.Ll~kCNr.~ti.5Ilf-ODODK. 
>iJuR~ c. tl:KU Ie. NUll ~ T • NOuECi'., LOAl)' MAP. ~UEO I T.I D ,NUltRi:F 

iJ~f Hlf ION Of PKCGRAM V MqAbLE~ 

A14Mi - i\AHu OF 1~~lelE HEAT IkANSf!:R AREA Tu MEAN HEAT 
Ti\ANSfiR ARtA OF CLAJellNG 

Al~M" - RATIO elf I~S!elE hEAT TRAN,f~k ARtA TO MEAN HeAT 
rRAN~f£k AREA OF "VAPURA TOR ~All 

AIAO - RATIU Of l~~IOE HEAT TR4NSfeR AREA Tu ours IDE 
fEAT TRAN~FER .MEA ell' ~VAPOR.riJM 

ALPHAIlI - (.UNSUM IN he THERMAL CONlJUCTlVlTY "",UATluN FlJi< 
nASfE TVPi I: Ie ~ TCHiJ*I •• o - AlPHAlll*XS/100lJ.O 

AK~A - JOIAL I~SjCi HEAT TMMNSFEK AREA LF EVAPeRAIOR, FIZ 
"VG - f\J(,CHUN WHICh COMPUTtS THE ARITHME llC AVt:RAGI:: Of 

I~O ,"vAI\T! TIES 
Au! j), Ai Ill, Ai!!l 

CGNSTANT, H THe ~"CGI\IJ-OiWEi' POLY N[I>\I ftC EQUAT liJN 
fJ" Ttit SPtClflC GKAVlTY elf .. AST!' TYPe I tiEJiORI: dOiLlN 

0uK - BOILOO •• KATIJ, OFP uf fEElJ AT 2j lEG G/GPM UF PRIJDUCT 
SDKC - MAXI MUM B,J!LUO"N IiAT 10, GPM Lf FI::"D AT 25 OEG CI 

GPM .01' PRUOUC T 
\lU) (! l. .WH I), 6e2 III 

C""STANlS IN THi: se~",,<O-0il.lJci( PULYNCi'lIAl EQUATION 
Fe" THE BCILUiJw" FATlC fill< .ASTi:: TYPI': I 

00 { ll. i:i U ! J. d 211 I 
C[>\ISTA~T$ It; Th~ $EC~N(r()"D"R PGLYNCMIAl EIJUAT!ON 
FJk IHE ~PcCIFlC GKAVIH Of ~i\ST;: 11'1'1: I UURlNG BOllIN 

Ci\l Jr, ('6!J), CCUI. CC1Jl 
ClJi"TANTS Li THE PlJLYNO,~14L El.liJATlON FOR THE HEAT 
CAPAC! Tt Cf CJ~PCH~T J 

"MeuN - MOLAR CONC2NTkATlON Jf ":'TlU,,,; (SOUrUM IJNSI IN 
SCulTICN, eM rcr,;i/LHdl 

CAfS(JJ - NUMbER 0F "JJIUM ATdi'$ IN A MULECUlE Cf C"MPONENT J 
CHi<RL - CrlAKilL fERI Sf!C ll~EAK tlIMEN~ WN "ORMAL TO THE 

5TtAM fLJw KATE. ff 
llRCUM - OUT~ID~ CI~CUMFlkENC2 Of EVAPURATOR. FT 
CL~AK - CLEAkANCi b':T;d::C;-' BLADES Ai~1J INSIDt: WALL. MILS 
CLKFT - CLeARANCE B~TftEtN e~ACES ANO INSIuE WALL. fT 
"MOLA'\( J) - AuLAK COIJGcNTRI.TIJN OF CUMPONENT J IN THi:: Fe"O, 

GM HUE .;ilL I leR 
LMPC"X - CU"" "uuT uf IlGi"VHHiJH2J**ZIItGAMMA*VJ5HZOIl. 

RELIPRUCAL FEfr 
LUMP" - ALPHANUMEf< Ie ARRAY JF WASH:, COMPUNi:NT NAM!:S 
CU,.LJ - NOLAo< ClJNGEi>rKATlOl< Of THE ANIONS Of CGMPUNENT J IN 

SGWH!.!>, fM Hr.~/LlrER 
LP'·,;'U - fUNdHlN wHICH COMPuTES THE HEAT CAPACIlY ell' LIQUID 

"jAT"R 11« bTJ/U-Ot;(, f 
(PSeo - POLYNOMIAL FJ"CTlJi, wHICH CuMPuTES 1H2 HEAT CAPACl TV 

CF SOLIUS IN ~'U/LB MOLE-DeC f 
CTWNF - .uTAl MA~S flJW KATe Of CATLUNS !Su[llUM ruNS) 

CRlblNALlY IN IME FtEe. LB leNS/HR 
"IlGriS - rUrAL MASS FLU" RATE dF CAnUNS (SOJIUM IONS) 
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IN THE SOLUfIUN. La IUNS/Hk 
'Jtt TAT - TEMPekAlU;H: I NCI<t::Hl\T SilE "I::AU IN EV HE US~R. DEG C 
DER!V - OERIVAT IV" Of TI1E VAPOR PReSSuRE JF WA lER WI TH 

t!iSf',,~r TO TEMPERATURE. ATM/CEG K 
GH""YSIJI - HeAT Uf OI:'SULUTI)N OF COMPONI:NT J aUT OF 

'OLUTIU~. BTG/Lti MULE 
UH,AVe. - ARITriMHIC AVERAGE UF DHVl A •• O OHI/2, tlTUflB 
UHVHZU - FUf«CTl CI\ wHICH CllMP"ltS THe rEAT Of IIAFGRllATlCN 

JHV 1 

UHII 2 

Dlf! 
Oil N 
UMCRJ 

u0i r 

..;rc 
llff 
llVH2J 

Of WAT fR IN ,HU/Li> 
- HEAT Of VAPURiZATIUN Of _ATER AT THE BEGINNING 

Of A Dl lNCR~MtNr. drU/LB 
- HEAT UF VAfU"llATIUN Jf WATER AT THE eM) 

Of A Ul INCRtMtIH. "rUle b 
- 1~~IVE clA~cTEK Of eVAPURATOR, FT 
- INSIU~ UIA~trER Uf lVAPuRATO~, IN 
- KArt llF LISSJLUT10N WF ('OMPJNENT J ouT CI' SOLVTlON 

UVE" A DZ INCRE"ENT, L8 MOLES/Hk 
- llLJTSlllt llIA,~ErER OF t;\lAPORAOR. FT 
- i\Ah UF HEAT rr'ANSfERkEO OVER fA iJi INCRfMENT. BTU/Hi< 
- RAT Ii U F !-" JIT CON"UMPTlON IN Dl ;'SUJ..\HHlN 

DWc" A CI INCRH.cI\T, bTU/Hk 
- fEMPE"ATUi\1i INCREMENT Slli:. VEG C 
- IEMPtRAILKE lNCRt:NEhf SllE. CEG F 
- RAfE Uf tVAf'JRATWN wI' wAreK JVU, A Ul INCREMENT, LtiSI 

lJl - H"I"H1 Cll LENGTH I~C""~LJ\T, H 
d(RORA - ERkLlR IN TrE LALLULAlcD VAPcJR PR~SSURJ:: OF WATER 

U~ON THf OLD f~rl~.r2 Of THE 51£4M TEMPERATURE. 
DA $!:D 
ATM 
SA ;;ED 
ATM 

"RIlOK" - ER"UR IN r H CALCUlAH:U VAPJR ~RE~SUR!; OF loA TI:R 
UPON THe NE~ ESTI,AIE LF iH~ STEAM TlMFERATURE. 

FLITHR - VOLUMElklC FEEe RATe. Llr~iS/HR 
FM"SLDI J) - MOLECULA~ wEIGHT Of SOULI CuMPOl>iEM J, UI:>/lti MOLE 
HZ FT - INSIOE HAT TR;;NSHK AKcA OF c VAhJKATUR PI::R UNI r 

HEIGHT OR LENGTH, fI2/FT 
FJjHK - ruTAl VUlLlMETiUC fL"W KATE uP SUlUTWN + SULlDS. FB/H 
GAMMA - CONuENSAlE ISHAM) '~ASS fLU .. kATE PEk iJ,..IT LENGTH 

CPM 
"PMF 

NORMAL TO FlJw. LS';/HR-FT 
- VOLUMETNIC FEiC ~Ali. GAL/M!N 
- E5 TIMA' E ] f T H: FINAL VDUJMi: II'. 1 C FL",; RA TE UF THE 

PiluUUCT. G~LlM IN 
\,PMTUi - fl.NCnOh WHICd CG~Vi:RTS A fLDi RATt fNCM UNITS Of 

GAL/MIN TU ON IT S Df LITi.RS/HR 
"I'M"j - VOLUMJ:iTRIC fE"U RATe AT b DcG C. GAL/MIN 
GRAil - ACLR;;;RtTlON OUE TU Thi:: FJkCE Of GNAV! TV = 

4.113i:+Oa FT/HHZ 
HEIGHT - HIGHT Oil dN('T~ Uf THl: CVAfUkArUR (HEAT TRANSFER 

ell 
HlSL 

HlfO 

liD 
tiCK 

lONEI,fT 
- INSIDE filM HEAT TkMSb lJi;FFiClt:NT. BTU/HK-I'Tl-OEti F 
- lillSIOE FILM MEAT TKA~;,FER Cu.FFl('lLi\T lIT IrE NORMAL 

clorl ING PLlINl. bTUI t-i{-fT 2-0"G f 
- 11'<SHlE FILM IiEAT TRANSfeR CUefflCHl'iT AT ThE fEED 

CONUn !ON';. SfU/MR-Fi 2-DEG f 
- OIJTSHlE fILM HEAT r,,"NSft:k CGEfFICHNT. !lIU/hR-fT2-0EG 
- RAT 10 Of T H' JUTS We FILM HtAT TRANSfE:R COEFFlCIENT 

TU THE THERMAL C"huUCflVITY OF THE CON(EN5ATE fILM, 
REC IPROUL FE: ET 

HV,i2U - FuNCHCN WHICH COI'PLIc~ THE "NTHALl'Y Of wATtR VAPUR 
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IN ,HUlla 
! - ~AM[ AS ~Ftcv 
J - CJMP0NcNT NVlbcl<: 1 - NA2~Ll4. 2 - NA2(Ll3. 3 - NAN()3, 

4 - N4NOL, 5 - NAO~. b - NAALOL 
K - INTEGEM COLNTtR fO~ ALPHANOMERIC O~IPUT 
KGUN! - INTeGeR COUNTeR ful< TM!: NUMdl:~ Of lTERATlCI\S ON THE 

Rl;fJUli<tG SHAI\ CGN~UMPTlON (MAXIMUM Jf 10) 
K~JUD - ° IF UfJ\,;1 J wA H:g IS ~ni.L PRESENT. 1 1F NOT 
Kr(,~Pf - INTEGER COLlNTeR fuR THE NLlM!lt:K uf ITERATIONS ON THE 

PH,Al PROO(,C! H,MPERAT\,Rt (MAXIMUM OF 10) 
l>'ACHIN - ALPHANUMERIC AkkAY Of MAUlhlE TYPE NAMES 
NfbdJ - nrE Of.ASH, fEG: 1 - Puf<EX, ;: - CCATIkG • .3 - HI!, 

4, " - CUkFtNTlY UNA$$lGNcU 
NTYPE - TYPE OF EvAPuRATLlrl: 1 - WcRT!CAl. 2 - HCRilCNTAL 
uTHE\{ - SUM OF THi: hEAT .RAlliSFtR Rt£SbTANCi:$ UThi:R rHAN rHE 

!NSIDe f!L~. Mk-fT2-DEG FfBTU 
f'C",n - CKIHLAl P"r:SSURE u1' ~ATi;f<. AiM 
P! - 3.14J.6 
POLY - FUNCTlLN WhICH EVALUATb A SeCOND-ORDER PuLYN4MlAL 
PSIATM - hcAflNG ,rEAM PkESSUR". ATM 
p~rEAM - hEhTING STEAM Pki:SSukt. PSIG 
" - LHAL RA Tt Uf MEld TKAN5ftRREO. tHUlHk 
,,(;pur - RECiPrluCAL ciF THe ii.ERALL HeAT TKAN:'H:R COEFfiCieNT 

dASU) UI-; ThE ! NSlOc AREA. HR-1' T2-DEG F 1510 
R~flLM - ClNUEN5H" flUI ReYNULLlS NUM8ER 
kESi - HkkMAL RESISTANCE Of CLAOUHiG. HR-fT2-DEG F/BTU 
1<,,;:,2 - H,el<MAl g"S 1ST ANC': CF "v APJRATOR WALL. Kk-FT 2-0EG FIBT 
KKJf - "SIlMAn, Lli' IHE HkAL uENSlTV CF THE P~CDuCT. GMS/Ce 
MHLlfJ - DENSITY OF THE FLEe AI THE FEED TEMPERATuRE. GMS/CC 
KH"H2G - CEI%HY OF UlluIP WArl;;R, lti$/Ff3 
RHJSlul J) - DENSIlY LlF SllLlD CUMPUNtNT J. "~;,/CC 
kHJSLN - CI:'NSHY OF Tt'c SOLUflDN. GMS/CC 
kHCl2, - JENS!TY UF Tiii: FtED AT 25 Uti; C. ('MShC 
;,(,rlIU - flJl«'TICI\ WHICH WMPUT~;. IHt SPI:CIflC GRAVITY uF 

UWUiLl wAHi< ' 
SPEED - MCIAJIO •• L \P~E~ Of .IP~. ~H'FI. MPN 
~Pi()J(J) - SuUJtIlU TV PkOU~CT flik (.UMPUkENT J AT ,,00 DeG C, 

IGM MClt~/LI!~KI**«(Ar\(JI + 1.1 
rtiJ ICC! Ii - N0kMAL 8U! UN" PUII-;T fUR "A ~TE TYPe I. DEG C 
TBJILF - hOMMAL BLiLING PUINT Of FEED. D~0 F 
Hu h.K - NORMAL dOl LING PO !I'd Of TH I: FE ED. DEG K 
renL - THERMAL COhWCHVHY UF THE SJluTIGN AT THC NOKMAL 

BulLING POINT, BTL/HR-fT-LlEG F 
rCfu - THeRMAl. CCI\(YJCHVlTY Of THE FEED, 8TLl/hR-FT-OEG F 
redt" - fU"C nON ';M!~H L('MPL I"" THI: THERMAL OO"OI;C H VI TV OF 

reiLU 
rC,L, 
Tor iJf 

ll~JIJ WATcK I~ dTO/HR-fT-uc\; F 
- THtRMAl COI>UIJC 11 vi H UP fMi ~Ul!() PHASE. BTU/HR-fT-DEG 
- THcKi'lAL CG~lJCrIVITY uF THt SOLUTIUN. BTUiHR-fT-OEG F 
- l'uNCHON "HICH Cufi\fi:RTS A THIPI:RATLRE ~ALUE FROM 

UNITS OF UEG , TO LEG F 
,\-wAf - CRiTICAL TEHPERATLRl: OF WATER, DEO K 
lCl - TH~K"AL COMJUCTlV lTV iJ1' CLAuDING, BTul hR-FT-OcG F 
rei - rht~MAL CuMJUC TlVl TV UF EVhPCRATOg .ALl. iHU!HR-FT-DEG 
THV" - 4,d THMETI~ AVEKAGt UF TSlNh AND TSLNf2. DEG F 
rFdcC - FHO r,,~H:'ATURE. LEG C 
rh~L1F - ""tV TEMPERATURb Dc~ F 
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TF~EUK - FfEO TEMPEk~TURE. O~G K 
IFI NAt - ~SHMAr." fINAL TcMPcHATUR£ Cf PROWC •• OEG C 
THO ... - FUNCTIUN "HICH CONVtk IS A TEMPERATURE vAI-Ui: FROM 

vNITS Of DfG F TO CcG C 
THlf<1J - aNt: HURD: 0.33333'; 
THIIN - THICKNESS CF CLA~CI~b. IN 
ThilN - fHIIXNcS5 OF "VAPDRAr"R "AL~, IN 
TS05H - OLD E$Tll"A1E ell' ThE H~AHN(, STtA~ TEMPE~ATURE. DEG K 
15":>'2 - NEw bHMATt: OF THO HEATING STbAM T!::MPERATURt:, Dt:G K 
TSuKl - SUlUTICN rEMPI:~ATURE AT THE aECINNING Of A Dl 

lNCRl::M cN r, CEG C 
151.;,C2 - SOLuntN H:MPERATUkc ~T hie t:N0 Of A Ol INCREMENT, DEG 
rSLNCJ - OLD ESTIMATE i.lf TrE fIN"'" P,<fJ;)UCT TEMPERATURE IF 

THl:kE IS NC 6JII.IM;. DCc. c 
r;'I.i'i04 - N~>I ESTIMAH: OF ne fiNAL PRU0UCT T"MP"RAT~RE IF 

TM!;RI;; IS Nt 'HllLl~". Gtl> C 
lSlNfl - SOUiTlON TE,"1pcRATU.u .. AT TH,; t!k:(,lNNIM; Of A Dl 

INC";fMEhT. lEG f 
TSLNf2 - ;'GlUTli.lN TEMPt:RATukE ~r THE END UF A Ji Ii'iCREMENT, DEG 
TSU,FJ - Oll) c$TlMA Ii Jf He fINAL H<CDuCT Tl:MPERATURt If 

lME~E I~ NC dulLll;G. LtG F 
TSLNf4 - NEw ESTIMATE JF TM" fINAL PkUJUCT TEMPERATURE If 

TME~E 15 NC BuILII;G, CEO F 
T51. N,,2 - SUllJT! ON TEHptRATUkc II l THt ENU Of A OJ.. INCREMENT. DEG 
TSLNK3 - CLU E,rl~AIJ:: Of Tr. fINAL PkL0UGT TEMPERATURE If 

ThERE JS NO bOJlIN~. OEG K 
T~LNK4 - NE" ",~Hj;AH Of THe: fINAL PReOuer TEMPERATURE If 

TST~C 
1ST I'll' 
.Sf 11" 
U1AV(, 
UU 

012 

ThEKE IS Nu BOILING, D~b K 
- hEAilNG STeAM TEMP"RATUkb llEG 0 
- HATING STEM'! Tl:MPEkATUkb Dl:;(' f 
- hEATING STEAM T"MPckATUKE. 0EG K 
- ARHMMET Ie AVEKAGE Of IJII AND 012. 8TU/MR-fT2-DEG F 
- GVEKALL hEAr HANS feR COtil-HelENT BASH ON ThE lNSIDE 

AREA AT TMc lHClNl>dN" Of II Dl INCReMENT, rlTUlHR-FTZ-UE 
- I.lVt:RAI.l hill! TRANSh:R C0cfflCli:NT bASH ON THI: INSIDE 

AREA AT THE EN~ Of A III INCkLMENT. lHDIHR-FT2-!H:G f 
UOI II. !JIll I • Ui III 

CONSTANTS IN TfE SECOND-URDER POLYNOMIAL EQUATION 
I' Ok THE VISCOSITY 01- wASTE: TV?£: I 8EfO~E BOlLINC 

VFlNAl - VOUJMEiillC flO," RArE: OF THE PRUDUCT If THERE IS NO 
~AlcR PRESENT, fTJ/HR 

Vn20 - rOTAL Rtf" Of WATER EVAPORATED, lBS/HR 
vISBL - vlSCaSllY OF THE ~Gli.lTION AT THe NCBMAL 8GILING 

PCINl. LSS/fT-KR 
\lISfD - VISCOSITY Cf THE fi:t:il, LB$/fT-HR 
VISH20 - F~NCTIC~ WHICH CO~fUTES THE Vl~COSITY Of LIQUID 

wATER IN L85/FT-HR 
V!S~LN - ViSCOSITY Of ThE SOLUTION, J..8S/fT-HR 
VPCSLD - VOLUME PERCENT SOLlO PHASE iN THE TOTAL flOW 
VP~20 - fUNCTiu~ WHICH COMPUTES THe VAPOR fRESSURE Of WATER 

IN ATM AT A GIVEN TEMPERATUkE 
~SO W) - VOLUM!: Tlnc FLO" RATE Of THE SOLI 0 PHAS E. FBI HI< 
VSJLN - VOLUMETRIC FLO" RAH UF THE LIQUID PHASE, fU/MR 
\lOIn. \/lUI, IIlOI 

CONSTANTS li~ THi: SECOND-OROtOR POlYNGMI Al EQUATION 
FOR 1HE vISCOSITY Of WASTE TYPE I CURI~G BOllING 
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WA~H - ALPHANUMERI~ ARKA¥ uf IIiA;,TE TYPl NA~E~ 
~.;rAVG - ARlfhMET Ie "VERAGE Jf ,,[Pi ANi) wCPl, BTU/HR-O<:G F 
wCPBL - 1"":iS H.O. '{AIE-!-'l:AT CAPAClTY PkU!lUCT FeR THt SCWTIGN 

AT THe hUR'AL !lULlNci PJl,H. tHU/HR-UiiG F 
wCPFU - MA~S FLO" RATE-HiAT CAPACITY PRUDUCT FeR THE FEED. 

erU/hK-Cf;G F 
.CP1 - MASS fLu" RATi-HEAT CAPACITY PRUDUCT AT THE BEGINNING 

OF II 1)1 lNCHE,~fM. orU/hR-DEG f 
.ep2 - MASS fLUR KATE-hEAT CAPACiTY PRuUUCT AT THE ENe 

CF A Dl INC"aMtNT. dTU/Hk-UcG f 
WCK HJ) - MASS flUw ,,1\ IE Uf Tnt;; SJLlll F0,,'" Of OC~P(JI\i~NT J 

AT THE 8EGII\i~!NG Lf A Dl INCNEMENT. LES/HR 
weRlIJI - I\A~~ ill]" KAT" Uf IHt SOL!ll FOkM OF COMPONeNT J 

AT THE ENe OF A CL HCk"MENT. LBS/HK 
w();,D~ - MAS;:' FLOW RATE ()f Ob;,ULVcO SuLlDS. LiIS/HR 
wu5LVOl JI - MA~S fLLW KATE (f THe urSSULVED FOR~ OF 

CUrlPO~i~T J. LdS/HR 
wihLVfl JI - MAbS FLeA i<AH Of THE DISSDlIIEU fOR~ OF 

CUrl PGNdlif J IN HE PHD, LB S/HK 
wDSTuT - ¥tHAL MAS;:' fLll. "Art UF 1J1S~CLVE(J seLIDS iN THE 

HEO, UISI rX 
wfEEJ - TOrAL MISS FLU~ RATt OF THE FEtD. LBS/HR 
WH20 - ,'1A:';> FL0W RATE Of LliJUW "AHR, LbS/HI< 
~H20h) - lolA;'::> Flew RATE Cf .AHR fED. LBS/HR 
WUQ - MAS;" HOW RATti liF The llQUI" PhAS", LbS/HR 
WMPHNIJI - MOLAR FLO. RATE OF THe 0lSS0LVEJ FGM~ Of 

LllMP(~ENr J. Lb MLLtS/HR 
"MPHRFI Jl - MOUlt< flO" "In Of THE 01 SSOLVEU FOFM OF 

(GMPL~E~f J IN THE FEED. Lo MOLES/HR 
wP:~L) - "fIGHT PE~C"NT SOLI.;> + SOLUTE IN THE TeTAL fLOI 
.SeNf - eSTIMATE Of TH: fINAL MASS FLO", RAT~ ur THl:: 

P,WUUL T, L il ,/HR 
";'LNI - MASS FLCW FATE LF ::'OLUTIDN .. SOLlOS AT THE 

BEGlNNII;G UF A lil IN:RLMENT, lbS/HR 
wS<.N2 - MASS fU:ioI RAT E Uli SCUJT!uN + SOLlOS AT THE 

END OF A Dl INC~tMENT. LH5/HR 
.~JLU~ - MASS FLO> RAIE OF THE ~0LID PHASE. le5/~~ 
"SUI. - OLO ESTIMATE Of RblVlRl:OiJ STeAM CUNSUMPHON, lBS/Hi<. 
~srM2 - NEw tST!~A1E UF Rt~Ul~lO ~TE.M CONSUMPTION. lIS/HK 
)($ - W!:J.GHT fRACfWN O!SSJlVtl) SOLIDS iN SuLunON 
XS0 - IN! HAL m S$Ollti:U SLLlD~ wEIGHT HUGH" l~ ThE FEeD 
i. - VAK1MlLE htlliHT Uk LeNGTH ()f HlAT TRM,SFER l"NEt FT 
LERO - NUMEKIC CO~STAP ",UAL fO ZERO 

U1ME~SllN SIATlMtNIS 

Ill; IMd,S HiN ALPHA! 51 , AOI!» • Ill. I S I , 42151 • 
J. e()vt~l BD1L:>I BDZ( ~l BO(5) • 
" d 11 ,j • iJ21;,) • T"DlLi .. (!» • UObl 
3 0115 ) , iJ21~J • "Ol~l • 1111 ~ll • 
4 Ii 21 ;,) 
JuIM<'N~!CN (ftc I , CATS{61 , Cillo) • CC II: I 
'- tv! oj • (MCLARI,,) • ;)HCflYS (I> I , FMw~LUI,,1 • 
L RHO~UJl61 • SPivD!o) • weRl.(6) • wCfI<loJ 
3 wu$l va I tl J • WPoLI/Ffo} • "MPHRloJ • WM PHRF It.d 

DIMcNS lDN i<ACHIN13 , 2) t WAsrU2. ;; j. COMP,,12, 61 
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o 
I 
o 
1 
o 
1 

[) 

1 

o 

011TA 
CAIA 
DATA 
~ATA 
DATA 
CAIA 

DATA 
DATA 
CAr A 
DATA 
tATA 
DATA 
orA 
DATA 
tATA 
DATA 
U.MT to. 
OATA 
(JAU 
tiATA 
(JATA 
CAU 
0ATA 

OATA 
GATA 
OArA 
CAiA 
DATA 
(JAT A 
VATA 
DAr A 
DA IA 

MACH IN 
WASTE 
COIl'S 
PI 
PI. "II f 
TCSU) 

ALPHA 
AO 
Ai 
11.2 
il 00 
,len 
BO: 
80 
&1 
ti2 
r to r lC 
lIO 
(Jl 
U2 
VO 
V1 
Vi; 

CA 
CAT;; 
Cd 
Ci~ 

CO 
"HGi Y$ 
FM.~l.Ll 
R HaSH) 
SP100 

VAT A STATEMENT S 

124H>lcKTlCAl HCRllCNTAL I 
/4(JHPURE;( CDATING nM i<EScRVI;OilESERVEOI 
148HM2SJ4 NA2Cll3 f\AN03 NAN02 Nilan NAALO 2 
13.141,91. THliW 10.3::..>3331. GI<AV/4.1 n E·'081 
1418.1,,1/. reWAT 1647 .27/ 
11.21/. lERO 10.01 

PHYSICAL PRCPERTIE::i OF THE WASHS 

! j*23~.ul 
/1 .. 210. l.~oti. 1.331. ~*1.21 
/-4 .lalli-(H. -~. 1669E-cl4, -9.1595,,-04. Z *0.01 
15*0.(11 
15*1.vl 
10.12823. 7.4534E-02. 6.3417E-0.:'. ,,*0.01 
/0.0. -4.4057E-04, 3*0.01 
/1.216. 1.208, 1.331. 2*J..2I 
10.021ll, l.l1987t-02. 2.1./38E-02. 2*0.0/ 
10. O. -1.8noE-04. 3*0.01 
/100.0, 112.0. 115.0. 2*HO.Of 
/1.40, 2.70. !.50. 2*2.01 
/-7.0422t-04. 6.5,,551:-02. 7,"'82E-,0:'. 2*0.01 
/2.4.:'111:-04. 1.6lSlE-03. 3.S0Z0t:-04, Z*O.OI 
1l .• 40. 2.10. l.~)(), 2*2.01 
1-1.2;'11£-(2, 3~a654E-OZ, 0.21524. 2*0.0/ 
11.v927E-02, 8.,369t-03. 3*0.01 

PHYSICAL PRCPERTIES OF THE PURE CUMPONENTS 

/19.676. 2.633. ".140. 6.140. 17.15, 21.,,01/ 
12*2.0. 4"'1.01 
13u.1l9.:» 58.326. 5.>.99.53.99. -26.5, 3.,,551 
/0.0. ~.S~4, ~*O.\l, -4.2.861 
14*0.0, 56.3", U .01 
I~04., J.Il030 •• -9090 •• -6480 •• H!320 •• 12920.1 
IHZ.(J4, 105.99. 84.99.69.00. 40.00. 81.91/ 
12.68.2.532. 2.201, 2.16.;. 2.130.2.21 
I .. OB.7. 316.4.448.5. 5!Hl.l. 7516 •• 7526./ 

FLNCTICh STATEMENTS 

AV:; I Xl,)(2) .: (Xl • X2 1/2.0 

/ 

CPrlL(J(f) ; (1.99993*(0. H6IbS + 4Z.<l74t:-041*! IT + 100.011 
100.0)**5.26) .. O.vUl60! HO .0**10.030*1 U 

CP,CU(>\. ll. C. U. T I ~ A + B*T*1.0E-()3 + tc*1.Of.:+(5)/(T*TI + 
C*T *T *l.OE-Q1> 

WIWH201T1 = 97(1.30((1..0 - liT .. 173.1611647.311/11.0 -
(373.1o/e47.JJIJ**O.38 

ul'MfliH Yl ~ 3.78S*oO.O*V 
HVH2iJITl = l.a*! + S71l.3*1!l.O - ItT .. 27:>.16)/647.3111 

!l.0 - U73.16/647.3UJ**O.';d 
POL Y IA. a. [. Xl x A .. 8"~ .. c*x**z 
;'urlZcHTI # 1999.8396 + 18 •• "~""9*T - 17 .~222lE-OjJ*T**2 -
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1 1:'5.4482-061*1**3 ... U .. ';/.1~"E-09J*T*'4 -
2 , 1 39;,.295£-li )*'''4)1(1000.0*11.0 ... 118.1591i:-031* 

I! ) 
J reliZJ" I 
1 

~ 15.n94E-J4I*I-s~~."1. 2d3".~*T - 1800. 7*r**z ... 
:''''>.77*T**3 - 73.440*r-'*4) 

lG1 GHT) ; 1 ... &*1 ,.. 32,.,1) 
THiXlT) ; Ii - .,2.0J/ •• 8 

J 
J. 

VbH2ul fj ~ ;;: .. 2.0/12.1482*1 IT - 8.43~) ... 'Q"T!8C78.4 T IT -
8 ... 30)"*2)) - 120.0) 

U 
1 
2 

VPH2Jlf'C. J\, fj ~ P(*lcJ.U""{I-XlTl*13.24378 ... 15.86620£-031* 
X • Il.17CZ~E-(8)*X**31/11.0 • 
12.111846E-OJ)*XII 

MEAC IH! INPUT UATA 

2) CLM I NuE 
USAw I?, lOOO) OjTYPE , I\fHO 
If ItOjTYPE.Lc.O).JR.IN~EEC.L~.U)) GO TO 920 
ktAU I? 10lOI GPM • IFEtUC. TFINAL. DELTAT. PSTEAM 

OKtAU (~, kl.l2Jl OIl N • THllN • TH21N • A"til ,Tel • Tez , 
1 SP"LO • (L tAO. 
"cAu (5. 1(20) ICMUlARIJI. J z 1. <» 

i'iklh:tC1f 2 GOO I 
~1'!'fH6, dlllO I IMACHIN{K. IH¥Ptl. K = 1, 3) 
t"lr>LTct 6, 20401 I ~ASTEIK. HEEL) • K = 1. 2 ) 
#Hlt:{t.>t 20b) I CHI • HHDe. P~l"AM 

Of<EhITt.{6. 2(;dJ) JIlt. • TH .11'1 • IHZIN • AKEA • reI 
1 :>PHO • (L (AR 

... 1"',lr~{6t 2100) !{iCCi~P$IK, J I • K " 1 • 21. C~OLAFIJ)I. 

1 
KLum 
Olr T 
vOir 
;;N(U,~ 

niH 
Hi 1 GriT 
"lAMi 
A 14 M, 
,dAO 
tLRfT 

PkfLIMlhAK' GEL"ETRIC CALtUL.IILNS 

- NHcO 
= 0 
= DH'U12.C 
; (ollN + 2.0*rtillN .. 2.0*THllNI1l2.0 
~ Pl*JOfl 
~ rr*Olfi 
.~ ARtA/FTUf 
~ OlIN/tUriN • THll~1 

= iH!«IlCllN • 2.0*THilN .. TH2IN) 
: 01FT/DOfT 
~ CU;ARl1200 O. 

CAL COLA T lDN Df T tit:fU<IAL R~ 51 S TANtE$ 

"EO> 1 = G.o 
k(,2 = C.G 

IF InHllN.U'.0.ul.O<l.ITCl.I..E.O.OJ) (,u TO 40 
RESl - 11H1IN*AIA.11/112.C*TC.1 

1,*,0 if {(fh21N.l1i .. J.Ol.uK.(TC2 .. Lt.O.uJ) GU Tu 00 
KE~2 = ITH2IN*AIA~2l/112.0*TC21 
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QU 

hi 

7:> 

81l 

100 

NEwTCN-'APHSCN INTERPOLAT ION FUR THe HEAT INC. 
STiAM HMPERATLRE 

CUNTINUE 
psr ATM = 
hE$T 1 = 
ERJ{QRl = 
T:if ST l = 
ERROR2 = 
GER!v " 
T5IMK .; 

If IAoSlt (STMK 
ERIWRI. = 
1.>2;, H = 
rS;:ST2 = 

GU TO 70 
TSTM(' = 

If STEAM + 14.6961/1~.696 
313.10 
VPH20IPCWAf. I(WA' - TS~5TI. TSESTI. - PSTATM 
4;;3.10 
liPH20IP': .. AT. TC .. A1 - TliESfl. TSESTZI - PSTATM 
(ERRCRZ - fRRO~II/ITSESTZ - TSESTI) 
TSEITZ - ERRORZ/OERlli 
- TSEST2I/TSTMjO.U.l.Ot-041 GO m 15 
ERROR./. 
TSE:iT.2 
f5rM 

TSTMK - 273.10 
WRITt!o, 211J j HiGHT, T!lOLC III , TSTMC 

GO TO 

GO TO 

T!!OlLF 
T FE EOF 
TST ~F 
OfF 

CCNVHT TEMfERATURES FRGM OEGRHS C TO DEGREES 

~ Tcn;/, IT6(IlCII II 
; rc TOF( HEeDC) 
; T';TOFITSTMC! 
= OELrAY/l.b 

DETERMINE CHARACTcRIsnc LENGTH (iF /lACHIN;: 

(8u. lOu), NTVPE 
!..HARL = CIRCUM 
120 
CHARL - 2.0*HtIGhT 

PRHIMI NAI< Y MIl !qUAl !lAlANCE CAlCUlllTiCI\S 

J.21.l CIJNTlNUE 
RH02> = PClYl40UI. 41111. ;12tH. 2:'.0 - IilUILCIUI 
RHJF(; = PGlYIAOH). AlIH. 42111. TfEEDC - TBGILCllll 
GPMZ5 = ~HOfD*GF"1 ~HJ25 
FliTHR = GPMTUHGPMl 

';Tl UNF = 0.0 
VFiNAL = 0.0 
>105mT = 0.0 

OIJ 140 U = 1. " 

IlEHRMiNE CCMPONENT FLOW RATES 

~MPJiRFIJJ = FUTl1R*CMOLARIJII<t53.6 
kDSlVF IJI = WMPHRF(ul*fMWSLCIJI 

VflNAL = VFINAl + WOSlIIFIJllto2.43*RHLSLOIJII 
WihfDT = "OSTor • WCSl\lfIJ) 
GrrUNF = CHONl' .. CATSt JI* .. MI'HRFI JI 

140 ';CNHNUc 
dDRF ; "GPMZ51t 7.<tU*VFiNA!.J60.01 
"FE 1:0 = lOOO.O*~HOfQ*FLIlI<R/453.6 
WH20fO = WFEEO - .. 0 HO T 
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Ju 
<) 

1 
li 
1 

PI<EUMl~AKY t:NHALI'Y BAlAt.CE CAlC0LHlONS 

IF.S0K • TFCcDC .. 17~.lb 
Iii;) ILK· HHHLG II) .. Z1 ".i" 
wC?FO • ~H2wfu*~FH2QITft"CCl 
.(.,P oL ... K2lJF0*CPH;:01 TtluILC!j II 

is:)j-l.,, 
""Ph) .• WCPfll .... MPrlRfIJj*CPSLOICtdJI. CIHJ). CCUI. CDIJI. 

TfE,WK) 
~CPdL • WLP6L + .t-lPHRFIJ1*CP5l0ICA(J), CI:>IJ). I.,(,;(J), CDIJ). 

rBOILIO 
l~J CkNTINUf 

V h Fll 
TCF0 
hifO 
VI ;BL 
TUH 
IilOL 

PRlLlMINARY HcAT TKI>.NSfER CALCULATlOr<S 

- 2.4Z*PQLY !\J0t 0. uU 11. uZt n. TFEl::!)C - TBOICCllll 
• lCIiLCI TfEtLK.l21j.l?I*tl.O - X50*Pl.PMAII1/IOOO.O! 
- i6J.O·IISPEED/V1~FDI**THIROI·TCFD 
~ 2.4Z*PCLY ("Dill. LUll. 02(1),0.0) 
• rCH2DtT2DILK/Z1!.151*11.O - XSO.ALPHAIII/IOOO.O) 
~ ';63'()"(I~PHO/\lI$HI*"TH1Rii)*TGbC 

bllR ~ PDlY It;()()(IJ. 80ltl)' BD2(1l, iFlNAI.. - 1dOiLCllll 
If lciUK.Li.l. 01 ~Rl1E it .. .>OLO) eel{ 

(,P)\f = GPMl~/!lCR 
"Huh • r(LY lBOIII •• nlli. I3ZIU. TONAL - T6UILCilli 
~~kNF • H)1.l0.v*RI-OF*GPMTLhl"PMfIl453.6 
VH~ J ~ ~fcc{j - ~~ LI\F 

If IVHiO.LT.0.01 ,,[(He 10,30401 VHLu 
_SIP, • \l1i20.HVM2~ITFl~ALI/CHVh20ITSTMC) 

J.uJ CLJd' .d'40£: 

K0uNf - ~ClNT + 1 
~BITt:{b* b.h)J} 
.RlTt! (" 2. .. ,,0) .SIMI. 

CALCLlAl1DN Cf CUTSivE fILM CO~ffl(I£NT 

GAMMA - ~SIMl/Ch'RL 
ktFILM • 4.J.GAMM"~ISh~OITSTM(';1 

H' \ktHLM"iL2100.0! ,If'll;;' (0, 30",01 ,,;;Fll~ 

""l;H~G • 6l.43*S(h"O\TSTMC) 
VWL.::/ • IIGRAV*BH0M2C**ZI! (G,,~M,,*V 1,H21J1T£r",CI) 1*"THlkD 

Ct .. Td (B0. 20() l. "T¥P£ 
lll() 1iJI\· 1.,,(j*0. 9 3*CMP LEX 

200 bJK'~ O .. 7o*CMPLE) 
2lJ HJ - HL~.JCH2(ll~TPM/213.L)1 

W k iT t:! ", i20,) I HO 
dTHEk - AIAC/riC • FESl • RES2 
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"SUUD ~ 0 
"Iii MPf ,:.:; 0 
eTC ~ CH.TAT 

'" 
~ O. I) 

l ~ i).0 
w$UH ; wFEED 
!IS ~ "SO 
wpc. SLD ~ lCO.O*XSC 
eOI' ... l.O 
VH2U ~ 0.0 
VPC SLl) ; 0.0 
WH20 ; "HZUfO 

Df. .230 J ::;; 1, Q 

wU~lV~(Jl ; wu~LVF(Jj 
~,iPHK (J) ; .MPHRF (J) 

we"l (JI ; 0.0 
WCRZ!J) ; C.O 

~.;)\) CtNT (NOi: 
~l;5iJ~ '" ~US roT 
v£OlDS ; 0.0 
.SJLu$ ; 0.0 
en (I'<:> ; CTl0NF 
TSL NF 1 '" IfHuf 
T;)LNC.I. ; TfHoe 

l'Ikl T!:{ c. lii,u) 1 
wRlTd".222()) 
~RlrS{o. 2.c:4uJ 

peru 1 ; 
(,;1 J. ; 

eThER + 1.O/Hlfu 
1. O/R\,; Pl.I 

.. CPl = 
v¥t:k.iTL(Ot 22.(0) 
1 

WCPfO 
l • 
I> ~UL U" • 
Hlf') 

TSLNFI. TSLNel. ~ ,WH2e. WSLNI , 
xs ,BDI< ,Vi'C"l!>' WPCSLD. Ull 

Z 

UEH,RMINE CONOl1ION'; AT ENt! Of PRbiEATlM'; SECTluN 

RCP 01 ~ CTHtR + 1. C iii I BL 
(,1" ~ 1.O/I<CFUl 
wul'2 = ,,(PSl 
UIA Vi; ; A \to lull, l! Zl 
"CrAy" ~ AVC (wCPl. IICPd 

o uL ~ (~CPAVG/(U1AVG*~T2flll*ALUGltT~TMf - TffEDfl/lTsrMf 
1 - TWILFll 

i ~ l .. WI 
If- il.GT.~UGhr I (;0 TO 232 

iJ~ z .CPAIIG*1f6CI1l' - IHcCFJ 
~ 
blNL2 
lSi.. ~f2 
~su,~ 

>il..! Q 

"HZUl 

~ 

~ 

~ 

z 

z 

, .. Cl./ 
TeOIle (I) 
HOILF 
~SUd 
~~LN2 
WH2C 

o .. l<l T!i {(;" 22 ,,0 I 
i 

l • TSlNFl. ISlNeZ. Q ,IIH20. ,,$LN2 • 
• SOlO$, x;, ,BOX • \/PCSLO. "PCSW. Ul2 • 

2 til ill 
"HY 1 ~ OHVH20ITilOli..CIIII 
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1 

GD TO 

($lNCl 
TSLi'iF 1 
VI! 
"CP1 
",StNl 
Ziti) 

T:>LNC3 
TSLNF3 
I::>L NI'J 
L 
K ri MPF 
VhSLN 
,,-$ IN 
iH 
hCPJl 
vIZ 

~ 

~ 

.~ 

~ 

z 

HLNC2 
1 Sli'iF2 
VIZ 
~CP~ 
io/$lN2 

c"LeUlA HUN OF FINAL PRODUCT TEI'PERATURE kHEN 
THeRE IS NU BOILiNG 

z TfEEOC + {faOllC!I} - TFE2CCI*lhEIGhTIZl 
; rcTOfITSt,.C31 
; TSL/iC3 • 213.1<> 
~ /--EIGHT 
~ KT"~Pf • 1 
~ 2.42*fOt¥ IUOIIi. UllIl. U2ill. T5ll\C3 - T601lCIIII 
- rCrI2CIT$lNX,,/Z7:J.15J*U.O - AS *ALPhAll 1/1000.01 
z >63.0*1 (SPi:EO/VlSHNJ**rhIRDJ* rCSLN 
; CTHd, • 1. o Iii I 
" 1.OIRCPU - .Ii" u*C F~.iG !T$t ~C3 J f\C P .2 

to 2.>;' J ~ I. <> 
; riCP2 + .MPhR1JJ*CPSLOICAIJI. 

rSLNIC:,J 
C6!JI. CC IJI. COlO;. 

2.1;) ~LNn NuL 

u 
1 

ulA ,c> 
.CP 4VG 
T 5l NF« 

~ AvG (vll. lil21 
•• \i~ I_CFI, -(1'21 
~ THMF - iTSTMF - THt'UFI*EXP(-UIAVG*fT2FT*liHGHTi 

.CPAVli) 
'5lNC'. - rFrCCn~l"f41 
r5L~K~ • TSLNe •• 213. fa 
. .; .- .. CPAV('*!T5LNF~ - Th"Cfl 

If LAb~(( r~UK4 - TSU,!\;) IT5LNK4).LE.O.OOll GL TO as 
If !KT,,/1PF.G2 • .lV) Loe Te .e;;i> 

TSlNe) • 1;I.NC. 
T~l.r>ff) :;;. TSlAf l• 

TSlNK3 • l~lNj(. 

GG TO 2:h 
2.>" wldH:! ,,, JOdU) 
238 COdl N Vi: 

O>lR! Hi! c. ,,2M) I , 
2 

GC TO auo 

l • T~U'F", /SlNC4, \I • \ih2C • k~LN.2 , 
·.SJLiJ£. xs • BeR ,VPCSLD. WPCSLiJ. Ul2 , 
iiI 

SIMVLAT leN CF VAP"fdlAT jiJhlCRYSTALlllATION SECTION 

24el TSLNC2 ~ rSlNn f LTC 
T5L,,[2 ~ reTeli'( TSLNC21 
f'£U,KZ • TSU,Ci • 27".10 
bUR ~ PelLV UlDOlli. bDlIl/, &iJ2UJ, r"LNC2 - IBtJllClill 

If !l:liJk.Lr.l.cll wRIT<: 16. ,0201 ELR 

iJEfERMliIE elM)l TlelN'> AT EM> Of II\THRATlCN INCREMCN 
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(LHiR = I>O.O*GPMI7 .481 
,SUlN = FBHil - .selll:> 

H (vSllN.ll:.O.OI CO TO dOO 
RHOS!.!. = PCLV (BOil J, ,Hill. 821U. rSLNC2 - TSOILCII)} 
~SL~2 = ol.43*RrOSLN*FT3HR 

ChECK TO SEE IF ALL OF HIE IoAlI:R HAS SEEN VAI'ORILEO 

! f 1,,$ L/\2 .CT .WOSTUTI GO TO 360 
~SLN2 = .OS10' 
DVH20 = "SLNI - wSlNZ 

IF luVH2D.LT.O.CI ~RIIE It. 30401 DVH20 
SOil = fDRf 
DQ:;' :;: 0.0 
LMCRJ = 0.0 
YH2J = IIH20 .. IlYH20 
~hlO = 0.0 

If IKSJLIO.Gf.OI GO TO ,4C 
CT!CN~ = G.O 
wllSOS = O. () 
KSUL{O = 1 

C( jvG J = I. b 

OMCRJ = t.i.iSlVf'lJ) - WCRlIJIl!fMWSLDIJI 
WMPhRlJ1 = D.O 

W()SLVDIJI = 0.0 
WCR21JI = WCSLVFlJ I 

C"C = G\,C ... (JI(CRJ*OI1CRY$IJI 
3JO UNTlNUE 

It SU Li.l S ~ ~rI NAL 
,,:i0U:';> = .. CSTaT 
vpe SL() = 100.0 
"PCSU) = 100.0 
~LI<.I ~ 0.0 
lIS = 0.0 

GU Tel ,40 
juG OVh2J ~ WSLNl - w~LN2 

if \0 \I H20 .Li. O. 01 ~KI IE (u. 3040 I 0.1120 
VH2 U ~ VhZ0 .. (111120 
.H20 • ~H20 - DVH2D 

CHECK SCLelBIlIT¥ PROOOCTS FOR CRYSr.tLIlATIDN 

OQC ~ 0.0 
VS0LDS m 0.0 
WSOLi.l5 ~ 0.0 
"0,,0$ ~ 0.0 

CL 400 J • 1. I> 
CAT CON • CTIONSIIO.062~3*VS(LNI 
CONCO • IIIIPI1RIJ I/tO.06H3* .. SOLNl 
CO,~CJ • AMLNlICOI\CJ, SP100IJI/ICATCOI\**CATSIJHI 
DMCRJ • AMAXlIO.O. WMP~RIJI- - O.06243*CUNCJ*VSGLNI 

WMPHRIJI ... ~PHRIJI - OMCRJ 
""Si-VOIJ)· fM"SlDIJ1*.MPHRIJI 

WCRllJJ • WCfl,ltJI .. CMCRJ*HiI:iLI.lIJJ 
... DSDS • WDSOS • "OSI..VOIJ I 
~SJLl)S = I<$ULOS -> .. CRl (JI 
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V 5J LUS 
(Tl(;h::i 
JWe 

CCNilNUc 

• VSULDS • ~eR2IJI/I.2.43.RHD~LUIJII 
z CHOh$ - C~CRJ*CArSIJI 

• evc + DMC"J*DHCk YSI JI 

MATE~IAL BALANCE CALCULATIONS fOR CRYSTALLIlATION 

~P(;$LU • lJJ.D* !WC~ C~ • WSUlL"UWSlNl 
VPGSl0 • lUv.O*VSLLDSffljHk 
.U IJ • "5L1>2 - WS (lUS 

IF (WL 1<.1.GT .J.D) G0 TO ,,2e 
xS = O. Q 

G( H; 540 
~2v X$ Z WJSlJS/WUIJ 

HeAT TRAN;,Ft" CALCULA n OriS fO" CRYSTALLUAT leN 

?,<J "ur, TlNU" 

OqiJ 

() 

L 

TeSLN • T(HdllTSLNK2IZB.15j*!l.() - XS *ALP HAl I 1/1000.01 
vbSLN • ".42*?OU litO I I) , VUH, V2! H, T:;U.C2 - TSOllClll) 

" 9,,3.J*IL.U - VfeSUlllvo.())*1 tS.P!::E()/VI:;SLN I **THlRO I * HI 

KCPU! 
D12 
ULA \lG 

uG .tJQO J ;;:, 

rC:5lN ~ IVPCSlD/100.OI*l TCSLO/ClRFTI 
; eTh"R • l.O/H! 
; 1.O/RCPlll 
~ AVG lUll. Ul21 
" WH2D*CPh2DITSLNL21 

1, " 
o ~CP 2 - wCP2 • WMPhRFtJI*CPSLOICAIJI. CiHJl, 'CIJI. CDldl. 
1 

ceNT lNLJt 
Vit;PAv\j. 
wMV 2 
OHVAVG 
TfA V" 
LJ'J 

-• 
; 

" 
" 

TSlNK21 

AVG {"CFl. "CP21 
wHVH20 ( 1 SL Ne21 
A~G (DHV1. CHV21 
AVG IT SCM' 1. T !:LNf Zl 
DHVAliG*CVH2C" Ci./C • WCPA¥u*QTf 

~ - , • ow 
wI ,- AI:lSIlH.l/ICUVC*fT2Fl*\ TSTMF - TfA\/CIII 
l - I • CI 

OWk,lll". 22001 l • TSLNF2. TSlNCZ. !J • "H20 • WUQ • 
!. ~StllLiS. X$ • BCi< • IIPeSLO. WPCSLO. VIZ • 
2 HI 
If "C.LO.FtI(,hT I GJ TO SUO 

0HV 1. ~ 

TSLNCl ; 

lSL ~F I ~ 

vH ; 

swncl- fINAL CCI'IUiT lclNS TO lIHTlAl CONDITIONS 
FUK ~EXI INltGRAllUN INCREMtNT 

()H~ 2 
b LNC2 
blNF2 
VIZ 

wG? ! ~ we? 2 
.SLNi ""SL~2 

Ow "ao J • 1. " 
"O"IIJI ; wCRZIJI 

"iN GUN! INut 
GO TO 240 
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CHiCK faR C()NVERGE:NC~ ON STEAM CONSliMPTION 

illl0 .~ PI" = Q 10rl Vrl2 lIT SHILl 
If IAB"II,,~r~2 - >I!>TMll/"srM21.J..':;.O.Oll GO TO 900 
If IKOUNI.U~.IUI GO Te dLa 

.. S.Ml ~ "HM2 
,,'- lU 160 

820 ""lTd", 3.20) 
~OJ C (,Hi N lE 

l'tt<; 1 It t th 

~RlrE({)y 

,;fdTCI6. 
~RlTdb, 
lliidT2t6. 
Cl '.llJ J 

/CUO I 
2c>vJ I 
2320) 
2.;4J I 
23M)) 
~ 1, 6 

PRI .. T OLf COMPLET" P"UCESS MATERIAL tALANC" 

O"g! IE I '" 
l. 

23aG) ICUMPSIK. JI. K ~ 1. 21. 
';05J..IIFIJJ. wuSLVOIJI. "CR/IJI. lEkO • [ERO 

>JlJ CCNTl"UE 
wflHi:lo. 
"kl Tli '" 
.. rdTeI", 
00 T0 20 

24JJI Wh20FO, wH20 • lcRU • \lH20 • w$TM2 
,;42tll wH"U • ~LIQ ... SCLUS. VHlU • ;;STM2 
Z44J I HEEDC. hUIC2. TSLNC2, TtiOllCtl l, TSTMC 

\1;:0 ~CN n NUl:: 
Slur 

h)(hl FGRMAT 121, I 
lad F G"MA r ISHO.O) 

20000l'LI<MA1 (UH. 3dX. 
h II j 

LO"O Fl."MAT UriO ... 3X. 
2(4) feRMAT (lhJ. 4iX. 
LUo00FLRMhT {lMIJ, "tJ)(, 

... 44X., 
t. 44X .. 

2J$JOFORMAT (lhO, 4jX. 
1 .. 4X, 
2 'o'oX. 
:;: 44X. 
4 44J( f 
5T-Otu f. II. ~4X. 
oT-Dci." f, II. 44X, 
7 44X, 

ZlOOCfUHIAi I1HO, 4;X. 
lih M. /I. 1/1 

hlVOfGkMI;T UriO. 
1 

INPUT FCRM4T STATEMENTS 

44hCCMF~Ti" $1~ULATILN Of wlPEG-fILM EVAPORATOR 

21Hl1PE OF MACFINE 
2lHTYPE OF wASTt 

• 3A41 
• 2A4, III 

2'oHH::Et kATiO 
24HFEED TeMPERATURE 
24H51 •• M PRE55URt 
24HlN$ WE CIAM!:TI::I{ 
24HCLADJING ThICK.E5S 
2'oH .. AL L T HI CKNE S$ 
24HH:A! TRAN;:,Hi< AR£A 
24HTHERM eONO uF CLADDING 
l'oHl~tR" Ct~O CF wALL 
24HROTCl{ SPEeD 

~. Fo.;:. 4H GPM, 1/, 
=, Fo.l. 6H DiiG Coil. 
=, f7.2, 5H P51G. III =. fb.l, 3H IN, II, =. f7.4. 310 IN. II. =. f7.4. 3H IN, II. =. f6.l. 4H HZ, II. 
=, F1.3. J.6H BTO/HR-F 
=, f7.3. 16H IHO/Hll.-F 
=, F6.1. 4H RPM. II. 
=, fo.l, 5H MILS) 24HMAI:. HINE CLEAKANCE 

17HkAS1E C(~p(~lrION,I/. 61'ooX. 2A4. 2X, fl • .>. 

24HHIGHT lOR LENGTH) 
24HI~lTl~L UUlLINQ POINT 
24H$Tc~M TEMPt~ATUR£ 
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=, Fo.2, 3H ft. II, 
=, Fi.l. 6H OEG C.II. 
=, fi.l. oH CEG CJ 



~10JO~0kMAT I1H0t ~jX, 3'H~i~LIR2C ~liAM CCh~UMfTIUN = y fo.Z. 
1 Iii UlS/HKj 

LL0vUf-\";hM~r (J.HJ, '1:3X, ';.lHGG1~lJi:: rIli" l..Lt:ffiCltNT 
1 dli bTU/Hk-fT,;-ClG f. /I 

':ilJ f"./kMkf (ldO, 1:1)\, JOb )\1 peT i...Vt;KALl 
L2iJuFLrd'~iH' ~JH 

L 

2 
,c~~00f(j~MAT 

1 

2 

,tvd 
:JJ H 

'10H 
'T0 Ii 

.hi H 

>1M i'Lt' 
Bel ILc)uw" 

I.. fT 
LU:Jiri< 
"ATr~ 

,OLl.Tll~ 

VJL peT 
T, eEc" f 

L "$/ h; 

('RY Sf ilL;' 
~0L iLlS. 
f. Jeu C 

cbS/11k 
~O,-UrE 

:;: • fo .1,. 

II\Sl<JE ) 
DUTY • 

fkALTlul\, 
u. bTUI H. u TUIl 
;,hl/HR. 

SAL r $ • 
HM-fT~-f NR-FTZ-FI 

2 .. :ov F LKr1Ai' 
i. J VV f-£A"'.. ;''IA T 
L:jl.OJfLkMAT 

LHv, F9 • ..::>'t LF.i.v .. t:, fl0.U, ...:.i-!U .. 3, i.t-i0.4, lFiG.2. ifiO ... l) 

1 
i3 40 0f U,,:'f¥:A 1" 

"-
ij f..lO h .. JI>.;<\41" 
L3<5J FLt"\MA'T 
.::,*UJ HJ)-{ M~ T 
;;;-t.::.J fLKMAT 
'::::4 '"+0 fGKN~ T 

\l"U, /I. 39)(, 3.>fCO,~PL~1': Pki.Jl2$~ MATtklAl iHlANCE, III 
! 'TliHO Fed) PKOLliCT. 

3JH ?KOJUC 1 ~VEi<HE~C Had INC) 
40H wA'::'Ti $QLllT.l~N, 

3Uri CR'~JALS WAfCR ST2AM I 
LJHUCUMf01~Lhl FLU~ ,J. ~UH kAT~~, lf~/HR 

tlHvf "fAct 2il:'h iX, .'-F 1 0 ... .:::. ) 
l.Ld0., ;X, 3HHl..C. iX, :>Fi.O .. i..J 
( i HO" .. 1 X, 0 HI u T flL S, L J.. ., ~ F 10 ... 2 j 

LJt101tMPtKAllKc), Ltv (:, :>fiJ.2t II! 

30iU0iukMgT (!riO t ~X, ~~H*.***** fLA~ CC~PUTEO eGILCLw~ NMTIO , 
1. Lh).i. Uri) IS l." H'AN U" lTY .... ***) 

cU4UDFGftMAf I,ria. ~ •• 3)H.*~ •••• FLAG CUMPUTEJ 'MuChl Lf WATEM 
lIJPP;';KI Ltd t. i:lJ.J, 22r j 1;:,. N I:G.4T IVt:. *****,.*> 

"UDDaFJkM~r liHO. ~X. )dH....... FLAG CG~PLTEC CUTSIOE filM M~Y 
..tl\(LUS l\UMtt:R (, tlO ... 3, j.!t--) IS GRt.ATt,k. THAN 2..LOO *******l 

.;V~J0r'--'hMt:o.T (.l.HV, ')X,10-1rl******* FLAG NuJlo'btk UF iTEf.J.ATIC~ LN T 
.hL fiNAL FvUJUc.T (tl,\PHATLkC .. AS R(IICriCO TH~ LHut JF IQ .******1 

jlt.v0ruJ"\.t~lgr (.!hu, '~X., d)l,H******'* fLAG NU~oEk Cf ITEi-iATICNS CN T 
lHe ~rtAM CChSUMPTIJN ~IS RtA~ .. tU T~L LIMIT JF 10 ••• ** •• 1 

£;'1",0 
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APPENDIX D 

Example of Output from the Computer Program for Simulation of 
Wiped-Film Evaporators 

((~'lTEF SIMUl~TICN Cf "IPED-FILM EVAPORATOR 

TYPE OF I'ACHINE HORIICNHl 

lYPE CF ~tsrE PUREX 

FEH .pH : 0.40 GPM 

FEEt TEMPERATURE ; 30.0 DEC C 

STEA~ PHSSiJRE ~ 50.00 PSIG 

IMIDE (IMiHH ; 10.00 iN 

(LtCCINC THICKNESS " O.~ IN 

,ALL THICKNHS '" 0.3125 IN 

HH TRtNSHR AHA " 10.0 ET2 

T~ERM ceND Of ClADCgG ; 0.0 BTlIHR-FT-OEG F 

lHER' CLN8 OF WALL = 9.400 8TU/HR-FT-CEG F 

FOTOR SPEED 

MAChl~E CLEARANCE " 40.0 'ItS 

~.STE C(MP05!TICN 

NA 25(;4 G.C 80 ~ 

NA2CC3 ().? 50 M 

"t~03 3 .400 M 
"ANd 2: O.ll ~ 

N~OH 0.3'0 M 

NAAlO2 0.550 • 

HEIGHT 10K LENGTH I : 3.82 FT 

INITIAL eClllNG FeiNT • 106.0 DEG C 

STEAM TEMPERATLRE ~ 147.6 DEG C 
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0.0 

L244 

2: • .4124 

7. ... £69 

2,.<;'94 

)~n2 

3,.t09 

3~49a 

3 .. 7$t; 

T~ nEC f 

86 .. 00 

1m .00 

253 .. 40 

255 ... 29 

251,,00 

r, OfG C 

108.00 

10,.00 

11O~OO 

lil .. O»; 

112.00 

116.»') 

111 .. 00 

1)$ .. 00 

n •• oo 
120 .. 00 

121,.00 

123 .. 00 

124 .. 00 

125 "DO 

cury 
8iu/~R 

o. 

81371 .. 

RECUjR£O STEA~ CCNSU~FrIC~ 

O~lS1De FILM COEFFIClf~' 

vAPOR 
U!S/Hf< 

SOlUTIC~ CRYSTALS 
laS/HI( Lt!S/HR 

c.o 
0.0 

e5 .. 199 

171~€Ce 0.000 

16'~S43 o~coa 

151 .. '52 0.000 

li3.2Ec 136 .. 599 

119~46e 130~411 

12~.956 124.929 

l29 .. 860 lZa~025 

134 .. 268 115 .. 611 

148.197 lOl.&8e 

150.911 9a~SC€ 

155.915 92.eS1 

158.111 90.089 

0.000 

I) ,,000 

0.000 

0.000 

0 .. 000 

o .. aoa 

0 .. 000 

0 .. 000 

() .. O,?}) 

0.000 

0.358 

1 .. 083 

1 .. 618 

2'00 .. 53 lPS/HF. 

1478.1 8Tu/HR-fTZ-C€C f 

FRA£TrCN 
SALTS 

0 ... 3162 

0 .. 3604 

0 .. 5210 

{) .. 6324 

o ~fl5S2 

0.7077 

0 .. 7314 

0.1169 

0 .. 1968 

0.8194 

O~8583 

aOllGOwN 
RATrG 

l~OOOO 

1 .. 76'14 

2.6670 

2 .. 7952 

3.1.799 

3.4364 

vet per 
SOL IDS 

0.0 

0.0 

0.00 

0.00 

0 .. 00 

0 .. 00 

0,.00 

0.00 

0.00 

0.00 

o~oc 

0.00 

0.00 

0000 

0 .. 14 

wr peT 
saUDS + 

sot UTE 

31 .. 62 

36 .. 04 

39~46 

42.78 

45.g8 

49.0<;" 

52~ 10 

55.:) 1 

51.84 

60_58 

63~24 

65 ... 8Z 

6$~33 

70.11 

75~45 

71 .. 69 

79 .. 8a 

82.00 

OVE~AlL 
U t 8jU/ 
H~-Fr2-f 

252 .. 1. 

261.4 

260.4 

259.3 

251~1 

2ltS.() 

246 .. $ 

7.45~il 

243.4 

2'41,.1 

240~1 

iNSIflE 
H, STUI 

HR-FT2-F 

2118.5 

2156 .. Q 

2127.8 

2.0-90.0 

19'i1. -4 

1934.,1 

1511 .. 0 

t 51 5,.5 

1462 .. 4 

1411 .. $ 

1363 .. 8 

1318 .. 4 



0.0 

t .. 2~ 3 

t .. S5l 

2~243 

251 .. 60 

T J tEG C 

lC1~(;O 

t l~ .00 

112 ... 00 

1 H .00 

117 .00 

lla~OO 

119 .. 00 

121.00 

1.22400 

COMPUTE!< StMUlpTJOf>.< OF WIPED-fILM EVAPORATOR 

DUTY 
eiU/!-<R 

(.4427. 

89311. 

121145 .. 

1268'56 .. 

155645 .. 

f<EQUlpfO SfEAIiof CONSUMPTION '*' lli1 .. 13 LBEII-<P 

OUTSIOE fILM COfffl(lF.~r 

\'.HCP 
lBS/t-<R 

0.0 

119 .. 4bB 

129 .. 860 

141 .. E12 

1454l B 

148: .. 191 

SCLUT roo 
lP,$/Hi=l 

200 .. 193 

160.';-43 

151.6;2 

143_617 

Li6.5'99 

eRYST AtS 
lS$/H!'l 

0.0 

(i.CCO 

0 .. 000 

o .. (CO 

0 .. 000 

0.000 

0.000 

0 .. 000 

FRACT taN 
s.oLTS 

o~ 3604 

0 .. 5210 

o ~ooo 0.6 '32~ 

O_tWO ~ D.i:5B2 

0 .. 000 0.6833 

0.000 0.7071 

0.000 C.1314 

0 .. 000 0.7545 

O .. ()C:) ;) .. 11{;<; 

0 .. 000 O .. 79Bfl 

0 .. 358 0.8194 

Loa3·' t .. 53S9 

1.678 Q.2SB3 

BOILCOwN 
RAT Ie 

1 .. 0000 

1.3847 

1. S 129 

1.6411 

1 .. 7l:94 

2. 15A 1 

2,.2823 

2.7952 

2.9234 

3.3C81 

VOL pcr 
SClIDS 

0.0 

0.00 

0 .. 00 

0 .. 00 

0 .. 00 

0.00 

(LOO 

0 .. 00 

0 .. 00 

0.00 

a .00 

0 .. 00 

0,.00 

0.00 

0.00 

0.00 

wf peT 
SOlIDS ~ 

S.OLUTE 

31 .. 62 

42.18 

52.10 

55.01 

57 .. 84 

10 .. 11 

13.14 

75.45 

82 .. 0Q 

OVE!Ut.l 
u" snu 

HR-FT 2-F 

263~2 

2602 .. 5-

261 .. 6 

2.60.6 

251 .. 0 

754 .. 2 

252.1 

2')1 .. 1 

246*7 

245~2 

243 .. 6 

INS toE 
Ht STU! 

HR-f"f";Z-f 

1555 .. 6 

2 Hs .. 5 

2090 .. 0 

2044.0 

1991 .. 4 

1813.8 

1812 .. 0 

1150 .. 0 

1668.1 

1628 .. 9 

1SH .. O 

1.515 .. 5 

1462:~4 

14U .. 8 

1363 .. a 

1118 .. 4 

1273.4 

1228.6 

1187 .. 0 



CCMPLTfR SINuL'TrC~ CF wIFEr-FILM EVtPUFATC~ 

CCMPlETE ~R(CESS ~ATFFltl EPl'~CE 

FEED PReDlC T PHDlO C\lE~HAO HEHnG 
WASTE SOlLHOI\ CRVSTALS VAPCP SHAM 

(OMFONENi FLew 
RHtS. lBS/HR 

&. 
w 1'>112504 2.28 2.2E 0.00 O.U C.C 

1\';'2((3 7. "i 3 c -. ~ • f .. 1.68 0.0 0.0 

NIINC3 ~ 7. f7 ~7.n 0.00 0.0 0.0 

"A~O J • ) . , 
I. •• ".0 J •. ;~ . (. 

1><1(1- 2.40 <.40 c.co 0.0 0.0 

I\tnC2 9.0j 9.C3 C.CC 0.0 c.e 
~" ?C 110.8" 1l.H C.O 158.12 1<;7.73 

TCTAlS 2~9.€9 90.C 9 1 • t 3 15".12 1~7.73 

Tf::MPEfUTURE~ • DEG C ;).0; 126.-.>~ 126.:l : 1.)[ 0;' ~ 14i.:9 



APPENDIX E 

NOMENCLATURE 

English Letters 

A,B,C,D 

a. 
t 

!lOR 

C,' . 
"'1. 

coefficients in the polynomial expression for the heat 
capac1 ty of sol id salts as a function of temperature 

inside heat transfer area of evaporator, ft 2 

mean heat transfer area of evaporator cladding, ft 2 

mea.I1 heat transfer area of evaporator wall, ft 2 

outside heat transfer area of evaporator, ft 2 

inside heat transfer area per unit of height or length, 
ft 2/ft 

regression coeff:ldents in the second-order polynomial 
exp:ressi on for sped fie gravi ty as a function of 
temperature 

constants in Equati.on 17 for the vapor pressure of 
water as a function of temperature 

boildown ratio, gpm @ 25°C/ gpm 

regression coefficients in the second-order polynomial 
expression for boildown ratio as a function of temperature 

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

molar concentration of the sodium ions in solution, 
(g-moles)/Hter 

molar heat capac:l ty, Btu/ (Ib-mole) (OF) 

solubility of a salt in water at saturation, (g-moles)! 
liter 

mass heat capacity, Btu/ (lb) COF) 

inside di.ameter of evaporator, ft 

outside diameter of evaporator, ft 
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F 

r 
< 25 

{' 

" 

(' 
dS 

11 

He 

"'He 

('I'o 
i .• 'f 

h· 
1 

h' 

KSp 

k 

k s 

L 

m 

N 

base of natural logarithms 

"as to' [E.'ed rate to evaporator, gpm 

waste feed rate to the evaporator measured at 25°C, gpm 

volumetri.c flow rate of the solution exclusive of the 
solid phase, ft'/hr 

volumetric flow rate of the solid phase, ft 3 /hr 

acceleration due to gravity = 4.173xIO B ft/hr 2 

enthalpy flow rate, Btu/hI' 

enthalpy content of water vapor, Btu/Ib 

heat of crystallization. Btu/CIt-mole) 

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

inside film heat transfer coefficient, Btu! (hr) (ft') en 
outside fi 1m heat transfer coefficient, Btu/ (hr) efe) en 
partial coefficient of heat transfer from the heating 
medium to the wiped film exclusive of hi, Btu/ChrHft2) CF) 

solub:l1ity product for a salt, units of (g-molel/liter 

thermal conductivity, Btul (h1') (ft) COP) 

thermal conductivity-of solid phase, Btu/ (h1'lCft) COP) 

thermal conductivity of the evaporator cladding, Btu/ (hrJ (ft) CF) 

thermal conductivity of the evaporator wall, Btu/ (hr)[ft) eF) 
height Or length of the evaporator heat transfer zone, ft 

thickness of the evaporator cladding, ft 

thickness of the evaporator wall, ft 

molecular weight 

number of cations in a salt 

rotor speed, rpm 
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n 

tis 

p 
c 

pO 

1'1' 

Q 

q 

He' 

r 

s 

s 

T 

T 
c 

T 
r 

T 
$ 

t 

[,t 

rate of crystallization of component i out of solution 
over a 6z increment, (lb-moles)/hr 

Nussclt number for heat transfer 

number of anions in a salt 

number of blades on the "iper shaft 

eyitical pressure of water, atm 

vapor pressure of water, atm 

Prandtl numb",r ~ C \1lk P 

t()tal rate of heat transfer in the evaporator, Btu/hr 

rate of heat com,umed on crystallization over a 6z 
i.ncrement, Btu/hr 

rate of heat transfer from the heating steam over a 
6z increment, Btu/hI' 

f:llm Reynolds number = 4,1\1 

rotary Reynolds number = [)0Np/w 
1 

rate of Imter vaporization per unit height or length, 
Ib/(hr} (ft) 

dimensionless quantity defined by Equation 37 

specific gravi ty 

specific gravity at the initial normal boiling point 

absolute tempera.ture, OK 

critical temperature of water, OK 

reduced temp~rature 

heating steam temperature, OK 

0(, 01' temperature J • or < 

temperature increment size, °c or OF 

initial normal boiling point, °c or °F 
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ts 

t' 

U. 
1 

u 

V 

fN 

IV 

W c 

WI' ( ,1 

W . 
.1 

W 
i ,. 

~, 

X 

AS 

Z 

Lz 

reference temperature for enthalpy content ~ 32°F (acC) 

heating steam temperature, of 

time bet\.;een successive scrapings, hr 

local overall heat transfer coefficient based upon the 
inside area, Btu/Chr)[ft 2 )COF) 

axial flow velocity, ft/hr 

regression coefficients in the second-order polynomial 
expression for viscosi ty as a function of temperature 

total rate of water vaporized in the evaporator, Ib/hr 

rate of water evaporated over a !;,Z increment, Ib/hr 

total mass £101, rate of solution plus solid phase, Ib/hr 

heating steam flow rate, lb/hr 

mass flow rate of component i dissolved in solution, lb/hr 

total mass flow rate of component i., Ib/hr 

mass flow rate of component :i in solid form, Ib/hr 

weight fraction of a dissolved component i.n solution 

wei.ght fraction of all dissolved solids in solution 

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

size of a height or length increment, ft 
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Greek Letters 

(% constant in Equation 5 for the thermal conductivity of 
aqueous solutions 

c()ndensate mass flow rate per unit length, Ib! (ft) (hr) 

6 clearance hetween the wiper blades and heat transfer 
surface, ft 

A heat of vaporization of water, Btullb 

lJ viscosity, centip()ise or Ib/Cft) (hrl 

';1' 3.1416 

p density, lbfft" 

PI" feed stream density at the feed temperature, Ib/ft' 

Os solid density, Ib/ft" 

025 feed 5t:ream density at 25°C, lb/ft" 

'1'/273.15; solution mass flow rate per unit length 
Ibl (ft) (hr) 

r; 'fe-T,oK 

Subscri pts 

IlP ini tial normal hoi Ling point 

c heating steam condensate 

1 component. number; i.nside area 

j trial number 

o outside area 

s dissolved solids or solid phase 

Superscripts 

average value 
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