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ABSTRACT 

Concentrated nitric acid (>95 wt %) is needed for the treatment of 
off-gases from a fuels-reprocessing plant. The production of concentrated 
nitric acid by means of extractive distillation in the "two-pot" apparatus 
was studied to determine the steady-state behavior of the system. Four 
parameters, EDP volume (VEDP) and temperature (TEDP). acid feed rate, and 
solvent recycle, were independently varied. The major response factors 
were percent recovery (CPRR) and product purity {CCP). Stage efficiencies 
also provided information about the system response. Correlations developed 
for the response parameters are: 

CPRR = 0.02(V E O p - 800 cc) + 53.5 
CCP = -0.87 ( T E O p - 140°C) + 81 

'V.EDP = 9' 1 ( Ffeed ' n ' 5 c c / m 1 n ) " °' 0 4 7( VEDP " 8 0 0 c c ) 

" 2 - 8 ( F M g ( N 0 3 ) 2 " 5 0 c c / m 1 n ) + 3 9 0 

\,EDP = L 9 ( T E D P " 1 4 0 ° C > + 7 9 

A computer simulation of the process capable of predicting steady-
state co-iditions was developed, but 1t requires further work. 
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1. SUMMARY 

The Consolidated Fuel Reprocessing Program is currently developing the 
Iodox Process for the scrubbing of iodine compounds from effluent gases of 
the Hot Engineering Facility (HEF). The !rdoc Process consists of con­
tacting off-gases with a countercurrent stream of concentrated nitric acid. 
It is economically desirable to reconcentrate and then recycle the dilute 
aqueous nitric acid bottoms stream. Simple distillation cannot be used to 
dehydrate the acid because of an azeotrope at 68.5 wt % nitric acid. How­
ever, extractive distillation with magnesium nitrate solution as a solvent 
can be used to produce hyperazeotropic acid. A novel method, the "two-pot" 
concept for this extractive distillation was developed and studied. 

The two-pot apparatus consists of an extractive distillation pot (EDP) 
and a solvent-recovery pot (SRP). A factorial design was used to investi­
gate the effect of EDP volume, EDP temperature, feed acid flow rate, and 
solvent recycle rate on the steady-stat«» response of the two-pot system. 
The response parameters studied were the concentrated product recovery ratio 
(CPRR), the concentration of concentrated product (CCP), and several Hansen 
stage efficiencies. The experimental results showed that CPRR and CCP were 
the most useful response factors for design and scaleup of the two-pot system. 
The stage efficiencies indicated that the EDP could be better studied as a 
mass transfer problem. Such a study would require significant modifications 
to the experimental apparatus. Nevertheless, the analysis of results and 
the development of the mathematical model were based on the assumption 
that the two pots were near-equilibrium contactors. 

The computer model was developed to predict the steady-state behavior 
of the system. The two pots were simulated as equilibrium stages, which 
were connected for stage efficiency in a separate step. 

Recommendations for further study include the investigation of addi­
tional controlled variables as well as a greater range for those already 
studied. It is also recommended that the EDP be studied from a mass transfer 
perspective. Finally, more work will be required before the computer simu­
lation of the system is fully functional. 

2. INTRODUCTION 

2.1 Background 

The Iodox Process is designed to scrub iodine compounds from effluent 
gases from the Hot Engineering Facility (HEF), thereby preventing the re­
lease to the atmosphere of the radioactive isotopes ' 2 9 I and '<*'I, which 
concentrate 1n the thyroid gland. 

Highly concentrated HNO3 contacts fuel reprocessing off-gases 1n a 
countercurrent column and converts the volatile Iodides, such as HI, to 
nonvolatile iodic acid (HIO3). Water 1s added near the top of the column 
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to facilitate the absorption of nitrous oxide. The diluted nitric acid 
bottoms stream is evaporated to produce a solid metaiodic acid waste 
(H^Og) and near-azeotropic aqueous nitric acid vapor (68.5 wt % ) . The 
solid is stored as a radioactive waste. Figure 1 is a schematic diagram 
of the system. More detail is given by Counce et al. (J_). 

To make the Iodox Process economically feasible and to contain the 
nitric acid, it is necessary to reconcentrate and recycle the nitric acid. 
An azeotrope at 68.5 wt % nitric acid precludes dehydration by simple 
distillation. 

Extractive distillation techniques are used commercially for the pro­
cessing of hypoazeotropic acid to hyperazeotropic concentrations (10). A 
particularly effective solvent for this application is an aqueous solution 
of magnesium nitrate [Mg(N03)2L which lowers the activity of water with 
respect to that of nitric acid, thereby shifting the azeotrope toward pure 
water and ultimately toward high magnesium nitrate concentrations, causing 
the azeotrope to disappear completely. The separation includes three steps: 
production of hyperazeotropic HNO3 vapor, rectification of the vapor to 
greater than 95 wt % acid, and reconcentration of the magnesium nitrate 
for recycle. 

Two schemes being considered for this process are a continuous column 
design and the two-pot concept (jj, which uses a single vessel for con­
tacting feed HNO3 with the magnesium nitrate and another for reconcentrating 
the Mg(N03)2 solution. The latter proposal is shown schematically in Fig. 2. 
In the extractive-distillation pot (EDP) the acid is contacted at high temp­
erature (^150°C) with the solvent, immediately vaporized, and concentrated 
by the absorption of water into the Mg(N03)2 solution as the acid vapor 
bubbles upward. In the solvent-recovery pot (SRP) the Mg(N03)2 is reconcen-
trated by boiling off water and nitric acid. Two rectifying columns are 
then used to concentrate both HNO3 streams, one to 95% HNO3 and the other 
to remove water and recycle acid. 

Possible advantages of the two-pot system include ease of control 
(since remote operation will be required) and a savings in material cost 
(less titanium and tantalum may be required). Evaluation of the alternatives 
will require a pilot-plant scale study. Such a unit will also facilitate 
the development of elements of a control scheme and the selection of 
structural materials. 

2.2 Objectives 

The two major objectives were to experimentally study the behavior of 
the two-pot system and to USJ these data 1n the development of a computer 
simulation of the system. The experimental program was keyed to Investigate 
the effects of cri 1cal parameters on the response variables. The goal was 
to rank the parameters and to develop expressions for the response parameters 
as functions of the key parameters. 
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The objective of the mathematical modeling was to develop a method for 
predicting the steady-state performance of the two-pot system for a specified 
set of operating conditions. Such a model can be used to design a pilot-
plant-scale, two-pot system and to serve as a basis for future simulation 
and experimental work. 

2.3 Method of Attack 

Previous work on the two-pot system indicates that extractive separa­
tion, equilibrium data for the three-component system, and other physical-
property data are all relevant to this study. The studies of Counce et ai. 
(1) 93ve insight into suitable ranges of operating conditions and expected 
system behavior, and also led to the consideration of a factorial design in 
the current study. 

The factorial experimental design, which maximized the amount of in­
formation available from a limited number of experiments, was developed. 
The design consisted of eight runs, each comprising a unique set of opera­
ting parameter levels. The varied parameters were: EDP temperature and 
volume, feed acid flow rate, and magnesium nitrate flow rate. The experi­
mental results and equilibrium data (2, 3) were used to calculate stage 
efficiencies for both pots. FactoriaT statistical analysis was used to de­
termine the effects of the main operating parameters and two interactions 
on the concentrated-product recovery ratio (CPRR), concentration of concen­
trated product (CCP), and the stage efficiencies. 

The mathematical model was developed by treating each pot as an equi­
librium flash stage, with a modification of exit stream compositions and 
flow rates with the stage efficiencies. 

3. PREVIOUS WORK/LITERATURE REVIEW 

3.1 Previous Work 

Counce et ai. conducted a preliminary study on the two-pot apparatus, 
in which they explored the effect of V>? volume, EDP temperature, and 
feed-acid flow rate on the Murphree stage efficiency, the CPRR, and the 
CCP. EDP temperature and feed-acid flow rate had the strongest effects 
on the response factors, while EDP volume had little or no effect. As 
temperature was increased, CPRR increased, CCP decreased, and Murphree 
st^ne efficiency decreased. When the add feed rate was increased, CPRR 
Increased, CCP stayed nearly constant, and Murphree stage efficiency In­
creased. The experimental error observed 1n this preliminary study was 
unusually large. Counce recommended that more studies be conducted to 
completely determine the effect of the controlled variables on the res­
ponse parameters. 
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3.2 Equilibrium Data 

Vapor-liquid equilibrium (VLE) data for the ternary system were reported 
by several researchers [2t 3, £ ) . Typically, the data were presented as 
constant nitric acid vapor-composition curves and constant boiling-point 
curves as a function of the ternary liquid composition. Empirical corre­
lations for the isonitrate curves were developed by Cigna et ai. (2). 
However, no correlations were found for the isotherms. 

The data found for isonitrate curves are in good agreement, but the 
isotherms are not nearly so consistent. Figure 3 is a comparison of the 
three sources for a 140°C boiling point as a function of system concen­
tration. The isotherm data presented by Sloan (_3) were chosen because this 
source is most often used by other workers in the field. The equilibrium 
data base used in the computer model can be easily changed to accommodate 
other isotherms. 

3.3 Density Data 

Density data were required for the ternary and HNO3-H2O systems to 
determine mass balances for the two-pot apparatus. Data for the binary 
mixtures Mg(N03)2~H20 and HNO3-H2O are available. The densities of the 
streams containing three components were initially determined experimentally 
(see Sect. 4.2), and then approximated from binary data (see Appendix 11.2). 

4. EXPERIMENTAL 

4.1 Apparatus 

The two-pot bench-scale apparatus (Fig. 4) is located in Bldg. 7601, 
Laboratory 2. The main units are a 1500-ml extractive-distillation pot 
(EDP) and a 1500-ml solvent-recovery pot (SRP). Both are enclosed in heated 
cabinets and are typically operated at 150-170°C. Feed acid flows by 
gravity from an elevated tank into the EDP solvent, 2 cm from the bottom 
of the pot. Because of the elevated temperature of the magnesium nitrate 
solution, the acid leaving the feed tube vaporizes and bubbles through 
the solvent, becoming more concentrated in nitric acid. The vapor product 
is condensed and collected for analysis. The EDP solvent is pumped con­
tinuously into the SRP, where excess water and residual nitric acid are 
boiled off. The reconcentrated solvent Is recycled to the EDP while the 
overhead dilute acid product is condensed. 

The feed add flow rate is manually controlled and observed by a 
rotameter, which is calibrated for the feed acid concentration studied. 
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The magnesium nitrate recycle flow rate is controlled by a variable speed 
pump and measured with a burette (flow pot) connected in parallel with the 
EDP. 

Heat inputs are controlled by use of a Honeywell controller. Both 
pots have heating mantles; heating tapes on the recycle line between the 
EOP and SRP provide additional heatii.g. Temperatures throughout the system 
are measured with thermocouples and monitored on a strip-chart recorder. 

4.2 Procedure 

At the start of an experiment, magnesium nitrate scT-.rtion is charged 
to the two-pot system through a funnel at the top of the SRP. The volume 
of the SRP is controlled by a valve on the lower of the two-level arms 
attached tc this pot. The EDP volume is fixed by either draining or adding 
solvent to obtain the required liquid height. The feed acid and solvent 
recycle flow rates are then fixed at the desired levels. 

The system is allowed to reach steady state at the desired operating 
conditions. It is usually necessary to adjust the heat inputs through 
the mantles and heating tapes. Flow rates and temperature are continuously 
monitored. Three to four hours are required to rcac* steady state, because 
the pots have relatively long residence times (>20 min) and are very sen­
sitive to changes in each other due to the recycle stream. When steady 
state is reached, the system is monitored for an additional hour to ensure 
that no fluctuations persist. When steady state is confirmed, final oper­
ating conditions are recorded and samples are collected from the overhead 
and bottoms streams of both pots and from the acid feed. The densities 
of the two bottoms streams can be determined by taking a sample in a 
pycnometer jar. 

The samples are then analyzed in the analytical laboratory. The acid 
concentrations in all samples are determined by thermometric titration 
with NaOH, while the magnesium nitrate concentrations in the bottoms 
samples are measured by colorimetric titration. The analytical procedure 
is discussed further in Appendix 11.6. An estimate of analytical experi­
mental error is given in Appendix 11.3. In summary, the estimated error 
in overall material balance is approximately 20%, while stage-efficiency 
estimates are in the range of 15%. Obviously this points out a need for 
improved analytical techniques. 

4.3 Design of Experimental Program 

4.3.1 Factors 
The factors which can be directly controlled are the EDP temperature 

and volume, SRP temperature and volume, acid feed concentration, and flow 
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rates of the acid feed and the solvent recycle. Setting these factors in 
each experiment fixes the compositions of all the streams (sec- Sect. 4.3.2). 
Of these factors, only four were studied: EOP temperature and volume, acid 
feed flow rate, and solvent recycle flow rate. 

The response variables that illustrate the effects of the controlled 
factors on these compositions are the concentrated product recovery ratio 
(CPRR), the concentration of the concentrated product (CCP), and several 
stage efficiencies (n). C?RR, defined as 

r D D D _ g/s concentrated acid product n % 
g/s feed acid u ' 

is a measure of recovery, while the CCP is the purity of the primary sepa­
ration product. Optimization of the two-pot system design will include 
maximizing CPRR while exceeding a minimum CCP. 

The stage efficiency indicates the degree to which equilibrium is 
achieved in a given pot by comparing the actual exit composition with an 
equilibrium exit composition, as shown in Fig. 5. The equilibrium exit 
composition may be defined in several ways, each definition corresponding 
to a different stage efficiency. For example, in a Murphret stage effi­
ciency, Y 0 u t is defined as the vapor-phase composition that would be in 
equilibrium with the actual X o U t at constant pressure. Alternately, if 
Yout *s defined as the vapor-phase composition resulting froi.. a constant 
temperature and pressure equilibrium flash of the total feed stream, then 
the stage efficiency is called a Hansen stage efficiency. King (8) gives 
a detailed discussion of the Hansen and Murphree stage efficiencies. 

The Hansen stage efficiency is the more appropriate response factor 
for this experiment, since the EDP and SRP are operated at constant temp­
erature and pressure. The equilibrium stream compositions, required to 
calculate the efficiency, are determined by a flash calculation based on 
a combined total liquid feed stream. One feature of a computational scheme 
involving Hansen efficiencies is that product compositions may be directly 
calculated. On the other hand the Murphree efficiency will necessarily 
involve an Iterative process. Two efficiencies are necessary to describe 
the behavior of each pot since there are three components; liquid and vapor 
nitric acid efficiencies were selected. 

4.3.2 Reproducibility 
The description rule (8) for separation processes was used to specify 

the problem. In this analylls all the system variables and relationships 
were compared to determine the number of variables that must be specified 
to completely and uniquely fix the system. Figure 6 1s a simplified block 
diagram of the two-pet system and Its Individual units. Table 1 Is a 
summary of the analysis. 
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Table 1. Two-Pot System Specification 

Variables 
Composition (C) 
(independent) 

8(2) + 1 = 17 

Flow rate (F) 9 9 
Temperature (T) 9 9 
Pressure (P) 9 9 
Heat input (Q) 
Relationships 

6 6 
50 

Mass Balances 
Pots 3(2) 6 
Heaters 3(3) 9 
Pump 3 3 

Vapor-Liquid Equilibrium 
Y-X relationships > in pots 6 
vapor ~ liquid 
P = P apor liquid 

in pots 
in pots 

2 
2 

Enthalpy Balances 6 
34 

50 - 34 = 16 variables that must be specified to uniquely describe the system. 
Specified Variables 
T in pots 2 
P in pots 2 
C, F, T, and P in acid feed 4 
F in Stream 6 1 
P in Stream 9 1 
Q in pots, heaters, and pump 6 
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In brief, sixteen variables must be specified. When this is done, 
every experiment should be reproducible within experimental error. To 
determine experimental reproducibility, one experiment was a duplicate of 
a previous run. Good agreement was obtained (see project calculation file). 
4.3.3 Factorial Design 

A factorial design was developed to maximize the information gained 
from the limited number of experiments. Beyond the initial practice run 
only eight experiments could be performed due to time restraints and 
several experimental setbacks. To minimize the number of main effects and 
the number of required runs,only four controllable factors(TEDP. V E D P » ^feed* 
and FMgfNOo)?) w e r e v a r*ied; the remaining factors OSRp, VSRP, and Cf e e (j) 
were held constant. 

Two values for each controlled factor were chosen for study (see 
Table 2). Several considerations influenced their selection (9). The 
values must be in a region of experimental interest and sufficiently sepa­
rated so that the response parameter can exhibit a significant response. 
However, the two levels must lie on a planar region, as a linear correla­
tion is intended and cannot be infinitely separated. The results of Counce 
et ai. aided in this factor-level selection. 

Table 2. Factor Levels 
Factor Units Lower Level Upper Level 
VEDP ml 800 1500 
TEDP °C 140 155 
Facid cc/min 11.5 16 
FMg(N0 3) 2 

cc/min 50 65 

For an experimental program of eight runs and four controlled factors 
(two levels each), two factorial designs are recommended (9). The first is 
a two-level 2*-' design which consists of eight different experiments. This 
design yields a ranking of the main effects and no estimate of experimental 
error. The second design 1s a two-level 2^" z program of eight runs, four 
runs with each duplicated once. From this design a good estimate of ex­
perimental error Is obtained, but the main effects are confounded with each 
other and cannot be isolated. 

The two-level 2 design was chosen because it was felt by the inves­
tigators that the ranking of main effects and Important Interactions, In 
order of Importance, was of more Immediate interest than an estimate of 



15 

experimental error. Less important factors can then be eliminated from 
future studies, which can easily include an experimental-error analysis. 
The complete factorial design program, including constant factors, is shown 
in Table 3 (see Sect. 6). A more detailed discussion of factorial design 
theory is given in Box, Hunter, and Hunter (9). 

5. THEORETICAL MODEL 

5.1 Approach 

A mathematical model capable of predicting the steady-state behavior 
of the two-pot nitric acid dehydration apparatus was implemented on the 
PDP-10 system. The two-pot apparatus can be modeled as a mass-transfer 
problem or as an equilibrium system. In the former, the mass exchanged as 
the bubble rises through the magnesium nitrate system is determined by use 
of mass transfer coefficients. Physically the process is complicated by the 
fact that the acid feed is heated as it flows down the inlet pipe (which is 
in contact with the contents of the pot) and probably partially vaporizes. 
Then the two liquid phases mix at the exit point of the pipe and further 
flashing occurs, this time with Mg(N0?)2 present. Finally, the vapor phase 
rises through the liquid medium, providing further opportunity for mass 
transfer. In an equilibrium model, the vapor and liquid streams from an 
isothermal and isobaric flash of the combined feed are corrected for non-
equilibrium with Hansen stage efficiencies. The latter model was selected 
because correlation of stage efficiency as a function of controlled factors 
can be more easily obtained from the experimental apparatus than from the 
mass transfer coefficients. 

5.2 Equilibrium Model 

A schematic diagram for the equilibrium model is presented in Fig. 7. 
The EDP is divided into three imaginary stages: a mixing stage, an equi­
librium stage, and an equilibrium modification stage. In the mixer, the 
acid feed and the SRP effluent are combined to form an imaginary total 
liquid feed stream (No. 2). This stream is then flashed, at constant 
temperature and pressure, to imaginary streams No. 3 (vapor) and No. 4 
(liquid). The actual EDP effluent streams (5 and 6) are determined by 
adjusting the composition and flow rates of streams 3 and 4 for nonequi-
librium with the Hansen stage efficiencies. The stage efficiencies are 
calculated from correlations expressing the efficiency as a function of 
the controlled factors (see Sect. 6). 

The SRP Is modeled similarly. In this case, a mixing stage is not 
required as the SRP receives only one liquid feed. Two Imaginary equilib­
rium streams (7 and 8) are determined by an equilibrium flash calculation, 
as in the EDP. These streams are then modified with two Hansen stage 
efficiencies to determine the SRP effluent streams 9 and 10. 
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6. RESULTS 

The experimental design and factor levels are presented in Table 3. 
Values to the left of the slash are upper levels; values to the right are 
lower levels. The raw data from each run.(stream compositions, densities, 
and flow rates) are presented in Appendix 11.1. The mass flow rate is the 
product of the volumetric flow rate and density. (Sample calculations are 
given in Appendix 11.2.) 

Table 3. Experimental Design 

Run Experiment 
VEDP 
(cc) 

Ffeed 
(cc/min) 

FMg(N0 3)2 (cc/min) 
TEDP 
(°c) 

1 ACR-42 /800 /11.5 65/ 155/ 
2 ACR-43 /800 16/ /50 155/ 
3 ACR-44 1500/ /11.5 /50 155/ 
4 ACR-45 /800 16/ 65/ /140 
5 ACR-46 /800 /11.5 /50 /140 
6 ACR-47 1500/ 16/ 65/ 155/ 
7 ACR-48 1500/ 16/ /50 /140 
8 ACR-49 1500/ /11.5 65/ /140 
Note: Values to the left of theslash represent upper levels; values to the 

right of the slash represent lower levels. 
Process constants: TSRP = 1650C, V$Rp - 1500 ml, and C f e e d a c i- d « 65% 

Calculated response factors for each run are summarized in Table 4. 
The CPRR Is the ratic of the concentrated-product mass flow rate (g/s) 
to the feed-acid mass flow rate (g/s). CCP is the concentration of the 
concentrated product (weight fraction HNO3). The efficiencies are for 
nitric add in the vapor and liquid streams from each pot; two efficiencies 
are required for each pot. The equilibrium exit-stream compositions were 
determined by a constant T,P flash calculation. This 1s discussed 1n more 
detail in Appendices 11.4 and 11.7. 

Table 5 shows the results of mass balance calculations used to check 
for error. A sample calculation 1s given In Appendix 11.2. The results 
are analyzed and discussed in the following section. 
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Table 4. Response Factors 
Run 

CPRR CCP 
Percent Efficiencies 

ACR- CPRR CCP ^.EDP ^.EDP V̂.SRP nL,SRP 

42 0.756 0.692 594 107 2391 100 

43 0.565 0.676 322 113 2136 (-20) 

44 0.756 0.668 245 107 763 86 

45 0.900 0.675 239 105 781 100 

46 0.570 0.779 281 94 366 106 

47 0.469 0.817 510 65 760 113 

48 0.311 0.810 381 78 429 100 

49 0.401 0.828 379 80 378 122 

Table 5. Mass Balance Check of Results 

Component 
Run ACR-

42 
43 
44 
45 
46 
47 
48 
49 

Percent Deviations 
HNU 3 H2& 

Overall SRP EOP Overall SRP EOP 

2.8 -2.9 3.5 9.1 3.3 -24.0 

22.8 -76 33 21.4 -3.8 43 

12.0 -6.0 19.0 7.0 0.3 5.0 

-3.4 2.2 -3.8 -9.3 -3.6 17.7 

-3.7 -14.5 2.3 -3.4 -13.4 10.0 

4.6 27.0 13.6 1.4 4.4 -44 

10.9 17.9 21.3 8.0 4.3 11.8 

-4.3 5.6 1.0 1.4 -1.1 9.1 
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7. ANALYSIS AND DISCUSSION OF RESULTS 

7.1 Statistical Analysis 

The experimental results were analyzed by Yates'algorithm (9_) to de­
termine the main effects (V£QD, Ffeed> FMg(iiQo)o» a n d TEDP) a n d t n e contri­
butions of two interactions {VEDP X r f e e ( j | 4na J / ' V^p x ^(NO?)?) * o r e a c h 

of the four response factors. The percentage change of a^response parameter 
for a change in the factor level is determined by dividing the effects by 
the average low value of the response variable itself (Appendix 11.5). The 
results of this analysis are used to rank the effects of tte factors on the 
response parameters (see Table 6). 

Table 6. Ranking of Effects 

Factor 
(percent 
change) 

Response Variable 
CPRR 

T (76.6) 

V (26.2) 

FMg(N0o) 2 (10'4> 

V x F M g (10.4) 
decreasing V f . (9.5) 
importance 

V x F feed (-5.6) 

Estimated 
Experimental 
Error (%) 14.7 

CPP 
T (-16.2) 

Ffeed < 2- 7> 
V (-2.2) 

VxF^H.l) 
FMg (-l-0> 
V x F feed (0.1) 

t 3.0 

^V.EDP 

Ffeed f 4 0' 1* 
F M g (-29.4) 

V (-23.9) 

T (-9.7) 
V x F f e e d ( - 3 . 1 ) 

V x F M g (2.7) 

± 21.6 

HL.EDP 
T (36.3) 

FMg <»•« 

rfeed (-9.0) 

V x F f e e ( J(6.7) 
V x F^tS.2) 

V (-1.9) 

± 21.6 

To determine which effects are insignificant, the percentage changes 
are compared with an estimate of minimum experimental error, which is usually 
determined by comparing results from duplicate experiments. Since this 
experimental program gave no error estimate, the "best" estimate of this 
error is obtained by multiplying the analytical error by 1.5 to allow for 
additional systematic error (Appendix 11.5). If the percentage change In 
a response parameter is less than the estimated error, the effect of the 
factor is considered insignificant. The dashed lines drawn across each 
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response parameter in Table 6 separate the significant factors (above the 
line) from those that are insignificant. 

The following relations (see Appendix 11.5) express the response param­
eters as functions of the remaining factors, over the range of the factor 
levels: 

CPRR = 0.01 (V E D p - 800 cc) + 1.1 ( T ^ - 140°C) + 49 (3) 

CCP = 81 - 0.87(T E D p - 140°C) (4) 

nV,EDP = 9 .1(F f e e < J - 11.5 cc/min) - 0 . 0 4 7 ^ ^ - 800 cc) 

- 2 - 8 ( F M g ( N 0 3 ) 2 " 5 0 c c / m 1 n > + 3 9 ° <5> 

nL,EDP = K 9 ( T " 1 4 0 ° C ) + 7 9 ( 6 ) 

Stage-efficiency correlations for the SRP are discussed in Appendix 11.5. 

The use of the factorial design for data analysis involves several 
assumptions. First, the levels chosen for the parameters are assumed to 
result in a linear model, i .e . , the significant effects are linear over 
the range studied. Second, the effects are assumed to be additive such 
that additive response-factor expressions may be developed. Finally, i t 
is assumed that all effects (second- and third-order interactions) other 
than those directly studied are insignificant and therefore the possi­
bi l i ty of confounding is eliminated. 

7.2 Qualitative Discussion 

CPRR and CCP both depend strongly on the EDP temperature. As temper­
ature increases, CPRR (vapor product recovery) Increases as mort- water is 
retained in the vapor phase. Similarly, CCP (product purity) decreases with 
increasing temperature. Unexpectedly, volume, ecid feed rate, and solvent 
recycle rate have l i t t l e effect on CPRR and CCP. One explanation for this 
result 1: that the chosen values for these factors are nut In the most 
suitable range. Therefore, the full effects are not elicited. 

The liquid-phase stage efficiency for the EDP (n|_ cnp) depends most 
strongly on temperature. This 1s expected because the'Vapor-11quid equi­
librium and vapor pressures are highly temperature-dependent. The other 
factors did not significantly affect n^pp. 

The EDP vapor-phase stage efficiency (nv f£0p) * s Independent only of 
TEDP* T h 1 s 1 s n o t e x P e c t e d - * n M&t o f t n e Previous results. I t 1s 
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suspected that this efficiency is a poor choice of response parameter: all 
values of ny rnp are much greater than 1001; and the feed composition is 
that of a liq'uid, not a vapor, as should be used. This latter approximation 
is necessitated by the lack of a vapor feed. Nevertheless, vapor efficien­
cies greater than 1002 may be possible due to the poor mixing in the EDP. 
Mass transfer limitations may then cause more nitric acid to retain in the 
vapor than predicted by the vapor-liquid equilibrium. 

The system mass balances indicate that the experiment was running 
smoothly. In six of eight cases, all the deviations were within the range 
of experimental error. The only significant discrepancies were in run 
ACR-43, where deviations as high as 762 were observed. This is due to 
operator error in determining the acid product flow rates. 

Some possible sources of error were introduced in the execution of the 
experimental design. The acid feed concentration was specified as 65 wt X 
but did not remain constant throughout the experiments. Analytical results 
showed that this concentration ranged from 63.8 to 68.0t. Furthermore, the 
"randomization" plan for the order of the eight runs was not adhered to 
because of time limitations. This deviation from randem order may have 
contaminated the results with additional systematic error. 

7.3 Anomalies Observed 

The only unexpected stream compositions were observed in ACR-43, in 
which the exit liquid stream from the SRP was more concentrated in acid 
than the EDP bottoms (2.8 vs 2.52). This violates the law of conser­
vation of mass and results in the liquid-phase efficiency n L c R P having 
a negative value. L.^KK 

There are several possible explanations for this "inverted mass bal­
ance." First, the composition values are fairly close, and might H e 
within the range of true experimental error (especially at the low acid 
level). Alternatively, the shift could be due to a real effect. Perhaps 
the azeotropic composition is not 02 HNO3, but actually is above the SRP 
composition. [Cigna et ai. (2) reported that 45 wt 2 Mg(N03)2 is required 
to coirpletely eliminate the azeotrope.] This would cause water to be 
boiled off before nitric acid, producing the observed effect. 

7.4 Computer Model 

The program was Implemented onto the PDP-10 system and was believed 
to be completely debugged. Several tasks still remain before the program 
may be used, however. It must be shown that the model will actually con­
verge (see Appendix 11.7) on a unique SRP effluent flow rate and composition 
for any set of operating conditions. When this convergence is proved, the 
ability of the computer model to duplicate observed conditions must be 
evaluated. Only then can the simulation be used with confidence. 
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8. CONCLUSIONS 

1. The effects of four controlled factors, EDP tenperature, EDP vol­
ume, acid feed rate, and solvent recycle rate, on several response variables 
were ordered. Linear expressions for the response parameters as functions 
of the controlled factors were developed. 

2. The CPRR and CCP are the most Important response parameters In 
scaleup. CPRR Increases with EDP volume and temperature, while CCP decreases 
with EDP temperature. 

3. Stage efficiencies are not as useful In scaleup but are used In 
the theoretical model to predict the CPRR and CCP. The liquid-phase 
efficiency Is an Increasing function of EDP temperature while the vapor-
phase efficiency Increases with acid flow rate and decreases with EDP volume 
and solvent recycle rate. 

4. A greater range of controlled factors must be studied to fully 
determine their effect on the system. 

5. The two-pot system may be better represented as a mass transfer 
problem. 

9. RECOMMENDATIONS 
Recommendations for further study on the two-pot nitric acid dehydra­

tion proposal are: 
1. Obtain an estimate of overall experimental error for the t*n-pot 

system by conducting a series of duplicate runs. Use this error an;.ysis 
to determine whether the observed effects are statistically significant. 

2. Study the effect of other variables, especially SRP temperature 
and volume, on the response variables. 

3. Study extended variable ranges. In particular, investigate lower 
EDP temperatures K130°C) and much lower magnesium nitrate flow rates 
(<25 cc/min). 

4. Redesign the system to permit a direct study of the mass transfer 
aspects. Other feed-tube designs and baffles to produce smaller bubbles 
are suggested. 

5. Improve and extend existing equilibrium data with a complete 
literature search. An experimental study may be necessary to accurately 
determine isotherms. 
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6. Refine computer model by: 
a) developing more complete correlations for the SRP efficiencies 

after relevant factors are studied; 
b) improving the data base; 
c) developing a convergence routine that can determine the optimal 

values for the SRP effluent stream; 
d) verifying the model by comparing its predictions to observed 

steady-state operating conditions. 
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11. APPENDIX 

11.1 Experimental Data 

Table 7 is a compilation of the data which were collected in the eight runs of the factorial design. From this basic information all response factors were calculated. 

Table 7. Experimental Results 
Conditions for Run ACR-42 
TEDP = i55°c 
VEDP = 8°° c c 

FMg(N03)2 = 6 5 c c / r a 1 n 

Ffped =11.5 cc/min 
Stream Parameters 
., (wt %) F 

(cc/min) 
11.5 
8.7 
2.3 
* 

65.0 

P 
(g/cc) 
1.389 
1.395 
1.331 

* 
[1.623] 

G 
HNO3 N2U 

35.2 
30.8 
44.9 
53.5 
54.1 

Mg;«h)? 
F 

(cc/min) 
11.5 
8.7 
2.3 
* 

65.0 

P 
(g/cc) 
1.389 
1.395 
1.331 

* 
[1.623] 

(g/min) 
Feed 64.8 
Concentrated product 69.2 
Dilute product 55.1 
SRP bottoms 1.0 
EDP bottoms 2.5 

N2U 
35.2 
30.8 
44.9 
53.5 
54.1 

O.O 
0.0 
0.0 
45.5 
43.4 

F 
(cc/min) 
11.5 
8.7 
2.3 
* 

65.0 

P 
(g/cc) 
1.389 
1.395 
1.331 

* 
[1.623] 

16.0 
12.1 
3.1 

100.6 
105.5 

Conditions for Run ACR-43 
TEDP = 155°C 
VEDP = 800 cc 
FMg(N0 3) 2 * 16 cc/min 
Ffeed = 50 cc/min 
Feed 65.1 
Concentrated product 67.6 
Dilute product 49.5 
SRP bottoms 2.8 
EDP bottoms 2.5 

34.9 
32.4 
50.5 
53.5 
53.5 

O.O 
0.0 
0.0 
43.7 
44.0 

16.0 
10.5 
2.0 
* 

50.0 

1.390 
1.397 
1.298 

* 
[1.629] 

22.1 
14.7 
2.6 
82.0 
81.4 

[ ] s experimentally determined density. * = not measured 
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Table 7 (continued) 

Conditions for Run ACR-44 
TEDP = 155°C 
VEDP = 1500 cc 
F M g ( N 0 3 ) 2 = 5.0 cc/min 
Ffeed = 1 1 . 5 cc/mfn 

Stream Parameters 
(wt %) F p G 

HWh H?0 Mg(H03)2 (cc/min) (g/cc) (g/min) 
Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottoms 

65.5 
66.8 
45.1 
1.7 
2.9 

34.5 
33.2 
54.9 
52.9 
53.1 

0.0 
0.0 
0.0 

45.4 
44.0 

11.5 
8.7 
2.0 
* 

50.0 

1.389 
1.392 
1.276 

* 
1.629 

16.0 
12.1 
2.6 

78.9 
81.5 

Conditions for Run ACR-45 
TEDP = 155°C 
VEDP = 1500 cc 
Mg(N0 3) 2 = 65 cc/min 
Ffeed = 16 cc/min 
Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottoms 

65.5 
67.5 
45.2 
1.5 
3.0 

34.5 
32.5 
54.8 
54.2 
53.3 

0.0 
0.0 
0.0 

44.3 
43.7 

16.0 
14.3 
2.7 
* 

65.0 

1.380 
1.390 
1.270 

* 
1.626 

22.1 
19.9 
3.4 

104.3 
105.7 

Conditions for Run ACR-46 
TEDP = 1>J0°C 
VEDP = 1500 cc 
FMg(N03)2 = 50 cc/min 
Ffeed = 16 cc/min 

Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottoms 

66.1 
77.9 
51.8 
2.2 
7.6 

33.9 
22.1 
48.2 
53.6 
52.9 

0.0 
0.0 
0.0 

44.2 
39.5 

16.0 
8.8 
7.9 
* 

50.0 

1.396 
1.445 
1.321 

* 
1.600 

22.3 
12.7 
10.4 
71.5 
80.0 
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Table 7. (continued) 

Conditions for Run ACR-47 

JEDP = 140°C 
JEOP = 1500 cc 
&tg(N03)2 = 65 cc/min 
Ffeed =11.5 cc/min 

Stream Parameters 
(wtX) F 

(cc/min) (g/cc) 
G 

HH0, H?0 Mgliwa)? 
F 

(cc/min) (g/cc) (g/nin) 

Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottoms 

68.0 
81.7 
53.5 

1.3 
7.2 

32.0 
18.3 
46.5 
5 J . 6 
53.1 

0.0 
0.0 
0.0 

45.1 
39.7 

11.5 
5.2 
6.0 

* 
65.0 

1.405 
1.458 
1.331 

* 
1.602 

16.2 
7.6 
8.0 

91.7 
104.1 

Conditions for Run ACR-48 
TEDP = 140°C 
VEDP = 800 cc 
FMg(N03)2 = 50 cc/min 
Ffeed =11.5 cc/min 

Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottoms 

67.1 
81.0 
58.7 
2.5 
7.8 

32.9 
19.0 
41.3 
53.2 
52.4 

0.0 
0.0 
0.0 

44.3 
39.8 

11.5 
3.5 
7.0 

* 
50.0 

1.400 
1.456 
1.360 

* 
1.602 

16.1 
5.0 
9.5 

72.2 
80.2 

Conditions for Run ACR-49 
TEDP = 140°C 
JEDP = 800 cc 
pMg(N03)2 = 65 cc/min 
Ffeed =16 cc/min 

Feed 
Cone, product 
Dilute product 
SRP bottoms 
EDP bottom 

63.8 
82.8 
53.5 
1.4 
7.5 

36.2 
17.2 
46.5 
53.6 
52.8 

0.0 
0.0 
0.0 

45.6 
39.7 

16.0 
6.1 

10.2 
* 

65.0 

1.386 
1.458 
1.331 

* 
1.602 

22.2 
8.9 

13.6 
91.9 

104.1 
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Early in the experimental program an experiment was performed in which 
the objective was to reproduce one of the runs which had been performed by 
Counce et ai. (]j. Of particular interest was a comparison of stream compo­
sitions. The feed compositions of the two runs were slightly different; 
run ACR-38 contained more water. Overhead streams which contained only HNO? 
and H2O agreed within the analytical error of the experiment (Appendix 11.3). 
The bottoms concentrations showed rather large discrepancies in the H2O and 
Mg(N03)2 concentrations. This is possibly attributable to differences in 
feed compositions. More likely however is the possibility that one or both 
runs had not attained steady state or that a measurement or sampling error 
was made. This comparison is given in Table 8. 

Table 8. Comparison of Performance Results from 
Runs ACR-10* and ACR-38 

Operating Conditions - Both Runs 
T E D p - 140°C T S R p = 170°C 
VEDP = 1000 cc VSRP * 1500 cc 

FHg(N0 3) 2 = 65 cc/min 
Ffeed • 17.3 cc/min 

Stream Concentrations (wt %) 
HHh 1̂ 0 Mg(N0,) 2 

Stream Run No.ACR-10 ACR-38 ACR-10 ACR-38 ACR-10 "ACR-38 
Feed 70.0 66.0 30.0 34.0 - -

EDP 
overhead 
bottoms 

81.0 
6.5 

83.0 
6.1 

19.0 
33.4 

17.0 
52.6 60.1 41.3 

SRP 
overhead 
bottoms 

53.0 
0.6 

51.0 
0 

47.0 
31.7 

49.0 
52.7 67.7 47.3 

•Data from Counce et ai. (J.). 
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11.2 Sample Set of Analytical Calculations for Run ACR-48 

1. Calibration of Nitric Acid Titration 

"wwl HN0 3
 = (0.0173 x chart mm) - 0.0207 (7) 

See project calculation file for thermographs used in the calibration. 

2. '11403 ™ f:eetl a n d P r o d u c t Streams 
M HH03(nio1es/liter) s rnmol HNO, f aliquot volume (ml) (8) 

Stream Sample 
A1iquot Chart 
(A£) (mm) 

HNO3 
(nmole) N HN0 3 XHN0 3(X) 

Feed ',88 a) 50 42.2 0.7396 14.79 66.7 
b) 50 42.9 0.7524 15.05 67.5 

Concentrate 480 a) 50 52.4 0.9253 18.51 80.3 
b) 50 53.5 0.9243 18.91 81.7 

Dilute 482 a) 50 36.1 0.6286 12.57 58.2 
b) 50 36.6 0.6377 12.75 59.2 

Height fractions (XHNO-I) were found from molarities (M HNO,) using tables 
from Dean (6). 
Average values for feed, product stream (wt X): 

feed acid = 67.1 
concentrated product = 81.0 
dilute product = 58.7 

3. Solution Makeup from Recycle Stream Samples 

Total Weight Tared Weight Net Weight Volume 
Stream Sample (g) (q) (g) (ml) 
SRP bottoms 484 47.3246 30.1073 17.2173 200 
EDP bottoms 486 41.7085 29.9991 11.7094 100 
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4 . HN03 i n Recycle Streams 

Spike 

Stream 
A1 iquot Vol 

Total 
Chart HNO3 

Spike Net 
HNOi HNOi roiune m a n IHU3 nnu? """3 A u m 

Sample (ml) (ml) (mm) (mmol) (mmol) (mmol) " ^ 3 

SRP bottoms 484 a) 5.0 500 
b) 5.0 500 

EDP bottoms 486 a) 5.0 500 
b) 5.0 500 

40.8 0.6851 0.5016 0.1835 0.0269 
39.5 0.6626 0.5016 0.1610 0.0236 
72.9 1.2405 0.5016 0.7389 0.0796 
71.4 1.2145 0.5016 0.7129 0.0768 

HN03(mmol) = (0.0173 x chart mm) - 0.0207 - spike (mmol) 

XHN03=HN03(mmol) [63.1 g/mole 
aliquot (ml 

x solution volume (t) 
) x sample weight(g) ] (9) 

Average values for HNO3 weight percents in recycle streams are: 
SRP bottoms = 2.5% 
EDP bottoms = 7.8% 

5. Standardization of EDTA Solution for Titration of Mg(N03) 2 

Aliquot of Mg Standard EDTA Volume (ml) M (moles/liter) 
a) 5.0 
b) 5.0 

Standard: 2.4088 M 

9.84 
9.86 

0.05036 
0.05025 

EDTA concentration M = 2.4088 g/X. * 24.307 g/mole x aliquot (ml) 
r EDTA volume (ml) (10) 

= 0.0503 

6. Mgffft^^ in Recycle Streams 
Aliquot EDTA Volume 

Stream Sample (ml) (ml) EDTA M Mg(N0 3) ? M ^ ( ^ 3 ) 2 

SRP bottoms 484 a) 1.0 7.57 0.0503 0.3808 0.4437 
b) 2.0 15.07 0.0503 0.3790 0.4417 

EDP bottoms 486 a) 1.0 9.25 0.0503 0.4653 0.3986 
b) 1.0 9.20 0.0503 0.4628 0.3965 
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H, n,(n,)2 - a > T A V o 1 " e ' 7 ^ t ^ ) m ' ° V 1 J t e r l CD 

t - lHg(N0,h(mol/1iter) x 100.32 g/mole x solution volume (£) 
^(NO.). ~ * ^ ~ sample weight (g) 

1 02) 
Average Mg(N0 3) 2 composition of recycle streams are: 

SRP bottoms = 44.31 
EDP bottoms = 39.81 

7. Stream Flow Rates 
Stream F (cc/min) p (g/cc) G (cc/min) 

Feed 11.5 1.400 16.1 
Concentrated product 3.5 1.456 5.0 
Dilute product 7.0 1.360 9.5 SRP bottoms * * 72.2 
EDP bottoms 50.0 1.602 80.2 

Density data for acid streams (feed and products) were taken from Dean (6). 
For recycle streams, a correlation based on Rainey's work (7) for the de­
pendences of density on temperature and on Mg(N0 3) 2 concentration was used: 

p (g/cc) = 1.6288 - (T - 155°C)(8 x 10" 4) + (X 3 - 0.440)(0.90) (13) 

8. Concentrated-Product Recovery Ratio: 
GhNOi (concentrate) , 0 CPRR - i Tj--Ti = f^r * 0.31 

G H N 0 3
T ^ e d l 1 6 J 

9. Concentration of Concentrated Product, X H N 0 < < (concentrate) 

CCP * 0.810 
*H% 

Not measured. 
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10. Mass Balance Check on Results for Run ACR-48 

a) HH03 

overa l1: % deviat ion = 100 
G I M I , I " y 2 . i • sM3,ii overa l1: % deviat ion = 100 L v u J 

SRP: % deviat ic . = 100 
G 4 M 4,1 " G 3 M 3,1 ' G 5 M 5 , f | SRP: % deviat ic . = 100 
L 6 4 W 4 , 1 J 

EDP: % deviat ion = 100 V l . l * S 5 M 5 , 1 * G 2 W 2 , 1 " G 4 M 4 , l " EDP: % deviat ion = 100 
L G l* l , l 

b) H20 

Same as above, wi th weight fract ions for water. 

Streams: 1 - feed Components: 1 - HNO3 
2 - concentrate « u n 

3 - dilute z " "2° 
4 - EDP bottoms 3 - Mg(N0 3 ) 2 

5 - SRP bottoms 

Results 
% Deviation 

Results 

Overall EDP SRP 

HNO3 10.9 21.3 17.9 
H20 8.0 11 .8 4.3 

(14) 

05) 

11.3 Estimation of Experimental Error 

This section presents an estimation of experimental error for both measured and calculated quantities. Errors for volumetric flow rates and temperature measurements were made in operating the equipment. The ana­lytical error in determining compositions was made by consultation with the analytical chemist of CFRF. From these estimates, the error in the mass flow rates, response factors, and mass balances was calculated by using standard methods shown below. 
1. Directly Measured Quantities 
a) Compositions (weight fractions) - tu. * 2% error 
b) Volumetric flow rates (cc/min) - e p » 5% error 
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c) Densities (g/cc) - e - IX error 

Hass flow rates (g/min) (eg) may be calculated from the relationship: 

(100 - c G) = (100 - ep)(!00 - e F) = (99)(95) (17) 

Therefore, eg = 5.9X 

2. Response Factor 

a) CPRR 

(100 - e C R R R ) = (100 - e G ) 2 . Therefore e ^ ^ = 11.5S. 

b) CCP 

e c c p = 2.0% 
c) Stage efficiencies are defined as follows: 

w l " z l n - ys—T- 08) 
"l *1 

Therefore the error in the stage efficiencies is: 

100 - en = [1C3 - Jl CylClOO - V 4 + e * ] { 1 9 ) 

The error in equilibrium data is: 

e* = 4.0% (average deviation) 

Therefore, 

e = 14.4% 
n 

3. Mass Balances 

a) Overall 
61 W1 1 ' G2 W2 1 ' G3 W3 1 % deviation » ' '*' /./'' s_iil 

G1 W1,1 

Li 
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100 - e&u = (100 - egMlOO - ^ ) = (100 - 5.9)(100 - 2.0) (20) 

1 0 0 - e d o = [ 1 0 ° ~ ) / 3 U ^ ? ] [ 1 0 0 - eg H ] = [100 - 13.5][100 - 7.8] 
(21) 

e, A = 20.2% d,o 

b) SRP 

SRP is the same as overall mass balance: 

e . e = 20.2% d,s 

c) EDP 

G,W, , + G.H.. , - G,W, , - G.W. , 
% deviation = - l i J 5 *l\ ? ^ ^ (22) 

100 - e d E = [100 " V 4 ( e G W ) 2 ] t l 0 ° " eG W1 = t l 0 ° " 1 5 - 6 3 C 1 0 0 " 7 - 8 3 
(23) 

e. c = 22.2% d,E 

11.4 Calculation of Stage Efficiencies 

1. Combined Feed: EDP 
G (g/»ain) Weight Fractions 
Feed acid X,, X 2 

SRP bottoms X-j, %2* X 3 
Combined feed Z-j, Z 2, Z 3 

The feed compositions for run ACR-48 with the temperature at 140°C is: 

Feed acid 16.1 
SRP bottoms 72.0 
Combined feed 88.1 

x l tfl) h X3 

0.671 
0.025 
0.143 

0.329 
0.532 
0.495 

0 
0.443 
0.362 
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2. Calculation of Equilibrium Vapor-Phase Composition 
A computer routine called EQCALC was written to calculate the equilibrium 
vapor-phase composition if a liquid-phase composition is given. It is dis­
cussed in detail in Appendix 11.7. Using EQCALC, the equilibrium composi­
tion of the vapor phase exiting the EDP was calculated. This was done by 
inputting the combined feed (SRP bottoms and feed acid) and EDP temperature, 
and using the appropriate equilibrium data file (see Sect. 5). The results 
of this calculation are given in Table 9. 

Table 9. Equilibrium Product Composition - EDP Feeds 
Run ACR-48 

weight Fraction 
Stream 1 - HN0 3 2 - H,0 3 

c 
- Mg(M0 3) 2 

Combined feed 0.143 0.495 0.362 
Equilibrium vapor product 0.318 0.682 0.00 
Equilibrium liquid product 0.060 0.406 0.534 

3. Calculation of Hansen Stage Efficiencies for the Extractive-Distillation 
Pot ( n V E D p , n L ) E D P ) 

V̂.EDP - Y*TT^O0W> - g;8

3!g -" fcjgOOO) - 381% (24) 
V 
Y*-1 

z, 
*1 

= 

V 
X*-1 

Zi 
-^(100%) - 0^078 - | J 4 3 ( 1 0 0 ) . 7 8 % ( 2 5 ) 

l.EDP X*- z / , u w * ' 0.060 

It should be stressed that both stage efficiencies were defined by 
using the combined feed stream (Z-|). It is customary to define an efficiency 
for a single phase, but this was not possible for the vapor efficiency. 
Therefore, the combined feed was used to calculate both efficiencies although 
it 1s actually at least partially liquid. 

4. Feed to SRP (EDP Bottoms) and Computer Calculation of Flash Compositions 

The calculation of the compositions at equilibrium of the streams 
associated with the SRP was performed in an analogous manner to the calcu­
lation technique used in the preceding section. Table 10 gives a summary 
of the results. In this case there is a single feed to the pot. 
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100 - eg H = (100 - egXlOO - ^) = (100 - 5.9)(100 - 2.0) (20) 

^ .H = 7 W 

1 0 0 - £ d o = [100 - V ^ e g ^ H l O O - ^ M ] * [100 - 13.5][100 - 7.8] 
(21) 

cA n = 20.2% d,o 

b) SRP 

SRP Is the sane as overall nass balance: 

c. c = 20.2% d,s 

c) EDP 

100 - e d £ = [100 - ^ 4 ( c G H ) 2 ] [100 - e 6 H ] = [100 - 15.6][100 - 7.8] 
(23) 

ed,E - 2 2 Z % 

11.4 Calculation of Stage Efficiencies 

1. Combined Feed: EDP 

G (g/min) Height Fractions 

Feed acid X,, X-
SRP bottoms X,, Xp, X-
Combined feed Z,, Z 2 > Z 3 

The feed compositions for run ACR-48 with the temperature at 140°C 1s: 

G (g/min) hW x 2 x 3 

Feed acid 16.1 0.671 0.329 0 
SRP bottoms 72.0 0.025 0.532 0.443 
Combined feed 88.1 0.143 0.495 0.362 
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2. Calculation of Equilibrium Vapor-Phase Composition 
A computer routine called EQCALC was written to calculate the equilibrium 
vapor-phase composition if a liquid-phase composition is given. It is dis­
cussed in detail in Appendix 11.7. Using EQCALC, the equilibrium composi­
tion of the vapor phase exiting the EDP was calculated. This was done by 
inputting the combined feed (SRP bottoms and feed acid) and EDP temperature, 
and using the appropriate equilibrium data file (see Sect. 5). The results 
of this calculation are given in Table 9. 

Table 9. Equilibrium Product Composition - EDP Feeds 
Run ACR-48 

Height Fraction 
Stream 1 -HN03 2 - H20 3 - Hg(N03)2 

Combined feed 0.143 0.495 0.362 

Equilibrium vapor product 0.318 0.682 0.00 

Equilibrium liquid product 0.060 0.406 0.534 

3. Calculation of Hansen Stage Efficiencies for the Extractive-Distillation 
Pot ( n V E D p , n U E D p ) 

VEDP '- Y ^ T V O O O * ) - g'jig I gjgOOO) - 381% (24) 

l . E D P 

Y l - , 2 . 
Y * . 

1 
2 i 

X l " h 
X * -

1 
2 i 7< 1 0 0 *> • o'.m '- o M f f i 1 0 0 * '- 78% < 2 5> 

It should be stressed that both stage efficiencies were defined by 
using the combined feed stream (Z-|). It is customary to define an efficiency 
for a single phase, but this was not possible for the vapor efficiency. 
Therefore, the combined feed was used to calculate both efficiencies although 
it is actually at least partially liquid. 

4. Feed to SRP (EDP Bottoms) and Computer Calculation of Flash Compositions 

The calculation of the compositions at equilibrium of the streams 
associated with the SRP was performed In an analogous manner to the calcu­
lation technique used in the preceding section. Table 10 gives a summary 
of the results. In this case there is a single feed to the pot. 
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Table 10. Equilibrium Product Compositions - SRP Feed 
Run ACR-48 

Height Fraction 
Stream (1) HN03 (2) H 20 (3) Mg(H0 3) 2 

SRP feed 0.078 0.528 0.398 

Equilibrium vapor product 0.197 0.803 0 
Equilibrium liquid product 0.025 0.322 0.653 

From these results one can compute stage efficiencies for the nitric acid: 

nv,SRp - i!s44*ooo) - gr f l? : g.'offi 1 0 0) • « « <26> 
1 • 

The liquid-phase Hansen efficiency for the SRP is defined as: 

XSRP • i f ^ ' 0 0 ' = grig - oiwl" 0 0 ' • " « ("> 

11.5 Statistical Analysis 

For each experimental run the adjustable parameters were set to the 
low or high values (-, +) as specified by the factorial design. The effect 
of each parameter on the response factors was determined by taking the 
average difference of the factors corresponding to the high and low levels. 
The average results of this analysis for each response factor and parameter 
are presented in Table 11. The average effect for a typical response factor 
(CPRR, 7 E D P ) is: 

net effect - [IStLjJSd] . 2 7 0 ^ 2 1 * . l 4. 0 ( 2 8) 
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Table 11. Net Effect of Parameter Effects on Response Factors 
Response 
Factor VEDP Ffeed 

FMg(N0 3) 2 TEDP V *F ¥EDP rfeed 
VEDP" FMg(N0 3) 2 

CPRR 14.0 5.5 6.0 33.5 -3.5 6.0 
CCP -1.7 2.0 -0.7 -13.1 0.3 -0.8 
nV,EDP -100 123 -127 -38 -11.8 9.8 

\,EDP -1.8 -8.8 8.8 28.8 6.8 4.8 
nV,SRP -666 154 -171 1043 52 -17.5 

nL,SRP 25.7 40.7 -22.7 -43.7 -30.2 26.2 

To determine whether an observed change indicated a significant effect, 
the changes in response factors were expressed in percentage form as given 
in Table 12. Error estimates were made for each factor as shown in Table 
13. These were based solely on uncertainties incurred in analytical work; 
provision for additional system error was made with a multiplication factor 
of 1.5. The 50% factor which attempts to account for the experimental 
system error is arbitrary. Inherent in our design is a forsaking of any 
ability to estimate experimental error. This is an area in which further 
work is indicated. By comparing the error estimated with the response 
factor changes shown in Table 12, the parameters that had significant 
effects on each factor could be determined. These are tabulated in order 
of decreasing importance to the respective variables. 

Table 12. Percentage Changes in Response Factors 

Parameter CPRR CCP nV,EDP \,EDP nV,SRP nL,SRP 

VEDP 26.2 -2.2 -23.9 -1.9 -49.9 34.4 
ffeed 9.5 2.7 40.1 -9.0 16.7 59.8 
FMg(N0 3) 2 

10.4 -1.0 -29.4 9.8 -15.7 -22.8 
TEDP 76.6 -16.2 -9.7 36.3 -214 -39.6 
VEDP'Ffeed -5.6 0.1 -3.1 6.7 5.3 -29.2 
VEDP' FMg(N0 3) 2 

10.4 -1.1 2.7 5.2 -1.7 34.8 
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Table 13. Error Estimates and Significant Effects 

Response 
Analytical 
Error Total 

(1.5 x 
Error (X) 
analytical) 

Significant Effects 
(in order of importance) 

CPRR ±9.8 ±14.7 TEDP* VEDP 
CCP 2.0 3.0 TEDP 
nV,EDP 14.4 ?1.6 Ffeed» FMg(M03)2» VEDP 
\,EDP 14.4 21.6 TEDP 
nV,SRP 14.4 21.6 TEDP» VEDP 
\,SRP 14.4 21.6 Ffeed» TEDP' W ^ N g C M ^ ' 

VEDP* VEDP* FMg(H0 3)2 

Expressions were developed for each response factor as a linear func­
tion of the corresponding significant parameters: 

CPRR = 0.010(V E D p - 800 cc) + l.l(T E D p - 140°C) + 49 

CCP = -0.87(T E D p - 140°C) + 81 

nV,EDP s 9 , 1 ( F f e e d " 1 K 5 c c / m i n ) " 0 .047(V E D p - 800 cc) 

nL,EDP 

- 2 . 8 ( F M , m » - 50 cc/min) + 390 

l-9(TcnD ' 140°C) + 79 EDP 

n V.SRP • 69(1 EOP 140°C) - 0 . 9 5 ( V E D p - 800 cc) +1800 

(29) 

(30) 

(31) 

(32) 

(33) 

\,SRP = " 2 - 9 ( T E D P " U 0 ° C ) + ° - 0 4 ° ( V E D P " 8 0 0 c c > + 9 °^ Ffeed 

- 11.5 cc/min) - "* ^^MgCNOo)^ " 5 0 c c / m i n ) " 0.002 x 

( VEDP Ffeed " VEDPFfeed> " ° - 0 0 0 4 < V E D P F M g ( N 0 3 ) 2 

- V EDP F Mg(N0 3 ) 2

) + 5 3 ° { 3 4 ) 
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Obviously the data allow no more than a linear relationship in each variable. 
Therefore a simple graphical analysis was performed. 

11.6 Analytical Laboratory Procedures 

Composition determination of samples included titrations for HNO, and 
Mg(N03)2 content. The HNO3 titrations were of the thermometric type, while 
those for Mg(N03)2 were catorimetric. 

The acid feed and overhead products were assumed to be binaries and 
were analyzed for HNO3 only. This was done with a thermometric titrator 
that mechanically pumps NaOH solution (0.5 M) into the acid sample. The 
temperature rise of reaction was monitored on a strip chart; this change 
was sharp as the neutralization began, followed a roughly linear path, 
then stopped abruptly as the reaction endpoint was reached. Samples were 
transferred to the reaction beaker by micropipetting and were diluted to 
about 1 cc. Approximately 20 cc of potassium fluoride solution (4.5 M) 
was added to form complexes with M g + + ions, permitting true determination 
of free acid concentration. 

The titrator was calibrated with a nitric acid standard of known 
concentration. The amount of base added was related to distance on the 
strip chart. As the moles of base added is equivalent to the moles of 
acid present, this calibration gives a linear relation between strip-chart 
distance and moles of acid in solution. Standard samples of 1.0 and 0.5 
mmoles were usually used; product acid samples of 50-100 microliters were 
used to lie within the calibration region. 

The EDP and SRP bottoms streams include significant amounts of Mg(N03)2 
and are solids at room temperature. Solutions of known volume must be 
diluted with distilled water. These were analyzed for HNO3 as before. 
However, acid content was low (<5%) and an aliquot of standardized HNO3 
(about 0.5 mmoles) had to be added before titration. This kept the total 
determination in the range of the calibration points, where the linear fit 
is most reliable. 

These variations were analyzed further for Mg(N03)o concentration by 
calorimetric methods. Disodium ethylenediaminetetraacetate (E0TA) of 
0.05 M concentration was used to titrate the Mg++ ions. Samples were 
poured into a beaker, diluted to about 80 ml, and treated with about 5 ml 
of a NHt buffer solution to a pH 10.5, where the M g + + E0TA complex is 
most stable. 

One or two drops of Black T (Erichrome Black) was used as the indi­
cator. The Initially rose-colored solution turned violet as the endpoint 
was approached, and it became royal blue when the reaction went to comple­
tion. This procedure was most reliable for a content of Mg** Ions not 
greater than 25 mg; this corresponds to 20 ml of EDTA required for titra­
tion. (If this level was exceeded, the analysis was repeated with a smaller 
aliquot.) 
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Stream densities are required for mass flow rate determinations and 
system mass balances. As the flow rates read from the experimental appa­
ratus are volumetric for the acid streams, 1.0 ml of each sample was drawn 
and weighed on an analytical balance. 

Pycnometers were initially used to drew samples for density determi­
nations of the ternary system at operating temperature. Several data 
points were taken and reported in Appendix 11.1; however, a complete set 
of data were not taken because the technique required new jars for each 
test and the laboratory's supply was exhausted. In cases where density data 
were not measured directly, they were estimated from existing ternary data 
and some extrapolations based on known binary information. Appendix 11.1 
gives detail on the required calculations. 

11.7 Computer Model 

Section 7.4 was devoted to a discussion of a Fortran program which was 
written and implemented on the ORNL PDP-10 computer system. The computer 
flowsheet is presented in Fig. 8, and a list of the program along with the 
subroutines is given on the following pages. 

The calculations required to determine the steady-state conditions for 
a given set of controllable parameters (see Sect. 4.3.2) ere highly itera­
tive due to the large number of unknowns. Initially, values for the mass 
flow rate and composition of stream 10 (the SRP effluent of Figs. 7 and 8) 
are assumed, permitting the straightforward calculation of all flow rates 
and compositions, including new values for stream 10. The original guess 
is then modified by the operator until (1) the recycle mass flow rate 
(stream 6) equals the desired value, and (2) the calculated composition 
and mass flow rate for stream 10 equals the guessed values. 

The first step in the main program (TW0P0T) is initialization, in 
which the controllable parameters are specified,and points lying on equi­
librium isotherms for the ternary system are read into the equilibrium-data 
matrices (EQDAT1 and EQDAT2). A listing also follows of the points for 
three isotherms (140, 155, and 165°C) stored in data files (F0RXX.DAT) 40, 
55, and 60, respectively. 

The mass flow rate and composition of stream 10 is then specified by 
the operator. Stream 10 is then combined with stream 1 (feed acid) with 
sample component mass balances, resulting in stream 2. The vapor and 
liquid streams resulting from an isothermal and isobaric equilibrium flash 
of stream 2 are then determined by subroutine EQSTAG. This calculation Is 
iterative; liquid-phase product compositions are assumed, permitting the 
determination of the vapor-phase composition by using the correlations 
developed by Cigna et ai. {£). A linear fit in the region of 35-45 wt % 
Mg(N03)2 * s u s e d t 0 calculate the azeotroplc HNO3 mole fraction, which 1s 
no longer zero If Mg(N0o)2 w t * drops below 45. Unfortunately, there 
exist no correlations for solution temperature as a function of composi­
tion. Consequently, trial I1qu1d-phase compositions must lie on the 
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C MAIN PRDKpfiH - - T U O H T t - - , 
C MftlH PROfiPFM FOP S1EJWY--VTRTE SIHW.NTION OF TWO-POT 
C N I T P U **riT« GEHVNHt lWh HPPOPfm* : . 
C WRITTEN BY I F I P U l h . u ^ a © 

DIMENSION FlOM«l?>««#l>ftr < i e » 3 > . E O W » T H l O 0 » ^ > » E Q D « T 8 t l 0 U » 5 > r 

C EFFEPP. ?> . FFFXRP <£> . "PLDUE « 3> • LDUTHF «3> • DEVI*"! t3> •VDU IMF «.3> 
PEM. LUFRftT.I DIITMF 

C » • • • • • • INPUT THF FACTO* LEVELS 
P E M » » 4 5 . V > « E « ! > » 1 * i * 1 4 > 
PEM« « 4 * . *> TFHFPP* VBl EDP. TEMSPP. VOL SPP.FLOW * l > • UFPftCc1 '* 1> , 

C FLDPEO I I W < T f t l . I I t * T * ? . IPP INT*LPEPt .U»EP2 
UFPftC<1,2>«1 . . -MFPACtt»1> 
wFRfw: •].'-[> =r>.o 

C • • • » • • • INPUT THE EOUIL IBKIUn DHTft 
PEHD*U*»T*1 . * > L L I S T t 
PERD< IWtTOl . • > t (EODHT 1 » 1 , j > . j = l . R » . I M » L L 1 S T 1 > 
REM*' I D*Tfi?* • > I L I STi> 
READ* I D * T f l ? . * > • "EODHTiMl. J> . J * l .5> . I « 1 . L L I S T 2 > 

C»»»»»»»MH.>P4.F THE * ! Z E OF THE EOMILIBRIUN D*W* W*SE BY LINEARLY 
0 » ~ * ~ 1 M l F F F 1 1 L f t T i r * BETWEEN THE PROVIDED P O I N I S . 

I F «LPEP1.E0. t>feOTD 1 0 
DO 15 H P n * = l . l l l S T 1 - l 
E9DAT1 .NPtK-HXIST l * 1>"HP0S-HLLIST1 
E O W T I -NP0S-H.L IST1 .?> =FOTK*T t *1 »£> 
DO 15 »=*.5 

15 EOT**Tl«NPOS-H.LlSTl . i>»»fc i?r* iT l<NPOS. j>*£t tD«Tl<NPOS*l»J>>/ , e. 
10 IF<I.PEP£.E»*.l>»i<iTO 11 

DO 16 N P O S » l . U L I S T £ - l 
E0DHTa«NP0>-H.L I S T ^ . 1) «NPOi-H.LI£18 
EeDPTZ'NPro+iiisTz.^-FowT?*!.^ 
Dn IA J«^«5 

16 E0W*Tg(r«P0S-H.LlST£.J>«tE©l*iT£i»iP0S.J>+E©Dl*T2tNPOS*l»J>>x2. 
C •••••••PR-INT OUT THE T*T* TO CHECK ON IT 
11 l*nE<i»5.?0H">TEHFIiP.VIXEI^.TEMSI^.V0l.&PP»FL0M<l>»MFI»»C<l»l)»FL0ReC 

IF«LPEP1.E©.1>LST0P1»LLIST1 
IF(LREP£.E0.1>L5TOPg»I.LIST£ 
I F i | . R E P l . E e . 2 > l X T 0 P l « I . L l S T l * L P E P l - l 
IF <LREP2. EO.*> LSTDP2-LL1 ST£*LREP£-1 
IF*IPPINT.N£.l>iHJTD <?0 
M^nE*01>.?014> 
MR1TF«W5»**15> 
MPITE«0*.ef l£f i> ««F0»AT1 < J . . . . » , J » t , « i > . | > i . L S T O P l > 
MPITE * '»*• <»W1 » «»FO«*T?< I . J ) . J « l . * > . I » I » L S T D P 2 ) 
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0 * * * * * » I N I T I A L 1 7 E The PROCESS BY 6UESSINB A FLOM RND COMR FOR SRP EFFLUENT 
2 0 C WRITE <iU5.i>10ft> 

REf»Dt05.«>6FLDU.faUFRM: 0 > .6UFRRC %2> » I E W I F 
IF t lEMIJF.FP.0>f iOTD lOOi. 
SMFRftf * 3 > « 1 . CHTRnC<l> U«-RWC<V?> 

C » » * » » * » m y F R SECT IPX FnR THE EDR 
F L D U * ^ « F L n M * I > * R F L O M 
DO 40 I * ? . 3 
UFRRC<2. I> » . tLOM «1 > •MFRRT. , 1 , 1 ) -H5FLOM6UFRRC « I»^FUJW«2> 

4 0 FUFRf tCt I>«UFR#r<2 , l> 
C»»»»»»»FETfD THIS FLOW INTO THE E Q U I L I t » I l * * STRtifc FOR THE EDP 

DO .100 H t l S T « I . L S T O P l . 
DP 1 1 0 I M - 3 
LMFRRC iI>*EODftT 1 (NL IST* I * 2 > / - I Oft. 
CALL EOSTR6tFI.OU<8>.rFL0M3*CFL0to«.FMFRRC.VUFRM:»LWFR«C>IIEV> 
I F <NL I S T . F O . 1 > DEVPLB*I<EV 
IFtDEV.fiT.DEV0LI»>6OTD 1 0 « 
DEVOLI>*DEV 
DO 120 1 - 1 . 3 
UFRRC«f3. I>sWMFRRC< I> : 
UFIfRC V*» I > «1 UFRftC * I > 
FL0M\3>«<Ft lJU3 . . . , . , , . 
FL0M<4>«i;FLOk«4 u 

CONTINUE 

110 

. Cf C * * * * * * » B E 6 I H EDP NOIUFICffTION STASE SECTION 
> •*> -V 

2 0 0 

3 0 0 
3 1 0 

3 3 0 

DP £ 0 0 1 * 1 . <f 
VMFRRf -1>-UFRR£ « 3 . I> 
LtJFRRC « I > >MFRRC «4. I> 
vnLDMF<I>»*iFRRC<2. I> c 
EXXX«. 1 
* I D « I 
DO 3 0 0 J * 1*10h 
6UESS-1». *ZERnTH«KID.EXXX) 
F L 0 M I £ > « £ I I E 5 $ * F L D M « 4 > 
I F « C I D . L T . O > 6 0 T D 3 1 0 

• • • •Cf lLSUCRTE EFFICIENCIES 
EFFEDP«1 >"E U >•TEHEDP+E «2>•VOLEDR+E <3> *FL0V < 1 > +E <.4> •FC0M«£>*E *5> 
EFFEDR <?>-F <^>•TFNFTiR*E <7> •VDLFItR+F t©> *FLDM 11>*E <V>•FLOW<e> * E • 10> 

• • T H . L SuBRW'TINfi TO C.R4X FXIT FLOM.v NND COMPOSITIONS 
CRLL MOW*F ^FFFEDR.FLOMt3> .VMFRRT . F L D M « 4 > .LUFRRC>FLDW«2> . 
VOI DMF.CFLOM*v.LD».'TMF.FLUM.V.VOUTM> 
E XXX» '-FLOW < i>> - f FL VH*>> ' F l DM«4> 
DO 3 3 0 l « l , 3 
MFRRC <^« T > «VDIJTMF < I> 
FMFRRC•I>-LOUTWFcI> 
MFRftC<*. I > •LDMTh* 11> 
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410 

DO EQUI11VAU* 51W6E CALC FOR SfP 
DO 400 MLIST-l.LSTOP? 
DO 410 1 -1 .3 
LMFVAT tl>«EOWrt?«Ml 1ST. ! + £ > • ! 0 0 . 
CALL E«STA6;aHJDVi6>.C*bPU?»CFU*e*F*Flte»VtlF^ 

C—»»*»»COHFAEE DEVIATIONS C •"'"''' 
IF (NLIST.E0. t> PEVOLMtV 
IF<BEV.CT;H£VOLI»>&fTO 400 . 
DEVOLD>-DFV " O ' •" " 
DO 4£A 1-1 .? "••' _1 
MF*AC<7.l>-VMTOKiI> 
MFPAC<8*I>-LUFPACtl> •" ~ "* 
FL0U«7>«f.FLOM7 • " ' - - - - - -
FLOW«fc>-CFl_DMK . - , : » 
C O N T I N U E . - -' •"•-'." 
Ml 45fi 1 -1 ,3 • ' •'-" 
FHFRAC<I>-MF*AC<6»I> '"•'•'• I ." '""_ . 
VMFl« t l>««*AC*7 . , . i > - .'""'' 
L y F w * r < i > 3 * * * * < e . i > ' - " - • " •'"» - - ' : 
« W E0 MWIF1CWIBN STH3E 

4£0 

400 

450 
C 
C*»»»»»*CHtXm.WTF_ FFF IC iEWiFF 
480 

.. - ̂  - « * . 

530 

600 

610 

C 
£010 
£00". 

2015 
£014 
£0£0 
£0£1 
£0Vi 

£060 
£070 

£0*0 
£100 
1000 

EFFSeP">*E<t l>*Ftau<^>*€r i£> • - - - "• -*~ " - : ' . •""/"-: 

EFFJ?|fF<£>ie«l3>*FLqw^>*E«14>, ; ' . . •••'<'+"-•->?•• 
CALL N0D6RF <EFFSWP»FLDI*?7> ,VWFPAC »FUH#«8> pLI4-**fcrFlOVi6*V 
Fi»FIKr*Ftbto«l«>f>LOVTMF*R.DH<<9>VVDiJTHF> . ^" ' 
W J - 5 3 * I » N 3 - • ' 
MFIWC * 16»'I> itt»t«IJF »IV 
tiFiwc f <*.' f > -vfirVri* < I > 
WF-ITE<05.£9?»u> 
DO 600 1 -1 ,10 

WtflTE *0*.£i*>M>A*H*.FI.pW« I> .bFPlW t f . 1) ,HFAAt • I •£> *VFPACU»3> 
I t W F O 1 <F| C*EC-FLDW'^>>'FL0REC>*100. 
PFVMfW-<AFLDM-FI.0M110> >^6FI Ot^l 00. 
DO 610 1 -1 .3 
PEVM6111>-ffttaFPAr. 11>-*HFW. «10. I>>x6UFPAC<I>•!00. 
MtflTE*C5»£070> c 
WMTE «05,£0#0>pEVREC,Ii€VHA6»DEV«l5rtl>.DEVM6Tt2> *DEVU6T<3> 
6010 £0 

IPNAT STftTFUFMTS 
F0WiAT«/F4,i> 
FOFNATt' EDF- TEHF'115,'EDP V0L'Tg5»'SRF TEJ1F"T35,'SIN* VOL' 
T45.'FEED W»TE'T55»'HND:* FE* '165 . ' *EC R*1E' '> 
FOPHA1«' t-HI0Y « ' 1 1 0 . ' TEMF"T£0. 'HKI3 M6T' T35» 'H£0 M6T' 
T50. -« * * * MIT •*rT'/'> 
FOPNAT*' EftUILIBPIUH ! # * * ' . • • > 
FDSWAT.5F*.£> 
FO*H*1«5F10.4> 
F0*NATt' ST»EAH*'T13.'FlDM «WE'T£5. 'HN03 M6T'T35»'H£0 W6T' 
T45* 'n *£ WIT M*T' . /^> 
FOW»AT«5F10.4/'> 
FOSHAT.' 9f.r. p * l f K r V n s . ' & P F - EFF FUJM DEV'TSO. 'S I * NMD3 DEV 
T 4 V - S W H«?0 DEV'T6».'.>i*FNA6 WT r « V ' , ^ > 
F0RNAT<*FlO.4/> 
F0FN*T«16H «l€$S A6*1N, , .> 

EMS 
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C SUBROUTINE -EOSTJW.-
C EQUILIBRIUM STHfif SUBROUTINE - CALCULATES THE COTfUSIT IOH 
C OF THE VARPR PHASE THAT UCULD BE I N EQUILIBRIUM l>ITN THE 
C 6 I V E N L I Q U I D PHA*E. WRITTEN BY CF I R U I t i * 1 1 / 8 0 . 

•C \ \ \ \ \ \ \ v \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 
SUBROUTINE bQSTl^<FFLOW>VFLO»»LFLQM,FMFRHC»VWR*C>LWFRAC*DEV> 
DIHFNSION FUFRACt3>«VUFRAT<3>« LWFRAC<3>»LHFRAC <3> »LHFRSF <3> 
DIMENSION VHFRAC<3> 
REM. LFLOU, LWFRAC.LHFRAC*LHFR$F 

C»«»»»»*CALCULBTE CONSTANTS A. AND B 
A « 1 0 * * « - 2 . 9 7 * L M F R A t (3>-HI.6<48> 
B « l © • • < 8 . 8 1 •LWFRAC€3>-M.5S3> 

C*»»*«»*COHVERT M.LC.UEI6HT FRACT IONS TO HDL FRACTIONS 
TOT««T«LbFfmc «1>^63 . l-M.UFRHC(2>>'t8. «8-H.WFMC<3>^100.32 
LHERAC<r>*LUFRACi1>. '63.1 'TDTM6T 
LHFRAC <2> "LHFRAC c£> • 1 8 . Ag'TOTMfrT 

C»»»»«»«CALCIJLAT£ SALT-FREE HOLE FRACTIONS FDR L i f t STRAW 
DO 5 0 0 I « I « K 

, 5 0 0 : LMFRSFa>^.MFRACa>>'iLHFRHC«l>-M.MFRAC€S>> -
: V A Z L H F R * - f t . « » * L I * R A r i 3 > « - 0 . 3 1 5 

^F<AZLHFR.LT.O.O>RZLHFR««.© 
\ « - C**>»»»»»<y»LC»JLf>TE RFLATIVF VOLATILITY 

IFC«LHFRSF<1> .Ef t . 0 .> .AND. tH^HFR.NE.0. .>>RELVOL«10** ( -A- -B«A£LnFR> 
IF^*LHFRSF i 1> .WE. M. > .HHl i . iHZLHFR.Eft. ».>>RELVDL-1 0 * * A R * B » L H F R S F < 1 > > 
I F i aHFRSF < 1 > . Eft. V. > . HMf . (HZLHFR. Eft. 0 . > > f(ELVDL>l 0 *«A 
I F < «LHFRSF «1 > . H E . « . > .AND. tAZLHFR.HE. 0 . > > R E L V O L « l © • • i <Hs OHFRSF < 1> 

C •AZLWFR> •»> • < LHFPSF < 1 > -A?LHFR> > 
C»»»»»«»*CA1XU1.ATE VAPOR COMP I N Eft MITH THE * I V E H L i f t COUP 

I F <LHFRXF<l>.E&.r».0>VMFRAC«l>«O.U 
I F <LHFRSFt l> .EQ.0 .H>6OlO *<>* 
vnFRAr <i > « i . • • i . • L M F P S F ^ > ' R E L V O L > - L H F R S F < I > > 

J?00 VHFPAC«2>«l . -Vf lFRAr.»j» 
VHFRAC<3>«0.O 

C»*«**»»CONVCRT THFSE HOLE FRACTIONS TO MEI6HT FRACTIONS 
T 0 T U * T » V M F R A C a > ^ 3 . l * V H F R A C < 2 m 8 . C«-»Vf lFRHC<3>*l©©.^ 
VWFRAC * 1 > "VKFRAC < 1 > ••>:*. I s 1DTW61 
VMFRAC*£>*VHFRAC'i£>»lW.02'T0TWi;T 

, VMFRAC«3>*(l. 0 
w C * » » * » » » * * A t CULATF THE VAPOR NND L I Q U I D FLOW RATES V I A WASS BALANCESC 

IF«LMFJ»Af ( ] > . E f t . O . > 6 0 i n 7Mi 
VFl nM-FFLDM*<FMFRAC »1>*LWFRAC <£>-FWFRAC <£>*LWFRAC * ! > > • 

C «VMFRAC«1>«I WFRAC*£>-VHFRAC^>*LMFRAC«1>) 
L F l 0M» <FFL0M*FMFRAf:«1 > -VFLDh»*VMFPf< < 1> > ̂ LMFRAC < 1> 
60TD HOC 

700 LFLOM«FFLOM*FHFRAf * 3> •LMFRAC <3> 
VFL0M» tFF|.0M*FMFRA<: <£> -LFlDM^LWFRAC <2> > •VMFRAC: <if> 

£ 0 0 CONTINUE 
^ • • • • • • • C A L C U L A T E THE DEVIATION FRUH PERFECT H . B . 

DEV*ABS«<VH.0M*LFL0W-fFL0H> /FFL0M> 
RETURN 
END 
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c SUBROUTINE -wn&ssF- . '-'-"-".'" 
C MODIFICATION STAfcF SUBROUTINE - CALCULATES PRODUCT V««>JBRiM»l 
G LIQUID FLOM RATES AND COMPOSITION* USIN6 THE MAUSEM • * # » • 
C GRIFFIN STAKE EFFICIENCY. WRITTEN BY CF tRtfUt* l\s&&**± 

SUDROUTINF NDDM^tEFF-VIN*VINUFR»LlN»LIN»**-FFU»l»F«MFRjtt* 
C LOUT.LOUTW=.VOUT«VOUTI<F> . / . . ; " 

DIMENSION VTr«JFR<3>.LIMlFR<3>»FI*?TC<3>rLDUT|lF<3>»VDUT|iF<3>* 
C EFF«3> " . . . - . . - , . 

REAL LIN>LItC*FR.LOMT*LnUTUF . - . - > . ; <„ 
C»»»«»»«CI» rULATF THF ACTUAL FLOMS THAT W E USED IB DEFINE T | * . E f F I £ l E I C Y 

VOUT«F<I>^FFa»**VIHWF#*l>-F«FlW*C<l>>*FMFIWC<i> ^ 
VDUTWFi?>*~1.n-VnUTUF<I> ~ ^ ,. 
vnirruF<3>'<k.n ,v 

URmiFa>^FF<?>*<L lN i#RM>- fUFRAt< l>>*FI<F»ACa.> , .= - ~ - \ 
C*«»»*»»CfiLCULATE THE UNKNOWN BY 6UESSIN6 LOUTWF«8X. A N * fflDJFTCNF.THE 
C««»»»»»riJESS UNTIL THF NASS DM.ANT.ES GENERATE THJErSNME NUJflBEB,. 

EXXX- . l . " . • 
k"ID»l -. j . ' • 
W 5 * J « ) » l » . ; - - . ; „ - r 
LDI.nWF(?>>ZERUF<KIDtE>OiX> , ' 

r IF<CKID.LT.O>^OTO * * 
LOUTMF «3> « l . -LOiTUF < t > -LOUTMF <?> 
L0UT*LIN*LINUFRi3>'L0Ul| lF«3> 
VOiT««FFIOU«FMFf»Ar«t>-l.DUiyF(f>«I.DUl>^vauiMF(l> _ ; > 
CLMFRr,»«FFI.O»*FMFRAr «j?>-VUUT*VDUTWF«?>>^LOUT ^ 

50 EX>X"LOUTHlF«?>-rHiFRC 
60 RFTURN 

END 

http://DM.ANT.es
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FUNCTIt** 2E«0TM<kI».TBY> 
X£E*S * ILUE OF ZEPOIM BETUEE* ZERO M « ONE 

««^^ | i i l # lE» BEC 1973 *••• 
• # » HP3tJ* Ht»TFIC*»TIDM FEB 2*1977 • * » 
* * • CMAMRE* T& ZEMFI* FW»« PUUME HUG 1*1977 

BIMEWSION XtF«4>.YCF<5> 
IF lK lB03 .1 *8 

t YCF<4>«T*V 
I^«WBti.Y6F«»>-VCF<3>>-» .E-30>30»30»4« 

r ! 1 

^ - \ / - ^ ^ ^ ^ » " « F « p S - - , » W > 4**33*6 
S - " " : v ^ ® S : f f . * W f - ' W « 6 > 4**33*5 

i . ; ' f . , 

''«»IJp?' 
*;4> 

:«,'-* --jGOTtT 7 - " 
r '6 XP0S*j|fCF*4» 

| t W * $ * » ? • . 8 5 * 1 . • " 
ft? M * J * 1 » 3 

YCF<\3(>«VCF*..H-1> 
&- XCF*J>»XCF»J*t> 
9 BBS« ftBS<BS> 

IFOCPOS*XWE6.i»T. ft. > 60TD t l 
IFOTCF<i»>.E0. ft.> fiOW St 

• * • BEFORE BOTH XPDS * W XHE6 H*E ESTABLISHED 
IF<XCF<3>*«l.-XCF<3>>.LE.©.> 6DTD 35 
XCF<4> » XCF«3>-DBS •«XfF<?>-XCF*3>>»VCF*3>/'tVCF*2>-VCFt3>> 
WJI2 J s l r l v 
IF<XCF<4>»<l.-XCF«4>>M2fli»»3fc 

12 XCF«:4>»<XCF'4>*XCF»3>)^«r. 
GOTO :*3 

I I CUT « CUT-M. 
• • • THIS IS THE MrVr ME FUH • • • 

IFiCUT.LT. 1.9 .DP. DBS.6T. 4.0> BS»U. 
IF<DBS ,6T .3 .5> GOTO 22 
IF*DBS ,6T .2 .3> GOTO ?7 

• • • SIMPLE L I NEW- INTEPPOLftTIOh 
14 HBS» <BS-.6>^BS*.8> 

*W(* • NBS#FXP<-CUT> 
IF<HBS»BS>24*?t>*25 

£4 Y P D S » V P O S # 2 . ~ « I . - I * S > 

I 

V$ii**j4. i'jjSjrj ^Mi • 
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60T0 2 6 
£ 5 YNfc6 « Y N E 6 » 2 . » * » I . - D B S > 
2 6 XCF<4> « XPPS-«VNEfr-yRm>•<VP05 Wlfi«VWE6/ ' cVNE6-VRPS> z ' « t . • * * » > 

60TD 2«» 
C * * * TRIES A PARABOLIC F I T • • • 

2 7 « * • * . 

BBB~0. 
XCF«4>«Xi:F«l> 
YCF«4>«YCF<1> 
YCF«5>»YCF<2> 
D 0 2 8 J « l » 3 
OrifWKrtOrtiXi.F « .J>»YCF « J*1>-YCF < J>*XCF » J » I > 
BBB*BBB-*-YCF »- J> **S F < J * I > •XCF < J * I > -YCF « J * l > • » : * < J ) *XCF < J> 

2 8 C C C « C C C * V C F < . j ^ > > * « X C F C » » X r F t J * l > » X C F i J * l > - X C F ^ » * l > * K C F t J ) » X C F t J > > 
RAD- BBB«BBB-4.«AAA*CCC 
I F < R A B . L E . A . . O F . ftBS«HAA>.LT. l . E - 2 5 > 60TD 2 2 
PAD- O . S ^ s e R T t R A B ^ H * * 
BBB* - f t .S^BRB'AA* 
XCF<4>» BBR+RAD 
IF<tXCF«4>-yNE«V>*«Xi-F«4>-XPDS;>.LT.O..> 6OT0 3 * 
XCF<4>= BRB-RAR 

2 9 IF< tXCF<4>-XNF6>*«XCF<4>-XPOS>.LT .0 .> 60TD 36 
C • • • BISECTS INTERVAL • • * 

2 2 XCFt4> = «XP0S.-»>Ne6>'2. 
C THIS WAY OUT 

36 IF tAFStO<P0S-XNE6> '<XPns*y»€6>> -BEL>30»30»3 
30 k I D = - t 

3 ZERDTM* XCF«4> 
RETURN 

C • • • I N I T I A L IZFS MMFN M D . 6 T . ZERO • • • 
2 XCFt4>= TRY 

CUT - ft. 
XPOS- ft. 
XHE6* 0 . 
YPUS» 0 . 
YNE6» 0 , 
YCF<3>» ••. 
DEL « K I D * . Ofjiirinfti 
DEL » ABS»DFL» 
KID - « 
I F<«1 . -TRY>*TPV>33 . :#3»3 

C FIRST STEP 
31 X C F ' 4 > « 0 , * » X f F « 3 > 

BS« n . 
I F « X C F ' 3 > * « l . - ? C F » 3 > > . i 5 T . 0 . > NDfD *6 

33 MRITE .A .133> 
60T0 3ft 

133 FORMAT* ' VIOLATION OF 2EROTH'> 
END 
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C \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ x \ v \ \ \ \ V \ \ \ \ \ \ \ \ V V \ \ \ \ V 
C HAIH PROSRAM 'ECMCM.C 
C EQUILIBRIUMS FLASH - CONSTANT T AND P - CALC PR06RAH 
C FDR TERNARY HNU3-HirO-NA«Hn3>2 SNSTEH. WRITTEN BY CF IRWIN* 1 1 / 8 0 . 
C \ \ w \ \ \ \ \ \ \ i v \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ w \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ v \ \ \ \ 

DIHENSIDN FMFRAC • 3> • ! WFRAT • 3> . VUFRAC «3> . TLHFRC *3> , TVWFRC *3> » 

REM. LFLOW.LWFRAC 
C»»»»*»«INPltT FLOM RATF FFFD ANI» FEED COMPOS IT IOH DATA 

READt05.*>FFL0U.FUFRAT «1> .FWFRAT »2> . IDATA. IPR1NT.LREP 
FWRAC «3>«1 .-FWFRAT < 1>-FWFRAC <2> 
MRITE < « . 10«O>FFLOW.FMFRAT«l> .FUFRAC «2> • FWFRAC «3> 

C»««»»»RCA1, I N EQUILIBRIUM DATA BASE - POINTS FRDN Ett. ISOTHERM 
READ * I DAI ft. • > L I I ST 
READ«IDATA.*> « i E v D A T A < I . J > . ^ l * 5 > . I - l . L L I S T > 

C»»*»«»»POUDLE S IZE OP PATH BASE BV INTERPOLATING LINEARLY 
f » « « » » B C T M E E N THE PROVIDED DATA POINTS. 

IF(LRfFP.EO.l>60TD 150 
DO 1 1 0 h P n S « l - L L I S T - l 
E©DATA'»riPO.S*LLIST. 1 >««NPOS*LLIST> 
EODATAXHFP5-H I IST.?>«t-ODHTAi t . 2 > 
DO 1 0 0 .1=3.5 

100 EPDATft «NPDS-M L I ST » J> » <EODATA <NPOS . J> +EWDHTA <hPDS+-l» J> > ' 2 . 
110 CONTINUE 
150 I F t L R E P . E O . 1 ' LSTDP-LL1ST 

IF<LREP.E0 .2> L S T D P « i L I i T * L R E P - ! 
I F < IPRINT.E0.r t>MRITE < »*»1010> *<EOBATH»I» J> » J * l » 5 > » l » i » L S T 0 P > 
WRITE<05. 1050> 

C » * » * * » » B E 6 I H LOOP THAT TESTS EACH DATA POINT TO SEE HOW WELL I T 
^ • • • • • • S A T I S F I E S THE MASS BALANCE AT FO CONDITIONS. 

DO 2 0 0 N l I S T » l » L i T O P 
DO £ 1 0 I » 1 . 3 

2 1 0 TLWFRC <I>«F0DATA«M 1 S T * I * 2 > ' 1 0 0 . 
I F «TtWFI>C » 1 > . EG. ft. > HFVOLD* l00 . 
IF«TLWFRC«l> .EO.0 .>6OT0 2 0 0 
CALL E&STA*«FFL0M.TVFIDW.TLF10M»FWFRAC.TVWFRC»TLWFRC»DEV\> 
I F <NLIST.EO. 1 >DF V0LD«I€V 
MR1TE«0S, *>M1ST.DEV 
lF^DEV.6T.DEVOLD>b01D 2 0 0 
BEVOLD-DEV 
VFL0W«TVFL0M 
LFL0M»TLF1 DM 
DO 2 3 0 I » 1 . 3 
VMFRAC «I>«TVWFR<: < I > 

2 3 0 UMFRHC«I>»TtMFI>C.|> 
200 CONTINUE 
C»*»«* *«PRINT THE RESWTS OF THE SEARCH 

WRITE < 0 * . 10*0> 
WRITE < OT»1020>FFLDW,FWFRHC <1>.FWFRAt«2>.FWFRAC»3> 
MR I TE * 0 * . I ftr-1 > VFLOW. VWt>RHL « 1 > • VMFRAC «2> » VWFRHC < 3> 
WRITE «&>• 1 0«r2>LFLOW.LMFRAC «1> .LWFRAC <£> .LWFRAC <3> 
WRITE < 09.1030> i*vrxr» 

C»«««*»»fORHAT STATEMENTS 
1000 FORMAT </"4Ftri.4^-'V> 
1010 FORMAT'VA.2> 
1020 FORMAT <11H FEE* 4F10.4> 
1021 FORMAT. H H vAPPR 4F10.4* 
1022 F RMAT«tlH 1 IM»JID 4F10.4> 
1040 FORMAT'WH FLOW M HNQM 
1030 FORMAT'Flft.4' 
1090 FORMAT ***** TRJAl. POINTS HND DEVIATION*; 

>TOR 
END 

W H20 W M6<ND3>2> 
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TECO F0R40.DAT 
17 
1*140. 
8 . 1 4 0 . 
3 .140 . 
4 *140 . 
5 . 1 4 0 . 
6*140. 
7*140. 
8*140 . 
9 . 1 4 0 . 
10.140 
11*140 
12*140 
13*140 
14.140 
15 .140 
16*140 
17 .140 

0 . 0 . 4 3 . 8 . 5 6 . 2 
2 . 0 * 4 2 . 8 * 5 5 . 2 
4 . 0 . 4 1 . 7 , 5 * . 3 
6 . 0 . 4 0 . 6 * 5 3 . 4 
8 . 0 , 3 9 . 3 . 5 8 . 7 
1 0 . 0 * 3 7 . 7 . 5 2 . 3 
1 1 . 0 * 3 6 . 0 . 5 3 . 0 
1 1 . 2 . 3 ^ . 0 * 5 3 . 8 
1 1 . 2 * : - 4 . 0 . 5 4 . * 
, 1 1 . 1 3 3 . 0 * 5 5 , 9 
, 1 1 . 0 , 3 2 . 0 -57 .0 
, 1 0 . 8 * 3 1 . 0 * 5 8 . 2 
» 1 0 . 4 . 3 0 . 0*59.6 
. 1 0 . 1 * 2 9 . 0 . 6 0 . 9 
. 9 . 6 * 2 8 . 0 . 6 2 . 4 
* 9 . 1 . 2 ? . 0 * 6 3 . 9 
. 8 . 4 . 8 5 . 4 . 6 6 . 2 

TECO F0R55,DAT 

1 . 155. -
2 . 155.« 
3» 155.* 
4* 155.* 
5 , 155.* 
6* 1 5 5 . . 
7 , 155.* 
8* 1 5 5 . . 
9 . 155.» 
11 • 155. 
11 . 1 5 5 . 
l c , 1 5 5 . 
13 . 1 5 5 . 

13 
0 . 0 . 3 8 . 2 * 6 1 . 8 
1 . 0 . 3 7 . 2 * 6 1 . 8 
2 . 0 * 3 6 . 2 , 6 1 . 8 
3.0.35.l.i,(t>2.0 
4 . 0 * 3 3 . * . 6 2 . 2 
4 . 2 , 3 2 . 8 * 6 3 . 0 
4 . 4 * 3 1 . 6 , 6 4 . 0 
4 . 5 * 3 0 . 5 , 6 5 . 0 
4 . 5 * 2 9 . 5 . 6 6 . 0 
» 4 . 5 . 2 8 . 5 » 6 7 . 0 
. 4 . 5 * 8 7 . 5 . 6 8 . 0 
. 4 . 5 , 2 6 . 5 . 6 9 . 0 
, 4 . 5 . 2 5 . 5 . 7 0 . 0 

TECO F0R60.DAT 

U 
1*165. . 0 . 0 . 3 4 . 8 * 6 5 . 8 
2*165 .»1 .0 ,3* .8* fr5 .2 
3 * 1 6 5 . , 2 . 0 * 3 2 . 8 , 6 5 . 2 
4 , 1 6 5 . - 3 . 0 , 3 1 . 5 . 6 5 . 5 
5 , 1 6 5 . , 3 . 3 , 3 0 . 7 .66 . ft 
6 . 1 6 5 . , 3 . 5 , 2 9 . 5 . 6 7 . 0 
7 , 1 6 5 . , 3 . 6 , 2 8 . 4 , 6 8 . 0 
8* J 6 5 . , 3 , 7 , 2 7 . 3 , 6 9 . M 
9 , 1 6 5 . , 3 , 7 , 2 6 . 3 , 7 0 . 0 
1 0 * 1 6 5 . , 3 . 7 , 8 5 , 3 , 7 1 . 0 
1 1 , 1 6 5 . , 3 . 7 . 8 4 . 3 , 7 8 . 0 
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equilibrium isotherm of interest. Isotherms Mere available in Sloane (3). 
Two of the component mass balances are then used to determine the 

equilibrium vapor and liquid mass flow rates, the sum of which is compared 
with the feed mass flow rate. This mass-balance deviation is calculated 
for points over the entire isotherm; the liquid composition and calculated 
vapor composition that give the smallest deviation are taken to be the 
actual products of an equilibrium flash. 

The equilibrium-stage effluent streams (3 and 4) are corrected for 
nonequilibrium by using Hansen stage efficiencies in subroutine HODGRF. 
Two efficiencies are required because there are three components. Expres­
sions for these efficencies as functions of system parameters O E D P * VEDP, 
Ffeed* ^MglNOs)?) a r e developed in Sect. 7 (The vapor stage efficiency is 
defined using a combined liquid feed.) The modification-stage calculation 
is also iterative, since the efficiency is a function of the recycle flow 
rate [FMgfNO?^ Function ZEROTH is used as the convergence routine. 

The EDP effluent (6) is then flashed in the SRP, again at constant 
temperature and pressure. The same algorithm (EQSTAG) is employed to 
determine the composition and flow rates of the equilibrium streams. A 
second isotherm data base is required as the SRP is operated at a higher 
temperature than the EDP. An isotherm at the normal SRP temperature (165°C) 
was estimated because no experimental equilibrium data are available for 
such elevated temperatures. A noniterative modification stage using SRP 
efficiency relations developed in Appendix 11.5 yields the SRP effluent 
and dilute acid flow rates and compositions. 

A detailed list of the variables used in the program and their defi­
nitions is located in the calculation file. 

11.8 Location of Data 

The data are on file with the MIT School of Chemical Engineering, 
Bldg. 1505, ORNL. 

11.9 Nomenclature 

C composition of a stream, mole % 

CCP concentration of concentrated product, % 

CPRR concentrated product recovery ratio [%) 
3 F volumetric flow rate, cnr/min 

6 mass flow rate, g/mv. 
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P pressure, t e n t a t i v e 

Q heat Input, qualitative 

T temperature, °C 

V volume, ml 
U Height percent, wt % 

X liquid mole fraction 
Y vapor mole fraction 
Z combined feed mole fraction 
Greek Symbols 
n stage efficiency, % 

e error, % 
3 p density, g/cm 

Subscri pts 
F, G, W, p,n refer to the quantities defined above 
d material balance direction 
EDP extractive distillation pot 
E EDP 
feed acid feed 
i component 1 
L liquid 
Mg(N0 3) 2 magnesium nitrate 
0 overal1 
S SRP 
SRP solvent recovery pot 
V vapor 
* equilibrium; also a superscript 
1, 2, 3 see tabulation mid' page 31 
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