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hanyak
Note
This variable is the super-heated (sh) temperature,  Any temperature greater than the dew-point temperature.

hanyak
Note
This variable is the dew-point (dp) temperature,  A temperature where the first drop of liquid forms when cooling a super-heated vapor.  At the dew-point, the vapor fraction is one.

hanyak
Note
This variable is the bubble-point (bp) temperature,  A temperature where the first bubble of vapor forms when heating a sub-cooled liquid.  At the bubble-point, the vapor fraction is zero.

hanyak
Note
This variable is the sub-cooled (sc) temperature,  Any temperature less than the bubble-point temperature.

hanyak
Note
Variable T is any temperature between the dew-point (dp) and bubble-point (bp) temperatures,  At temperature T, two phases coexist at equilibrium -- a saturated liquid and a saturated vapor.  The composition of each phase is given by Points L and V.  Point T is related to Points L and V, as shown by the component balances in the math model below.

hanyak
Note
At temperature T, the vapor fraction is define by the ratio of Line Segment LT (i.e., zj - xj) over Line Segment LV (i.e., yj - xj), which is known as the Reverse Lever Rule.

This Rule is found by combining the total balance and a component balance, and solving for vapor fraction.  By combining these two balances, you get the ratio of mole fraction differences.

hanyak
Note
For the above VLE math model, three useful math algorithms can be defined.  They are expressed as functional forms --  vlet, vlevf, and vlep.  Knowing the quantities on the right, someway exists to find the quantities on the left.

Remember that any functional form can be represented one of four ways --  graph, table, set of equations, or computer program. 

The equation versions of the three functional forms are presented on the next two pages.  Note the meanings of the three symbols -- vlet, vlevf, and vlep -- are:
     vlet   means  VLE finding temperature,
     vlevf  means  VLE finding vapor fraction,
     vlep   means  VLE finding pressure.

hanyak
Note
yj - mole fraction of Component j for the saturated vapor, Point V.

hanyak
Note
xj - mole fraction of Component j for the saturated liquid, Point L.

hanyak
Note
zj - mole fraction of Component j at Point T, considering both phase together (i.e., saturated liquid and saturated vapor).

The mole fractions of Component j at Points L, T, and V are related through the component balance in the math model below.

hanyak
Note
The mathematical model below represents the vapor-liquid equilibrium (VLE) that would be occurring in a isolated system.  A system where neither material nor energy crosses the system boundary.

In practical problems where vapor and liquid phases coexist, we assume that sufficient time exists for the vapor and liquid phases to come to equilibrium.  When that equilibrium is reach, a snapshot of the vapor-liquid system at that point in time is analogous to a VLE isolated system where the equilibrium is depicted by the horizontal line connecting the saturated liquid curve to the saturated vapor curve in a TXY diagram, as shown on the left of this page.

hanyak
Note
Raoult's Law is the simplest model to describe vapor-liquid equilibrium.  It is applicable when the vapor mixture behaves as an ideal gas and when the saturated liquid mixture behave like an ideal solution.

hanyak
Note
For a binary mixture (nc = 2), the degrees of freedom (d.o.f.) equals four.

Knowing a composition (i.e., two mole fractions) and any two other quantities, the math model can be solved.

hanyak
Text Box
Pictorially, the math model represents each horizontal line in the TXY diagram that can be drawn from the saturated liquid curve to the saturated vapor curve, and that line must cross or touch the vertical line somewhere from the dew-point temperature to the bubble-point temperature; that is, from a vapor fraction of one to zero for a given pressure P and any total composition (Zj's) on the x-axis from zero to one.

hanyak
Text Box
end points of horizontal line connecting the sat'd liquid curve to the sat'd vapor curve.

hanyak
Sticky Note
See the HYSYS manual, Pages C-6 to C-8, for a detailed explanation of the temperature-composition (or TXY) diagram, or consult your course textbook for an explanation.

hanyak
Note
When solving a problem, you will write, as the first principle for vapor-liquid equilibrium, one or more of these functional equations in the problem's mathematical model.

How do you decide that a problem solution requires the concept of vapor-liquid equilibrium?  In the problem statement, you look for a key word like saturated vapor, saturated liquid, bubble-point, dew-point, vapor or liquid fraction, equilibrium, etc.

hanyak
Note
Modeling the functions "vlet", "vlevf", and "vlep" will be based on what you write under the list of assumptions for the problem; for example, Raoult's Law (ideal gas mixture and ideal liquid solution) for all components in the system, or Raoult's Law for condensable components in the system and Henry's Law for those non-condensable components in the system that are soluble in the saturated liquid mixture.

hanyak
Note
Temperature-composition diagram, which is often referred to as the TXY diagram.

hanyak
Rectangle

hanyak
Text Box
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hanyak
Note
When transforming the VLE math model into a math algorithm, a NSOLVE is needed.  This NSOLVE can be manipulated into an ITERATE construct.  

See Chapter 4 of this CinChE manual (Pages 4-16 to 4-17) on how to transform the VLE math model based on Raoult's Law into this "vlet" math algorithm.

To solve the equations in the "vlet" algorithm requires an iteration on temperature; that is, you guess different values for the temperature until the sum of the xj's minus the sum of the yj's is close to zero (like 0.01, 0.001, or 0.0001).

hanyak
Note
A manual solution can be done one of two ways -- by trial and error or by bisection.

For the trial-and-error technique, a first estimate or guess for T is the mole-fraction weighted average (zj * Tb,j) of the boiling temperatures of the pure compounds at the given pressure P.  A boiling temperature is found using the Antoine equation for each pure compound.

For the bisection or interval-halving technique, two estimates for T are needed.  The minimum and maximum values of the boiling temperatures for the pure compounds at the given pressure P are acceptable first two estimates.

hanyak
Note
A manual solution can be done one of two ways -- by trial and error or by bisection.  

For the trial-and-error technique, a first estimate for Vf is 0.5, since the vapor fraction can ONLY range from 0.0 to 1.0.

For the bisection or interval-halving technique, two estimates for Vf are needed.  Zero and one are acceptable for the first two estimates.

hanyak
Note
In this introductory course, we will use software tools to automate the solution of the "vlet" mathematical algorithm.  For nc > 4, you are to use the Aspen HYSYS simulator with either the PRSV model or the Antoine vapor pressure model (i.e., Raoult's Law) as the fluid package.

For nc <= 4, you are to proceed one of two ways, provided Antoine coefficients are available for the chemical components:  

1) use the Excel "EZ Setup"/Solver Add-Ins to process the VLE mathematical model based on Raoult's Law; that is, to solve the equations on "Page 1 of 6" above. 

2) use the "EZ Setup" user-defined function for the "vlet" mathematical algorithm.  Click the web link to the right to view documentation on how to use this "EZ Setup" function.

hanyak
Text Box
Click here to view info on the "EZ Setup" function for "vlet".

hanyak
Text Box
Click here for a tidbit.

hanyak
Note
In this introductory course, we will use software tools to automate the solution of the "vlevf" mathematical algorithm.  For nc > 4, you are to use the Aspen HYSYS simulator with either the PRSV model or the Antoine vapor pressure model (i.e., Raoult's Law) as the fluid package.

For nc <= 4, you are to proceed one of two ways, provided Antoine coefficients are available for the chemical components:  

1) use the Excel "EZ Setup"/Solver Add-Ins to process the VLE mathematical model based on Raoult's Law; that is, to solve the equations on "Page 1 of 6" above. 

2) use the "EZ Setup" user-defined function for the "vlevf" mathematical algorithm.  Click the web link to the right to view documentation on how to use this "EZ Setup" function.


hanyak
Note
When transforming the VLE math model into a math algorithm, a NSOLVE is needed.  This NSOLVE can be manipulated into an ITERATE construct.  

See Chapter 4 of this CinChE manual (Pages 4-16 to 4-17) on how to transform the VLE math model based on Raoult's Law into this "vlevf" math algorithm.
 
To solve the equations in the "vlevf" algorithm requires an iteration on vapor fraction; that is, you guess different values for the vapor fraction until the sum of the xj's minus the sum of the yj's is close to zero (like 0.01, 0.001, or 0.0001).  

hanyak
Text Box
Click here to view info on the "EZ Setup" function for "vlevf".

hanyak
Text Box
Page 2 of 6

http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch00/examples/ezSetup/ezSetup_vleAlgorithms.pdf
http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch00/examples/ezSetup/ezSetup_vleAlgorithms.pdf
http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch06/examples/isothermal_flash_vaporization.pdf
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hanyak
Note
A manual solution can be done one of two ways -- by trial and error or by bisection.

For the trial-and-error technique, a first estimate for P is the mole-fraction weighted average (zj * P*j) of the saturation pressures of the pure compounds at the given temperature T.  A saturation pressure is found using the Antoine equation for each pure compound.

For the bisection or interval-halving technique, two estimates for P are needed.  The minimum and maximum values of the saturation pressures for the pure compounds at the given temperature T are acceptable first two estimates.

hanyak
Note
Solving the equations in the "vlep" algorithm DOES NOT require an iteration on the bubble-point pressure for a Vf of 0.0.  When the "psat" function is represented by the Antoine equation, the manual solution is straightforward.

hanyak
Note
Solving the equations in the "vlep" algorithm DOES NOT require an iteration on the dew-point pressure for a Vf of 1.0.  When the "psat" function is represented by the Antoine equation, the manual solution is straightforward.

hanyak
Note
In this introductory course, we will use software tools to automate the solution of the "vlep" mathematical algorithm.  For nc > 4, you are to use the Aspen HYSYS simulator with either the PRSV model or the Antoine vapor pressure model (i.e., Raoult's Law) as the fluid package.

For nc <= 4, you are to proceed one of two ways, provided Antoine coefficients are available for the chemical components:  

1) use the Excel "EZ Setup"/Solver Add-Ins to process the VLE mathematical model based on Raoult's Law; that is, to solve the equations on "Page 1 of 6" above. 

2) use the "EZ Setup" user-defined function for the "vlep" mathematical algorithm.  Click the web link to the right to view documentation on how to use this "EZ Setup" function.


hanyak
Note
When transforming the VLE math model into a math algorithm, a NSOLVE is needed.  This NSOLVE can be manipulated into an ITERATE construct.  

See Chapter 4 of this CinChE manual (Pages 4-16 to 4-17) on how to transform the VLE math model based on Raoult's Law into this "vlep" math algorithm.

To solve the equations in the "vlep" algorithm requires an iteration on pressure; that is, you guess different values for the pressure until the sum of the xj's minus the sum of the yj's is close to zero (like 0.01, 0.001, or 0.0001).

For a Vf equal to 0.0 or 1.0, an iteration in the "vlep" algorithm is not required, as shown at the bottom of this page for these two special cases.

hanyak
Text Box
Page 3 of 6

hanyak
Text Box
Click here to view info on the "EZ Setup" function for "vlep".

http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch00/examples/ezSetup/ezSetup_vleAlgorithms.pdf


   

 
 

 

Chapter 6                   Phase Equilibrium Problems Page 6-18

v22.03.29                   © 2008, Michael E. Hanyak, Jr., All Rights Reserved CinChE

hanyak
Line

hanyak
Note
A 40/60 mol % mixture of n-pentane/n-hexane is continually heated from 40ºC to when the first bubble of vapor appears at 51.64ºC.  This condition is called the bubble point, and the vapor fraction of Vf is zero.

Since nV is very very very small compared to nT, the moles of liquid are essentially the total moles at 40ºC.

Note that the one bubble of saturated vapor and the remaining saturated liquid are in equilibrium at the bubble-point temperature for 1 atm.

hanyak
Line

hanyak
Note
The saturated liquid is continually heated until 60% of the total moles is in the saturated vapor state; that is, the vapor fraction of Vf is 0.60.  

Thus, 40% of the total moles is in the saturated liquid state.

Note that the saturated vapor and the saturated liquid are in equilibrium at 56.88ºC and 1 atm.

hanyak
Line

hanyak
Note
The two equilibrium phases are continually heated as the temperature increases at 1 atm until the last drop of liquid exist.  This condition is called the dew point, and the vapor fraction of Vf is one.

Since nL is very very very small compared to nT, the moles of vapor are essentially the total moles at 40ºC.

Note that the one drop of saturated liquid and the remaining saturated vapor are in equilibrium at the dew-point temperature of 59.55ºC and 1 atm.

hanyak
Line

hanyak
Note
The last drop of liquid is vaporized and the vapor is continually heated until a temperature of 75ºC is reached.

Note that the total moles at 75ºC and 1 atm is the same as the total moles at 40ºC and 1 atm.

hanyak
Note
The the liquid-vapor coexistence curve for a mixture at a fixed composition has a saturated liquid part and a saturated vapor part, and these two parts meet at the critical point (cp).  

The Points F, B, D, and E correspond to the conditions visually shown above.  Point B is the bubble-point temperature (Tbp) at 1 atm, and Point D is the dew-point temperature (Tdp) at 1 atm for a 40/60 mol % mixture of n-pentane and n-hexane. 

hanyak
Sticky Note
The total mole fraction of n-pentane in the system is related to its mole fractions in the saturated vapor and liquid phases through the n-pentane material balance equation.  When this equation is combined with the total material balance:

     ZPT  =  Vf YPT  +  Lf XPT
     1.0  =  Vf        +  Lf  

one gets the Reverse Lever Rule:

               ZPT  -  XPT
     Vf  =  --------------
               YPT  -  XPT

In the TXY diagram, the Reverse Lever Rule is represented by Line Segment LT over Line Segment LV at 56.88ºC and 1 atm.

hanyak
Sticky Note
In a HXY diagram, the Reverse Lever Rule can be expressed using mole fractions of n-pentane or specific enthalpies from the energy balance:

               ZPT  -  XPT            HT   -  HSL
     Vf  =  --------------  =  --------------
               YPT  -  XPT           HSV  -  HSL

where H with hat over it is the mixture specific enthalpy of either the total system (i.e., both phases together), the saturated liquid phase, or the saturated vapor phase.

At 56.88ºC and 1 atm,  HSL = 5.20 kJ/mol, HT = 22.642 kJ/mol, and HSV = 34. 27 kJ/mol.  These mixture enthalpies are referenced to pure n-pentane and pure n-hexane at 25ºC and 1 atm.

hanyak
Sticky Note
See the HYSYS manual, Pages C-6 to C-8, for a detailed explanation of the temperature-composition (or TXY) diagram, or consult your course textbook for an explanation.

hanyak
Text Box
S.L.C.

hanyak
Text Box
S.L.C. - Saturated Liquid Curve
S.V.C. - Saturated Vapor Curve

hanyak
Text Box
S.V.C.

hanyak
Text Box
S.L.C.

hanyak
Text Box
S.L.C.

hanyak
Text Box
S.V.C.

hanyak
Text Box
S.V.C.

hanyak
Text Box
Page 4 of 6



 
Example Binary System for Vapor-Liquid Equilibrium 
 
 

 
/*  Raoult's Law applied to n-Pentane and n-Hexane System  */ 
 
//  Total and Two Component Material Balances 
 1.0  =  Vf  +  Lf 
 
 zPT  =   Vf * yPT  +  Lf * xPT 
 zHX  =  Vf * yHX  +  Lf * xHX 
 
//  Vapor-Liquid Equilibrium using Raoult's Law 
 yPT  =  kPT * xPT 
 yHX  =  kHX * xHX 
 
 kPT  =  PsatPT / P 
 kHX  =  PsatHX / P 
 
//   Antoine Equations for the Two Components, F&R, 3rd Ed., Table B.4 
 log(PsatPT)  =  6.84471  -  1060.793 / (T +  231.541) //  range 13.3 to 36.8 C 
 log(PsatHX)  =  6.88555  -  1175.817 / (T +  224.867) //  range 13.0 to 69.5 C 
 
//   Two mixture equations for the liquid and vapor phases 
 xPT  +  xHX  -  yPT  -  yHX  =  0 
 
//   Given Information 
 Vf     =  0.0 
 P      =  760  
 zPT  =  0.40 
 zHX  =  1.0  -  zPT 
 

 
 
 
 
 

 
TXY Diagram for n-Pentane and n-Hexane System at 1 atm
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[ Tdp, XPT, XHX ]  =  vlet [ P, Vf, ZPT ] 
 
 P = 1 atm Tdp = 59.55ºC 
 Vf = 1.0 XPT = 0.1916 
 ZPT = 0.4  XHX = 0.8084 
 
[ Teq, XPT, YPT ]  =  vlet [ P, Vf, ZPT, ] 
 
 P = 1 atm Teq = 56.88ºC 
 Vf = 0.6 XPT = 0.2565 
 ZPT = 0.4  YPT = 0.4956 
 
[ Tbp, YPT, YHX ]  =  vlet [ P, Vf, ZPT ] 
 
 P = 1 atm Tbp = 51.64ºC 
 Vf = 0.0 YPT = 0.6607 
 ZPT = 0.4  YHX = 0.3393 
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hanyak
Text Box
This Excel "EZ Setup"/Solver formulation is the VLE mathematical model given on "Page 1 of 6" above but written for a binary system.
 
The Excel Solver iterates on all of the equations simultaneously using the optimization technique of minimizing the sum of squares.
 
The "EZ Setup" formulation sets a value of 1.0 for all the unknowns to get the iteration started.  

hanyak
Text Box
You solves this mathematical model three times using the Excel Solver by changing the value for vapor fraction (Vf).  The results for vapor fractions of 1.0, 0.6, and 0.0 are shown below.

hanyak
Text Box
Excel Solver Solutions

hanyak
Text Box
Excel SolverTable TXY Diagram

hanyak
Text Box
Click here to view this Excel "EZ Setup"/Solver formulation as Worksheet "Raoult".

hanyak
Text Box
What would the equilibrium results for this pentane/hexane example look like if an equation of state was used to model the K-values instead of Raoult's Law?  As an enhancement exercise, click here and do the equilibrium calculations for this example using the Peng-Robinson equation.

hanyak
Text Box
Page 5 of 6

hanyak
Highlight

hanyak
Highlight

hanyak
Highlight

hanyak
Highlight

hanyak
Highlight

hanyak
Highlight

http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch06/examples/pt-hx_TXY.xls
https://pjb10.user.srcf.net/thermo/mixture.html


 
Alternate “EZ Setup” Solution for Example Binary System 
 
 

 
/*  Raoult's Law applied to n-Pentane and n-Hexane System  */ 
 
//  Total and Two Component Material Balances 
 1.0  =  Vf  +  Lf 
 
 zPT  =   Vf * yPT  +  Lf * xPT 
 zHX  =  Vf * yHX  +  Lf * xHX 
 
//  Vapor-Liquid Equilibrium using Raoult's Law 
 yPT  =  kPT * xPT 
 yHX  =  kHX * xHX 
 
 kPT  =  PsatPT / P 
 kHX  =  PsatHX / P 
 
//   Antoine Equations for the Two Components, F&R, 3rd Ed., Table B.4 
 log(PsatPT)  =  6.84471  -  1060.793 / (T +  231.541) //  range 13.3 to 36.8 C 
 log(PsatHX)  =  6.88555  -  1175.817 / (T +  224.867) //  range 13.0 to 69.5 C 
 
//   Two mixture equations for the liquid and vapor phases 
 fT  =  xPT  +  xHX  -  yPT  -  yHX 
  T  =  40 
 
//   Given Information 
 Vf     =  0.6 
 P      =  760  
 zPT  =  0.40 
 zHX  =  1.0  -  zPT 
 

 
 
 
 

T fT kHX kPT xPT yPT 

Function f(T) versus Temperature
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root 

 

50 0.218885 0.533297 1.570680 0.297973 0.468018 
51 0.186165 0.552683 1.619650 0.291590 0.472274 
52 0.153740 0.572625 1.669800 0.285332 0.476446 
53 0.121622 0.593136 1.721120 0.279198 0.480534 
54 0.089823 0.614227 1.773650 0.273189 0.484541 
55 0.058353 0.635908 1.827400 0.267301 0.488466 
56 0.027221 0.658192 1.882380 0.261535 0.492310 
57 -0.003562 0.681091 1.938620 0.255890 0.496074 
58 -0.033989 0.704616 1.996140 0.250363 0.499758 
59 -0.064051 0.728779 2.054950 0.244953 0.503365 
60 -0.093741 0.753592 2.115070 0.239659 0.506894 
61 -0.123052 0.779068 2.176520 0.234479 0.510347 
62 -0.151979 0.805218 2.239310 0.229412 0.513725 
63 -0.180515 0.832055 2.303480 0.224456 0.517029 
64 -0.208656 0.859592 2.369030 0.219609 0.520261 
65 -0.236398 0.887840 2.435980 0.214870 0.523420 
66 -0.263737 0.916813 2.504360 0.210237 0.526509 
67 -0.290671 0.946522 2.574180 0.205708 0.529528 
68 -0.317195 0.976982 2.645460 0.201280 0.532480 
69 -0.343309 1.008200 2.718220 0.196954 0.535364 
70 -0.369011 1.040200 2.792480 0.192726 0.538183 
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hanyak
Text Box
This Excel "EZ Setup"/Solver formulation simulates the ITERATE loop for the scalar unknown of temperature found in the multicomponent "vlet" math algorithm given on "Page 2 of 6" above, but for a binary system.
 
The iteration variable T and the iteration function  fT  are written into the "EZ Setup" math model as shown by the two aqua-highlighted lines below.
 
This technique of simulating an ITERATE loop can be used as a fallback whenever the "EZ Setup"/Solver has difficulty solving the math model.

hanyak
Text Box
The simulation of an ITERATE loop is done by using the Excel Solver and SolverTable Add-Ins.  A case study on temperature from 50 to 70ºC was done, and the table of partial results is shown below.  In this table, the function fT is close to zero near 57ºC.  Another case study could be done from 56 to 57ºC to get the equilibrium temperature of 56.88ºC for a vapor fraction of 0.60.

hanyak
Text Box
The simulation of an ITERATE loop is depicted below by plotting f(T) versus T.  The desired root is where the curve crosses the x-axis

hanyak
Text Box
To learn more about doing a manual iteration on a scalar quantity, see the "Development of a Math Algorithm" in the CinChE manual, Chapter 4, specifically Pages 4-16 to 4-17.

hanyak
Sticky Note
At 57ºC, note the values for the distribution coefficients (i.e., K-values) of n-pentane and n-hexane.

Since KPT > 1.0, the mole fraction of n-pentane in the vapor phase is greater then that in the liquid phase.  Thus, n-pentane has an affinity to be more in the vapor phase than in the liquid phase.

Since KHX < 1.0, the mole fraction of n-hexane in the vapor phase is less then that in the liquid phase.  Thus, n-hexane has an affinity to be more in the liquid phase than in the vapor phase.

hanyak
Text Box
Page 6 of 6

hanyak
Text Box
Click here to view this Excel "EZ Setup"/Solver formulation as Worksheet "fT-model".

hanyak
Text Box
Excel SolverTable f(T) versus T Plot

http://www.departments.bucknell.edu/chem_eng/cheg200/CinChE_Manual_2ed/Ch06/examples/pt-hx_TXY.xls



