UseofShort-cut Methods to Analyse Optimal Operation of Petlyuk Distillation Columns

Ivar J. Halvorsen and Sigurd Skogestad

Norwegian University Of Science and Technology (NTNU) Department of Chemical Engineering, N7491 Trondheim, Norway

Abstract:

Analytical methods are used to compute all important operational parameters for an infinite staged Petlyuk column as a function of feed composition, feed enthalpy, and relative volatilities. The computational effort is very low, and the methods can be used to get a very good picture of the applicability of a Petlyuk column for a specific separation task. It is found that the largest energy savings are obtained for the set of feed compositions when the prefractionator is operated at its preferred split and both the upper and lower parts of the main column operate their respective minimum reflux condition at the same time. The position of this boundary region relative to the actual feed is very important when we consider important operational aspects of the column.

Keywords: Petlyuk distillation column, dividing wall column, optimizing control, minimum energy

1. INTRODUCTION The fully thermally coupled distillation arrangement, (Petlyuk 1965), has several appealing features for separation of a three-component mixture. However, the industrial usage have been quite limited, although it is 50 years since the patent of (Wright 1949) for a dividing wall column. The sole industrial exception has been BASF, e.g. (Kaibel 1997), which have several dividing wall columns in operation and regard it as standard technology. Recently, a Japanese and a British application have been reported, (Parkinson 1998) and (Lestak et al. 1999). Theoretical design studies, and results from pilot plant operation have been presented by (Triantafyllou and Smith 1992) and (Mutalib and Smith 1998). Recent theoretical studies are presented by (Mizsey et. al. 1998) and (Agrawal and Fidkowski 1998a,b). All authors report typical savings in the order of 30% in energy costs, and the implementation as a dividing wall column can also save considerable capital costs compared to traditional arrangements with two binary columns in series. In this paper we use analytical methods for infinite staged high purity columns. The methods can be used to quickly check if a Petlyuk arrangement is suitable for a particular separation case, and indicate requirements for the level of automatic control and to the design of number of stages in each column section.

2. THE PETLYUK DISTILLATION COLUMN The Petlyuk column, shown in figure 1, has at steady state five degrees of freedom, which may be selected as the following manipulated input variables: Boilup (V), reflux (L), mid product side-stream flow (S), liquid split (R_l=L_1/L) and vapour split (R_v=V_2/V). There are three main product purity specifications: Top ( ), bottoms ( ) and side-stream ( ). A very important issue is then that we have more degrees of freedom (5) than product specifications (3 in this example). The two extra degrees of freedom can be used for optimization purposes, like minimization of the energy consumption. When the column is operated optimally, the infinite staged Petlyuk column always consumes less energy than the corresponding conventional solution, (Fidkowski 1987). However, this optimal operation may be difficult to achieve in practice since the optimal operation depends strongly on the feed properties and the remaining degrees of freedom.(Wolff and Skogestad 1994) and (Halvorsen and Skogestad 1999a). In the following we will choose L,V and S to control the product purities, and let (R_l,R_v) be the remaining two degrees of freedom. (Note that other choices may be made.) The overall energy consumption will then be a function of the degrees of freedom (R_l,R_v), the feed properties (z,q) and the product specifications ( ). We choose to use the reboiler vapour flow V as a measure of the energy consumption.

x_{Da} x_{Bc} x_{Sb}

x_{Da} x_{Bc} x_{Sb} , ,

Our aim is to adjust R_l and R_v in order to keep . The optimal boilup ( ) will be a function of feed properties and product specifications, but not the degrees of freedom. The optimal values R_l and R_vcan be found by minimizing the boilup with respect to the degrees of freedom as shown in equation (1).

An important observation for the Petlyuk column is that for a broad range of values of (R_l,R_v). This implies that the optimum is quite flat and that exact values for (R_l,R_v) may not be required. However, this observation is limited to a certain direction in the (R_l,R_v)-plane. This indicates that one of the degrees of freedom can be left constant, like in the trivial cases.We will follow up this idea and investigate how the optimal region depend on the feed properties and relative volatilities.

(1)

3. COMPUTATIONS WITH INFINITE NUMBER OF STAGES We here limit ourselves to sharp splits ( ) and infinite number of stages. Only the main procedure is outlined here; for details see (Halvorsen and Skogestad 1999a,b) and also (Fidkowski 1986) for the minimum reflux computation. We assume a ternary feed mixture with composition for the light, intermediate and heavy components respectively. We use normalized feed (F=1), with liquid fraction q (where q=0 implies saturated vapour and q=1 implies saturated liquid). We assume constant molar overflow and constant relative volatilities , referred to a common reference component (usually C). Then we can compute the solution surface . V(R_l,R_v) for a given set of z,q and is shown in figure 2 (surface) and 3 (contour). Note the flat region

with V=V_{min} along a straight line from P^* to R^* in the -plane. This corresponds to the operation along the V-shaped prefractionator minimum reflux characteristics ( ). between the point of the preferred split ( ) in P^*, and the value ( ) which makes the main column balanced in R^*. is defined as the recovery of the intermediate B-component leaving the prefractionator top.

Feed F,z,q

D,x_D

B,x_B Bottom product

Top product

Reboiler

Vapour split (R_v)

3 1

2

4

5 6

Side-stream product

S,x_S

Condenser

“The Dividing

Liquid split (R_l)

wall”

L

V

Prefractionator

Figure 1:The Petlyuk distillation arrangement

implemented as a Dividing Wall Column

V V_{opt}

= V_{opt}

V V_{opt} ≈

V_{opt} q z x_{Da} x_{Bc} x_{Sb} , , , , ( ) min

R_l R_v,( )

V R_l R_v q z x_{Da} x_{Bc} x_{Sb} , , , , , , ( ) = R_l R_v,( )_{opt} f q z x_{Da} x_{Bc} x_{Sb} , , , , ( ) =

x_{Da} x_{Bc} x_{Sb} 1

= = =

z z_A z_B z_C , , [ ] = α α_A α_B α_C , , [ ] = V R_l R_v q z α , , , , ( ) α

Figure 2:The solution surface V(R_l,R_v) for the case

with infinite stages and sharp splits

Figure 3:The contour lines for V(R_l,R_v) are straight lines between the four characteristic corners.

R_l R_v,( )

L_1 L_{1 min,} β( ) = β_P β_R β

The flat region may be wide or narrow, depending on the relative values of and and we may have cases with either or (like in figure 2 and 3). Only for the special case do we have a sharp minimum. The mapping between the variables ( ), which are convenient when we look at the prefractionator, and our chosen degrees of freedom is straightforward from the definition, and the line segment P*R* is described by the points in P* and in R*. The minimum boilup rate for the Petlyuk column, which is the boilup when operating along P*R*, is given by: (2) The Underwood roots ( ) obey and can be found by solving equation (3): (3) The minimum vapour flow for the prefractionator for sharp A/C split is then given by: (4) We can find the point of preferred split ( ) by solving (4) for the value of V_{1,min} when both Underwood roots are active (which is at the minimum of the “V”-shapedV_{1,min}(β)). The point of a balanced main column ( ) can be found by solving the equations for the level lines for the same minimum main column reflux for the upper an lower part ( ). These level lines can be expressed as two straight lines in the ( )-plane for the upper and lower part of the main column: (5)

For non-optimal operation, away from the line P*R*, the details of how to compute an arbitrary point on the solution surface V(R_l,R_v) is given in (Halvorsen and Skogestad 1999a,b). A short summary is given here: The contours for (V=const, V>V_{min}) in the -plane are straight lines between four characteristic corner lines (C1-C4) which represent a particular operating condition for each particular edge. (C2 and C4 are for .)

• C1: Preferred split in the prefractionator. Over-refluxed main column. • C2: Along the left branch of the minimum reflux characteristics for the prefractionator. • C3: Balanced main column, and over-refluxed prefractionator (above the V-shaped minimum curve). • C4: Along the right branch of the minimum reflux characteristics for the prefractionator for The minimum boilup when we fix one of R_l or R_v, is along the path C1-P^*-R^*-C3: This path is given by V(R_{l,opt}(R_v),R_v) or V(R_l,R_{v,opt}(R_l)). Full savings can only be obtained if the chosen constant value is in a flat region, (e.g if ), and in addition the other must be optimised for that choice, (e.g. R_l=R_{l,opt}(R_v) when we choose to fix R_v).

4. RESULTS WITH THE ANALYTICAL METHODS FOR SOME SEPARATION CASES

4.1 When do we get the largest savings with the Petlyuk column? The energy savings that can be obtained with a Petlyuk configuration will depend on the feed properties, the product specifications and the relative volatilities. Our reference for computing the savings is the best of the conventional configuration with direct split (DSL) or indirect split (ISV) (with vapour feed to the second column). In the triangular plots in figure 4 we show the contours of the savings as a function of the feed composition , for three sets of relative volatilities with saturated liquid feed. Observe that the largest saving is obtained for the set of the particular feed compositions when the operating point for a preferred prefractionator split equals the operating point for a balanced main column. This is the situation when P^* coincides with R^* and we have . This is denoted the “boundary curve” in the following figures. On the side of this boundary closest to pure C-feed we always have , and on the side most close to pure A-feed we always have . The situation when P^*=R^* is also special when we consider the operational aspects. In that situation we have no flat region on the solution surface, β_P β_R β_P β_R> β_P β_R< β_P β_R≈ β L_1, R_l R_v,( ) R_{l P,} R_{v P,},

( ) R_{l R,} R_{v R,},( )

V_{min}^{petlyuk} max α_Bz_B ϕ_1 α_B–

------------------ α_Cz_C ϕ_1 α_C–

------------------ + α_Cz_C ϕ_2 α_C–

------------------ , = ϕ_1 ϕ_2, α_A ϕ_1 α_B ϕ_2 α>_C > > > α_Az_A α_A ϕ–

--------------- α_Bz_B α_B ϕ–

--------------- α_Cz_C α_C ϕ–

----------------

+ + 1 q–( ) =

V_{1 min,} β( ) max ϕ_1 ϕ_2,

α_Az_A α_A ϕ–

--------------- α_Bz_Bβ α_B ϕ–

---------------- + = β_P

β_R L_{min}^{upper} L_{min}^{lower} = β L,_1

L_1 L_{min}^{upper} βz_Bα_A

α_A α_B– ( ) z_Aa_B

L_{min}^{upper}

---------------- – ----------------------------------------------- – = L_1 L_{min}^{lower} z_B–

1 β–( )z_Bα_C

α_B α_C– ( ) z_Ca_B

L_{min}^{lower} z_A z_C 1 q–( ) – + + --------------------------------------------------------------- – ---------------------------------------------------------------------------------------------- – =

R_l R_v,( )

β_P β_R<

β β_R>

R_{v p,} R<_v R_{v R,}<

z_A z_B,[ ]

β_P β_R = β_P β_R< β_P β_R> and this implies that we have to adjust both degrees of freedom on-line in order to maintain optimal operation for even small feed disturbances. The particular feed composition when we have the largest energy savings will be either at the intersection with the dashed curve where the boilup for the conventional direct split equals the indirect split configuration, ( ) or at the end-points for the boundary curve for .

Thus we get the largest theoretical savings in the region where the column is most difficult to operate optimally, and where we also require the largest number of stages, see (Halvorsen and Skogestad 1999b).

4.2 Sensitivity to changes in relative volatility ratio (α_{AB}/α_{BC}) and liquid fraction (q) The sensitivity of the boundary curve for to variations in , is very strong as shown for the difficult separation case in figure 5a and 5b. In figure 5c we observe that changing the feed liquid fraction (q) rotates the boundary curve around an invariant point.

4.3 When can we obtain full savings with constant vapour and liquid splits? Assume that the design value for the vapour split has been set to . Figure 6a illustrates the contour lines for constant vapour split values of the end-points of P*R*, R_{v,P},(solid) and R_{v,R} (dashed) as a function of feed composition. In order to be able to operate in the flat optimal region, we must have a feed composition such that . (We have always: ). This is illustrated with the shaded area in figure 6a for an example with =0.6. Observe that in the feed region close to the boundary curve for , an operation strategy with constant will only give us full savings for one particular feed composition, but further away from the boundary curve, an exact value of is not required.

V_{DSL} V_{ISV} = β_P β_R = a) Difficult separation b) Medium difficult sep. c) Easy separation

Figure 4: Contour plots of the savings as function of feed composition with the Petlyuk column compared to the best of the conventional direct split or indirect split configurations. α_{AB}/α_{BC}=1 for all three cases (α_{ij}=α_i/α_j).

β_P β_R≈ α_{AB} α_{BC}⁄

Figure 5: Variation in α_{AB}/α_{BC} has strong impact on the boundary curve for β_P=β_R. The plots show contour lines of the savings with the Petlyuk column compared to the conventional indirect or direct split. The difficulty of the A/C split is the same as in figure 4. a) and b) show the difficult case from figure 4a), here with α_{AB}/α_{BC} set to 1/1.2 and 1.2. c) The plots show boundary curves for different the feed liquid fractions in the range from from superheated vapour (q=-0.5) in steps of 0.25 through to sub-cooled liquid (q=1.5).

a) b) c)

R_v^o

R_{v p,} R_v^o< R_{v R,}< R_{v p,} R_{v R,}≤ R_v^o β_P β_R

= R_v^o R_v^o

The extent of the flat region increase as we move away from the boundary curve. In figure 6b, V(R_{l,opt}(R_v),R_v) is shown for some selected feed compositions, and we note flat regions. In figure 6c we show an example where wee keep both degrees of freedom constant. Now the region where Petlyuk column savings is positive is even more limited. In figure 6c it seems almost impossible to save energy without adjusting R_l and/or R_v to move that narrow region if the feed composition changes. Let us make a short summary: To operate at minimum energy we first have to ensure that is in the flat region in order be able to hit the solution surface V(R_{l,},R_v) between P* and R* at all. This task seem quite easy unless when the feed composition is close to the boundary curve. Second, we must find the optimal value of R_l for the particular , to ensure that we actually operate on P*R* and not somewhere to the sides of P*R*, where V(R_{l,},R_v) may be quite steep. With both R_{l,}and R_v constant, the probability of hitting P*R* on a solution surface which is moved around by changes in z,q and α, will be very small, so this will only be a feasible strategy if the operating conditions are reasonable steady, and for cases where the solution surface is not very steep (which can be the situation for easier separations than for the case in fig. 6c).

5. A SIMPLE PROCEDURE TO TEST THE APPLICABILITY FOR A PETLYUK ARRANGEMENT We present a short procedure for evaluating separation cases by the following simple example: We consider the three feed composition regions: I,II and III, shown in the triangular diagram in figure 7. The boundary curves for (in region X) are computed for the expected variations of relative volatility and liquid fraction. For feed case I, we have an intersection with the region X, thus this case will require on-line adjustment of both degrees of freedom to achieve the full theoretical energy saving. For case II and III we know that there will be a flat region on the solution surface, and the optimal operation will be on the left and right branch of the prefractionator characteristic, respectively. However, if we want to have a fixed vapour split (R_{v,d}), the feed have to be within the region Y in order to get the full benefits of the theoretical energy saving. Thus only the feed case III will be suitable for instance with a DWC with the constant vapour split if we are required to achieve the full theoretical savings of the Petlyuk arrangement. For another value of R_{v,d}, region II may also be suitable for operation with a fixed vapour split.

Figure 6:a) The contour lines for constant R_{v,P} and R_{v,R} meet at the boundary where . For the example with =0.6, full Petlyuk column savings can only be achieved in the shaded region. b) The plot show V(R_{l,opt}(R_v),R_v) for some selected feed compositions z_i. These are the path C1- P-R-C3 (see figure 2 and 3) on each V(R_l,R_v,z_i) which gives the minimum energy as function of one degree of freedom when the other is optimized. (The endpoint markers on each curve are at the minimum conventional boilup for each case.) c) Case where R_{l,}and R_v have been set to the optimal values for z=[0.33,0.33,0.33]. The narrow shaded area show the feed composition region where the Petlyuk column perform better than the conventional solution when we fix both R_{l,}and R_v.

β_P β_R = R_v^o a) b) c)

R_v^o

R_v^o

I

B

A C

III

Feed region where a fixed R_{v,d} is optimal.

Feed region where: β_P β_R = X Y

Figure 7:Check the applicability of a

Petlyuk arrangement for a given feed property range

II β_P β_R =

6. CONCLUSION Simple analytical Underwood methods developed for the infinite staged Petlyuk column with sharp product split can be used to compute the theoretical performance of a Petlyuk arrangement for any set of feed properties and operational situations. For every set of feed parameters and relative volatilities the full surface V(R_l,R_v) can easily be computed and analysed. We observe that the best possible energy savings is obtained close to the feed composition region where the operating point for preferred split of the prefractionator coincide with the situation that we have the same minimum reflux requirement in the upper and lower part of the main column, i.e when the main column is balanced. This region is also the most difficult region for operation since we have to adjust both degrees of freedom on-line. However, if the feed composition is away from the boundary line, then optimal operation (in terms of minimum boilup) can be obtained with a strategy where one of the degrees of freedom e.g. the vapour split, is kept constant. The results shown in this paper are valid for sharp product splits, and therefore relevant for high purity distillation. In (Halvorsen and Skogestad 1999b) the case of non-sharp splits, including new analytical expressions for the infinite stage case, is treated further and it is shown that in particular the sidestream purity is closely related to the extent of the flat region of V(R_l,R_v). A typical symptom on a real column if we have a feed composition outside the feasible regions for high purity operation, is that we will be unable to produce high purity products, even if the energy input to the column is above the theoretical minimum. So instead of increase in energy consumption for non-optimal operation, we may experience a decreasing product purity.

7. ACNOWLEDGEMENT A study of the Dividing Wall Column has recently been carried out in an European research project within the Joule III programme: “Complex Distillation Columns, DISC”, contract no. JOU-3-CT95-0035, and support is greatly acknowledged.

8. REFERENCES Agrawal, R., Fidkowski, Z. (1998a), Are thermally coupled distillation columns always thermodynamically more efficient for ternary distillations? Ind. & Eng. Chem. Res.Vol. 37, No. 8 (1998), p. 3444-3454.

Agrawal, R., Fidkowski, Z. (1998b), More operable arrangements of fully thermally coupled distillation columns, AIChE Journal, Vol. 44, No. 11, 1998, p. 2565-2568 Christiansen AC., and Skogestad S. (1997a). . The Preferred Separation for Prefractionator Arrangements. AIChE Annual Meeting Los Angeles, Nov. 1997, Paper 199d, updated version is found in (Christiansen 1997b) Christiansen A.C. (1997b), Studies on optimal design and operation of integrated distillation arrangements. Ph.D thesis 1997:149, Norwegian University of Science and Technology (NTNU).

Fidkowski Z. and Krolikowski L. (1986), Thermally Coupled System of Distillation Columns: Optimization Procedure, AIChE Journal, Vol. 32, No. 4, 1986. p 537-546.

Fidkowski Z. and Krolikowski L. (1987), Minimum Energy Requirements of Thermally Coupled Distillation Systems, AIChE Journal, Vol. 33, No. 4, p643-653, 1987 Halvorsen I. and Skogestad S. (1999a). Optimal Operation of Petlyuk Distillation: Steady state behavior. Scheduled for publication in Journal of Process Control, 1999.

Halvorsen I. and Skogestad S. (1999b). Analysis of Petlyuk arrangements with an infinite number of stages. To be submitted for publication, 1999.

Kaibel G. (1997), Innovation Award 1995: Split wall for the environment. Web page:

http://www.basf-ag.basf.de/basf/html/e/entwick/innov/trenn95.htm Lestak, F., Egenes D.J., Reay, D. (1999), Efficiency at Low Cost, AIChE Spring Meeting 1999,Paper 3c. Mizsey, P.,Hau, NT.,Benko, N., Kalmar, I.,Fonyo, Z (1998). Process control for energy integrated distillation schemes, Comp & Chem Engng, vol. 22, Suppl. 1998, pp. S427-S434 Mutalib, MIA.,Smith, R. (1998), Operation and control of dividing wall distillation columns - Part 1: Degrees of freedom and dynamic simulation, Part 2:Simulation and pilot plant studies using temperature control, Chem. Engng. Research & Design, Vol. 76, no. A3 (1998), p. 308-334 Parkinson, G, (1998), Chementator, Chemical Engineering, July 1998, p. 21-22 Triantafyllou, C. and Smith R.(1992), The Design and Operation of Fully Thermally Coupled Distillation Columns. Trans. IChemE , 7-(Part A), 118-132, 1992 Wolff E. and Skogestad S. (1996), Operation of Integrated Three-Product (Petlyuk) Distillation Columns, Ind.Eng.

Chem. Res. 1995, 34, 2094-2103 Wright, R.O. (1946), Fractionation Apparatus, US patent No. 2471134, 1949.