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Feed temperature influence on the efficiency of a molecular evaporator
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Abstract

The temperature of a liquid entering the evaporating cylinder of a molecular evaporator is one of the important technological paramete
that determine an evaporator’s operation. In this model study, the effect of the feed temperature on the film surface temperature on t
evaporating cylinder was observed for various liquid loads and for various differences between evaporation surface temperatures and fe
temperatures. The length of the evaporating cylinder measured from the top, along which the temperature on the film surface reache:
steady-state, constant value (asymptotic temperature) increases with decreasing feed temperature, with rising the liquid load and with ris
evaporator cylinder temperature. Along this length, which may reach up to several hundred millimetres, evaporation occurs at a reduc
rate which corresponds to the real temperature on the film surface. Therefore, it is useful to gently preheat the feed before it enters t
evaporator in appropriate front-end heat exchangers to a temperature close to the asymptotic temperature. © 2000 Elsevier Science £
All rights reserved.
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1. Introduction The scheme of an apparatus for falling film molecular
distillation is shown in Fig. 1. It consists of a cylindrical
Molecular or short-path distillation is characterized by a evaporator surrounded by a closely positioned condenser
short exposure of the distilled liquid to elevated tempera- jacket. The distilled liquid flows down the evaporating cylin-
tures, high vacuum in the distillation space and a small dis- der in the form of a film, it is partly vaporized and evapo-
tance between the evaporator and the condenser. The shormated molecules condense on the condenser. If both films are
residence time of the liquid on the evaporating cylinder, on much thinner than the evaporator and condenser radii, they
the order of a few seconds to tens of seconds, is guaran-can be regarded as planar.
teed by distributing the liquid in the form of a thin film of The temperature of the liquid entering the peripheral
even consistency. By considerably reducing the pressure ofof the evaporation cylinder of a molecular evaporator
non-condensable gas in the evaporator to the-10"1 Pa represents an important operational parameter. Practical ex-
level, a reduction of the distillation temperatures by as much perience over many years with the operation of molecular
as 250C can be obtained. The combination of a small evaporators have shown that the optimum temperature of
distance between evaporator and condenser (20-70 mm}he entering de-gassed liquid should not differ too much
with a high vacuum in the distillation gap results in a spe- from the working temperature inside the evaporator. This
cific mass transfer mechanism with evaporation outputs results in evaporation at a non-reduced rate from the very
as high as 20-40gn?s~1. Under these conditions, e.g., first moment the distilled liquid gets onto the evaporation
short residence time and low temperature, distillation of surface, without using the evaporation surface to post-heat
heat-sensitive materials is accompanied by only negligible liquid to the operation temperature. On the other hand,
thermal decomposition and proceeds at rates which can bemolecular distillation is used to process thermally sensitive
technologically utilized. substances which do not tolerate long-term exposures to
increased temperature in the presence of oxygen, and which
are not easy to heat to the desired temperature on front-end
"+ Corresponding author. Tek:421-7-59325-531; fax: 421-7-52493-108. €@t exchangers without the risk of suffering thermal dam-
E-mail addressescvengros@chtf.stuba.sk (J. Cvengrog), age. The heating of liquid in film form is relatively efficient
lutisan@highchem.com (J. Luti$an), cvengros@chtf.stuba.sk (M. Micov) and, above allcareful; evaporator with liquid film as heat
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Fig. 2. Scheme of the film shape on the evaporator.
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k=D Hﬁﬂ%&"g hh=w A scheme of the film flow on the evaporating cylinder

with the co-ordinate system orientation specified is shown
Fig. 1. Scheme of falling film molecular evaporator. in Fig. 2.

A physical model of a set of balance equations for molec-
exchanger, however, is at least problematic as far as capitalular distillation in a short-path evaporator was suggested in
investment costs are concerned. our previous papers [6,7]. A laminar liquid film on evapora-

The aim of the present paper is to investigate, in model tor and condenser is assumed, with the inter-molecular colli-
studies, the development of temperatures on the film surfacesions in the vapor phase being neglected. The set of balance
along the length of the evaporator under steady-state condi-equations published in [6] also holds for this case, including
tions depending on the peripheral liquid load of evaporating the temperature dependence of liquid viscosity, differences
cylinder, on the temperature differences between evaporationin evaporator wall temperatufgy, and differences in feed
surface temperature and entrance liquid temperature (feedemperaturelr. The existence of a steady-state solution is
temperature), as well as on the temperature of evaporationassumed.
surface. The study is expected to provide information on the  The system of the balance equations then is as follows:
portion of evaporation surface lost for liquid heating upon 1. Navier—Stokes equation for velocity field
feeds with temperatures lower than that of the evaporator. _ . 90 o
Experimental data on film surface temperatures are not avail-(V9radv = vV + ¢ 1)
able since the film is only several tenths of a millimeter thick.

Several studies report the results of molecular distillation
modeling. Bose and Palmer [1] have given reasons for a sep-v(z)ayzvz(y, ) =—g
aration efficiency decrease by distillation in a jet tenzimeter. - , . P
This decrease is caused by both concentration and temperat—hus yielding Nusselt's solution to velocity field:
ture gradients in the distilled liquid mixture as a consequence ghu(2)? y y2
of intense evaporation. Kawala and Stephan [2] have simu-vz(y, 2) = (h @ )2>
lated the processes in falling film with an adiabatic regime. e e
Bhandarkar and Ferron [3] have presented a description of 2. Balance equation for heat transfer:
heat and mass transfer in liquid film on the conical evapora-
tor of a centrifugal still. Batigtella and Maciel [4] have com- V<01 (v, 2) = 2@+ 90T ©)
pared in model study the performance and efficiency of the ywhere
falling-film and centrifugal distillators, respectively. Toei
et al. [5] have studied the influence of inert gas pressure ony = — (4)
the process of molecular distillation. pP

in our casep = (0,0, v;(y,2)), g = (0,0, g)

2

v

The heat transfer by convection along #hexis (term BZZT)

will be neglected in comparison with the other two terms
because of the liquid flow along tteaxis. Then, the Eq.
(3) can be written as:

2. Theoretical

The assumption that distilled liquid consists of one
component will be used in our work. In this case, the v,9,T(y,z) = ﬁa}?T (5)
parameters for heat transfer under steady-state conditions N
are described by three fundamental balance equations: the !nitial and boundary conditions are
Boltzmann equation for mass transfer in the vapor phase,T(y’ 0) = Tr (6)
the Navier—Stokes equation for film flow in the gravity film
and the thermal balance equation. TO,2)=Tw )
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)\.ayle:h = —Aevak (8)
where
__ PIsR) ©
V2T RiIMTS(2)

is the surface evaporation rate for ideal liquid.
The dependence of flow on coordinatez is given by
continuity equation

0.1(z2) = —2w R1k (20)
The initial condition is:
2n R1'p

I0O)=F = —-—— 11

© 3.6x 10°M (11)

The set of Egs. (5) and (10) with the boundary condition
specified by Eqgs. (7) and (8) was solved numerically. The
calculation was performed with a step Ak The state for
z=0 is determined by the initial conditions (6) and (11). In
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The initial conditions are given by the known temperature
profile in the first layer (foi=0) according to Eq. (6). The
boundary conditions on the evaporator’s wall are specified
by Eq. (7). This differential boundary condition (8) was
replaced by a difference. Therefore, the relation between the
nodesi, jmax—1, andi, jmax (in Fig. 3, the node, jmax-1 is
identical to the nodg j+1) can be expressed by the equation:

Jmax Jmax-1
LT

Ay

Ae\/pH k
A

= (15)

The value of evaporating ratedepends on the surface
temperaturds the value of which has not been determined
yet. For simplicity, the value of the surface temperature from
the previous step of the solution was taken.

The actual film surface temperatufe (a fictive surface
temperature in the node jmax Situated outside the film is
obtained by solving the above set of equations) is obtained
again through the linear substitution of the boundary condi-

each step, the value of flow was determined from the value tion (8):

of | in previous step using Taylor's approximation [8] of
Eqg. (10):
I(z 4+ Az) = 1(z) — 2r R1kAz (12)

The film thickness was computed from the known value
of I(z+A2)

3v
h1(z 4+ Az) = 27 Rige

(13)

I(z+ Az)

A eva k
A

For comparison, our model, as described in previous
studies [6,7], was applied under the same conditions. Egs.
(1)-(11) make up the basis of this approximative model,
the modeled set, however, is composed of a two-component
mixture, and there is a concentration gradient in the film.
The model also includes the re-evaporation of molecules
returning from the condenser to the evaporating cylinder;

Ts — Tijmaxfl _ (hl _ AYJ'maxfl) (16)

The partial differential equation (5) with boundary con- the condenser is described in the same way as the evap-
ditions (7) and (8) was solved using the networks method. orating cylinder. In these studies, it was assumed that the
In our case, the implicit, always stable Crank—Nicholson dependence of temperature on txeoordinate is linear,
scheme [9] was used for the transformation of Eg. (5) into a and the dependence of the concentration of one of the
discrete form. The discretization scheme is shown in Fig. 3, components on thg-coordinate is parabolic. This marks
the value of temperature in the nod¢was calculated from  the difference between this approximative model and the
the set of linear equations: non-approximative model described above. In this case,

we succeeded in re-arranging the set of partial differential
equations to obtain a set of ordinary differential equations
and several non-linear equations which were solved numer-
+ﬂ§—2ﬂ4+ﬂf>
Ay?

Tij+l _ 2Tij n Tij—l
Ay?

/-1l 19
Az T2,

ically using the Runge—Kutta method. For a one-component
mixture, the solution described in [6,7] is simplified into
Eq. (10) with the initial conditions (6) and (11) and the
equation determining the surface film temperature:

y Aeva k(Ts(z))

/ Ts(z) = Tw + h1(2) x
— i-1
Ay

. The only complication is the determination of the evapo-
z 4 ration ratek, which depends on the surface temperailye

? / i ought. The surface temperature is therefore determined by
dor
J-1 j j+1 jmex

(14)

(17)

2]‘ I iteration.

) All calculations were performed by a PC computer (Pen-
tium Pro 180 MHz, 64 MB RAM with the Windows NT
4.0 Workstation operating system). Calculation programs
employed were developed and debugged using the Visual

C++ 5.0 programming language.

i+1

Fig. 3. Scheme of the Crank—Nicholson net method.
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Table 1
Physical parameters of di-butylphthalate (DBP)
M (g mot1) logp® (Pa) evpH (kImol 1) ¢p (JmoltK—1 p (kgm3) logn (Pas)
278.35 12.7-(4450) 85.6 583 1294.60.8397 (1487.6M)—6.79
3. Results and discussion y/ mm
0,00 0,05 0,10 0,45 0,20 0,25 0,30 0,35
) . 0,00- ‘I ‘l 1 1 1 l' 1
As already mentioned, film surface temperatiigerep- ] 3573‘1& 340-330———320 57.0

resents the determining factor for the evaporation process. 0,05 35 ]
The aim of the study was to determine the development of ]
film surface temperature along the height of the evaporator 0,109 3¢, ]
in dependence on peripheral liquid load and on the liquid en-
trance temperature. Di-butylphthalate (DBP) was used as E 0,153 ]
model substance; its physical parameters are in Table 1. The N 020 ]
evaporation cylinder was 30 mm in diameter, the temperature ’
at its surface was 9C (T,,=363K) or 110C (Tz,=383K), 0,251 ]
distance evaporator—condenser was 30 mm. The evaporator ]
length was not limited. 0,30 : . . : : :

Flg..4 ShOWS t.he dependence of .fllm th.ICkneSS .On Fig. 5. Temperature map of film interiof=61h-1dm~1, Tr=313K,
co-ordinate z identical to the evaporation cylinder axis T.,—=363K.
starting at its top according to Fig. 1. For various feed
temperaturesly, film thickness atz=0 is given by rela-
tionship (13) in Nusselt's approximation. Film thickness i.e., both isotherms turn parallel as soon as a steady-state
strongly decreases with the increasing feed temperature film thickness has formed. At distances larger than relaxation
due to both the temperature dependence of viscosity andlength, the temperature field in the direction perpendicular
evaporation. Different relaxation lengths for film thickness to the cylinder axis has a linear course. This also confirmed
have been stated for various feed temperatures. Relaxatiorthe assumption presented in our previous paper [6] on the
length means the distance from the evaporator top at whichnegligible effect of convective flow on heat transfer in thin
the given parameter (film thickness, temperature) reacheslaminar films.

asymptotic value. So, folg=353K, relaxation length is Fig. 6 shows the development of film surface temperature
about 50 mm from evaporator top, fog=313 K, this vari- Ts as a function of for different feed temperaturel: for
able equals about 100 mm. I'=61h~tdmL. It is evident from the figure, that all the

The isothermal map in Fig. 5 shows a strong drop in different feed temperatures have the same asymptotic tem-
film thickness with the increasing value of co-ordinasnd perature of film surfaceTs=358 K for the example given,
growth of temperature in the same sense. Both parameterswith T,,=363 K. Various entrance feed temperatures appar-
film surface temperature and film thickness, have approxi- ently have various relaxation lengths. For the given example,
mately identical relaxation lengths in the conditions used, the temperature differenck and Ty, is about 5K, which

0,45 T T T T T T T T T T
360
0,40 Te=293K 350 3
_____ T.=313K ]
035k \ T.=333K - 340 E
NN T.=353K 330 3
g 0,30F F ] X
E N rmeme T = 360 K ~, 320 3
- RN ~
< 025F llTsiinee . 310F ]
0.20F 1 300 .
290 ]
1 1 1 N 1 1 1 1
0 g,oo 0,05 0,10 0,15 0,00 0,02 0,04 0,06 0,08 0,10
z/m z/m

Fig. 4. Position dependence of film thickness for different feed tempera- Fig. 6. Position development of film surface temperature for various feed
tures.F=61h"dm1, T,,=363K. temperaturesi’=6 |h—1dm1, T,,=363K.
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365 T T T M T T 390 T T T 7T
360 P Rl KT 380 [ :
355 ST 3 370 frm e e
350 g : 360 Tl ]
345 3 3OF T ——T,=293K 1
o 340 L x 340p . T T.=313K 1
~ 33 ——T=31h"dm" 3 ~ 330f 7 - 1
~ 330 3 ~ S e T,=333K ]
----- r=5/h"dm" 320 .- _ -
325 3 st/ T,=353K ]
320f/./ r=7/h"dm" j 300 e T, = 373K ]
212 22 r=91h"dm" 3 20 T,=378K ]
000 005 010 0115 020 025 0,30 000 002 004 006 008 0,0
z/m z/m

Fig. 7. Position development of film surface temperature for various liquid Fig. 9. Position development of film surface temperature for various feed
loads, Tr=313K, Ty=363K, F=31h~tdm™1. temperaturesI'=6 | h—1dm~1, T,=383K.

corresponds, at a film thickness of about 0.22 mm, to a gra- ) ]

dient as high as 23K mnt. Qualitatively, this result is in ~ nigher wall temperatur@, =383 K. It is evident from the
accordance with our previously published results [6,7], and fidure that asymptotic temperature is higher (372K) and
is connected with the relatively low thermal conductivity of asymptotic film thickness smaller (about 0.18 mm) at in-
liquid and with evaporation. creasedy,. This is a consequence not only of lower viscos-

Further, the film surface temperature dependehosas ity but also of greater decrease in the amount of liquid at
studied aéafunction affor various feeds afr=313 K (Fig. higher evaporation rates. In this case, temperature gradient
7). In this case, the function course is as expected. Filmsin film has a value of about 60 K mm. o
at smaller liquid loads have higher asymptotic temperatures F19- 9 shows a situation analogous to that in Fig. 6, how-

and shorter relaxation lengths per film thickness unit. This €ver WithTs—Ty being markedly larger for highéiy. This
is connected with smaller film thickness at smaller liquid 'S connected with the substantially higher evaporation rate

loads. Film thickness, however, is not only dependent on the from the liquid surface and its cooling down. The asymptotic

liquid load and feed temperature but it also decreases witht€mperature is higher at increasgd (372K atTy=383K
increasing evaporation. Relaxation length per temperatureand 358K atTw=363K). The relaxation length foffs

is relatively large, reaching at higher liquid loads several Increases from 50 to 100mm at highky.
hundred millimeters for insufficiently pre-heated feeds. Fig. 10 shows the development of the film surface tem-

Figs. 8 and 9 were obtained using the same input param_peratureTs along the evaporator height for var_ious quuid
eters for the calculation as in Figs. 4 and 6 with the excep- 102ds at constant feed temperatufe=313K). Fig. 10 is
tion of Ty which is higher by 26C in Figs. 8 and 9. This comparable with Fig. 7 which has the same input param-
enabled us to mutually compare both cases. eters, but its evaporator temperaturd js=363 K. Besides

Fig. 8 shows feed temperature dependence of film thick- increasing the asymptotic temperature, which is naturally
ness along the evaporation cylinder fo=61h~2dm-1 and different for each liquid load, a decreased relaxation length

0,45 : : : e
380f ]
0,40 370
360
0,35F ]
! 350
E 030 ; «
S 3 =, 340
< 025F". ] 330}/
0,20 3 3205/
310f
0’15 1 T L 1 1
0.00 ) 0.15 000 005 010 015 020 025 030
z/m z/m

Fig. 8. Position development of film thickness for various feed tempera- Fig. 10. Position development of film surface temperature for various
tures.'=61h~1dm1, T,,=383K. liquid loads. Tr=313K, T,,=383K.
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for the givenr is found, resulting particularly from lower
viscosity. Asymptotic temperature values are governed by
physical properties of the distilled liquid.

4. Comparison of the two models

A linear development of temperature along yhexis was
assumed in our previous paper [6]. This approximation was
justified given that film thickness and liquid rate along the
z axis are small (neglecting the convection member). This
assumption markedly facilitated solution of the system of
balance equations in paper [6]. Results of the model study
presented herein have confirmed the justification of the

above assumption. Fig. 11 shows the temperature devel-

opment on film surface through complete evaporation,
calculated on the original approximative model and with
a non-approximative solution of temperature development
along they axis. If Tr is approximately equal to the asymp-
totic temperature, surface temperature from the approxima-
tive model is effectively identical to the non-approximative
solution. If, howeverTg is markedly smaller than asymp-
totic temperature, both models provide different values for
relaxation length.

This consideration is also confirmed by Fig. 12 which
shows film thickness along the evaporator height for two feed
temperatures. Also here, it is evident thafTat=373 K, the
approximative model results in a film thickness which is ef-
fectively identical to that yielded by the non-approximative
model. There, film thickness is only reduced due to evapo-
ration. At Te=313 K, there is a marked reduction in the film
thickness in the surroundings of the top of the evaporating
cylinder, mainly due to the decreasing viscosity. Further de-
crease oh(2) function is then due to evaporation.

J. Cvengro$ et al./Chemical Engineering Journal 78 (2000) 61-67

0,40

0,35} Non-approximative model, T = 313 K-
0.30 - - -~ Non-approximative model, T, = 373 K_
' o Approximative model
0,25 -
= L
£ 0,20 - i
—~ 0,15 ]
<
0,10 -
0,05 4
0’00 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0
z/m
Fig. 12. Film thickness along the evaporator height for two models.
r=31h~tdm%, T,,=383K.
1)0 T T LI ,Cy M T
0,8} ]
0,6F p
i
Q 04} ]
Non-approximative model, T, = 313 K
0.2 - - - - Non-approximative model, T, = 373 K]
L o Approximative model
0,0 ’ 1 1 1 1 A
0,0 0,2 0,4 0,6 0,8 1,0
z/m

Fig. 13. Position development of evaporation degree for two models.
r=3ih~tdm%, T,,=383K.

Fig. 13 shows the dependence of the evaporated portion

of feedD/F on coordinate. In this case, the approximative
model also has identical solutions to the non-approximative
model forTF=373 K. If feed temperature is markedly lower
than wall temperature, the non-approximative solution

390 T T T T
380 4
370 j
360 Non-approximative model, T, = 313 K
[ - --- Non-approximative model, T.= 373 K i
¥ 350 o Approximative model 1
= 374
> 340}/ 7 | ]
3304 3721- e::swv”‘“’“’“"’ ]
371 - )
320f 370 -
310} 3690,60 005 010 0,15 0,20 ]
0,0 0,2 0,4 0,6 0,8 1,0
z/m

Fig. 11. Temperature development on film surface for two models.
r=3ih~tdm?, T,=383K.

shows smaller evaporation, the two relations being paral-
lel to each other. This shift is due to a markedly smaller
evaporation within the interva (0,zejax). This zone may
therefore be understood as the film heating zone.

5. Conclusion

The results of the model study point to the advantages and
efficiency of feed pre-heating to temperatures close to that of
film surface under steady-state conditions (asymptotic tem-
perature) for the given operating conditions, prior to its en-
tering the evaporation surface. If this is not the case, a portion
of evaporation surface is used to mainly post-heat liquid, and
evaporation in this zone is slowed down corresponding to the
real temperature of the film surface. The length of the evap-
oration cylinder from the evaporator top downwards where
such processes are active is larger the larger the liquid load
and the lower its temperature and/or the larger the difference
between feed temperature and film surface temperature. At
higher wall temperatures and constant liquid load as well as
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at constant feed temperature, relaxation length increases. Ad evaporator length (m)

shown by comparison of the film surface temperature devel- M molar weight (kg mot?)

opment for approximative and non-approximative models, p® pressure of saturated vapour (Pa)
both models yield identical asymptotic temperatures. There R gas constant (8.314 JmdIK 1)

is a substantial temperature gradient between wall temper-r; radius of the evaporating cylinder (m)
ature and film surface temperature even under steady-state temperature (K)

conditions as soon as asymptotic temperature is achieved;Tg feed temperature (K)

the gradient represents several tens of Kthand is mainly Ts surface temperature (K)
determined by the physical parameters of the liquid (ther- T,, wall temperature (K)

mal conductivity, viscosity). Film surface temperature is a velocity (ms 1)

crucial factor for the evaporation rate, and it represents the residue (mols?)

operation temperature in the evaporator. There is no reasona,,,H heat of evaporation (J mot)
for feed pre-heating beyond that temperature.

Feed pre-heating also has additional technological impor-

coordinate perpendicular to axis of evaporator
cylinder (m)

tance as it enables intensive degassing of feed in expansiony  discrete step in the direction gfcoordinate (m)
elements prior to getting to the evaporation surface, and re-z coordinate parallel with evaporator cylinder (m)
duces the risk of splashing. It should be stressed that theaz discrete step in the direction afcoordinate (m)
feed pre-heating has to be thrifty in adequate heat exchang-

ers without large temperature differences and without the Greek letters

presence of oxygen (in vacuum), thus reducing the risk of 1 peripheral liquid load (Idm?!h=1)

thermal damage to the distilled liquid.

6. Nomenclature

Moagoyg

o0 «Q
flacy

—_— o — — —
N

=~

thermal capacity (J kgt K—1)

molar concentration (mol ir?)

distillate (mols?)

distance evaporator—condenser (m)

feed (mols?)

gravity (9.81 ms?)

film thickness (m)

discrete index in the direction afcoordinate
flow (mols™1)

flow on evaporator (mols')

flow on condenser (mols)

discrete index in the direction gfcoordinate
rate of evaporation (molmfs 1)

A thermal conductivity (W m*K=1)
v kinematic viscosity (ris™1)

0 density (kg n73)

s conductivity member (fs1)
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