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Dispersion in laminar liquid flow ST

Karlsruhe Institute of Technology

® Examples where dispersion in laminar flow is important
® Flow chemistry!tl in milli- and micro reactors
® Continuous production of nano-materials!2l, continuous-flow polymerization[3!
® Continuous thermal processing of food!¥], continuous virus inactivation ...
® Dispersion/macromixing is characterized by the Residence Time Distribution

® Non-dimensional parameters for solute dispersion in laminar pipe flow

® Pipe radius a (diameter d = 2a)

® Pipe length L Tr_z)_( ____ ' ___ O ] —/PZa _Tw;) iir?/egsionless groups
" Mean velocity U \/ - Peclet number Pe = dU/D

7

@ Diffusion coefficient D « L S

[1] M.B. Plutschack, B. Pieber, K. Gilmore, P.H. Seeberger, The Hitchhiker's Guide to Flow Chemistry, Chemical Reviews 117 (2017) 11796-11893

[2] P.R. Makgwane, S.S. Ray, Synthesis of nanomaterials by continuous-flow microfluidics: A review, J. Nanoscience and Nanotechnology 14 (2014) 1338-1363
[3] M.H. Reis, T.P. Varner, F.A. Leibfarth, The influence of residence time distribution on continuous-flow polymerization, Macromolecules 52 (2019) 3551-3557
[4] A.P. Torres, F.A.R. Oliveira, Residence time distribution studies in continuous thermal processing of liquid foods: a review, J. Food Eng. 36 (1998) 1-30
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Competition of two time scales AT

® Dispersion arises from the combined action of convection and diffusion
® Time scale of longitudinal convection (space time) 7,=L/U

. . . 2
® Time scale of transversal diffusion r,=a" /D

/ L L L L L L Ll L L L L LL Pure convection gives ;Rig;srﬁgféomlss
A the same curve for all distorted bell shaped
velocities curve whose spread

. . d d th

flow diffusion diffusion \ Fiom saneltians

— ./ outward T

inward

a <l

a>1

/7 /7 r G JF 4 iF ¥ 4F &Y 4 ik & 4k 4K 4 (-
o=1L
FIGURE 1. Schematic drawing of the shear-augmented dispersion 0 0:b e J
of a bolus in fully developed steady flow. L Tracer in T— Mean for all

Image credit: Sharp[5] at time zero three curves

- “ ion” r, a’U Pe
B Solvent: skewed “pure convection” RTD o =4 — _
r, LD 44

® Solute: RTD depends on ratio of both time scales :

[5] M.K. Sharp, Shear-augmented dispersion in non-Newtonian fluids, Annals of Biomedical Engineering 21 (1993) 407-415
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Map of dispersion regimes®&7  E&E. o

convection model

THIRD EDITION

® Octave Levenspiell©!:
“If your system falls in the no-man’s land between
regimes, calculate the reactor behavior based on
the two bounding regimes and then try averaging.”

D
® OL gives no advice how to average RTDs in practice N
. . . . . A

® Linear interpolation!®! is not suitable here

® Interpolation method of Bursall® is only for RTDs with
finite variance: variance of PC RTD is infinite

m Strong need for a RTD-model for intermediate regime (IM) **
(or transition regime TR)

OCTAVE LEVENSPIEL

10

1 102 2 [_] 10 108
[6] O. Levenspiel, Chemical Reaction Engineering, 3™ ed., John Wiley & Sons, Hoboken, NJ, 1999
[7] V. Ananthakrishnan, W.N. Gill, A.J. Barduhn, Laminar Dispersion in Capillaries. I. Mathematical Analysis, AIChE J. 11 (1965) 1063-1072
[8] A.L. Read, Linear interpolation of histograms, Nuclear Instruments and Methods in Physics Research A 425 (1999) 357-360
[9] F.H. Bursal, On interpolating between probability distributions, Applied Mathematics and Computation 77 (1996) 213-244
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Goal: model for RTD In intermediate reglme S(“'

108
N
® Analytical approach for straight tube Pure -
® Derive model from first principles 108 conveetion
® Model shall be valid in hatched region
I I o Xi
® Fully developed velocity profile A > 10 —.—. = ismarsion |
® Taylor dispersion limit Pe > 100, ----. Q] gl I
® AD regime limit @ = Pe/41 > app = 0.25 ——— 5 |
a PC I‘egime Iimit o = Pe/4‘/1 < Apc = 125 —_— 10 i Axial diSper§ion
m Close and test model using RTD data L B
from literature | pure ™.
diffusion“\
104 —— —
10° 10? 10* 10°
A=L/d [-]
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Measurement of RTD by tracer techniques AT

Karlsruhe Institute of Technology

® Tracer injection at inlet ection Image credit: Nechita et. al.10l
® Pulse or step input l, | | t=t
® Tracer mass proportional to local | feed . ) / > effluent f
flow rate at each point of the inlet t=0 * c)-caurve | | \
plane (“injection in flow”) detection I experimental data gl ﬁme\\ .
® Tracer detection at outlet 0
. C 0
= “Mixing-cup” measurement  E(t) = — N f E(t)dt =1
(proportional to flow rate) jo C.p (D)0t °
B C-curve ceyp(t) In numerical simulation:
ization vi T ={ t-E(t)dt ;
® Normalization yields RTD & jo (t) (1) = 22 [Po(r,2 = L,t)-u(r) r-dr
= E-curve E(t) ) Ay o=
® Mean and variance of RTD O é = _‘-0 (t —t_E)2 E(t)dt “Mixing-cup measurement”

[10] M.T. Nechita, G.D. Suditu, A.C. Puitel, E.N. Dragoi, Residence time distribution: Literature survey, functions, mathematical modeling,
and case study-diagnosis for a photochemical reactor, Processes 11 (2023) 3420
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Solute concentration equation AT

Karlsruhe Institute of Technology

® Convection-diffusion equation for concentration of a passive tracer

2
% 0(1-5 %o 12( @jﬁ_g a| _ A
ot az ror\ or) oz or|,_o or|,_q
) —u(r) symmetry b.c. impermeable wall

® No general practical analytical solution is known for ¢ = c¢(z,7,t)
® Solutions for special casesl!t!12.13]

® SolutionforD =0 C_,=C,f(z,r) — c(z,r,t>0)=c,f(z-u(r)-t,r) c, =

® Asymptotic solution for sufficiently long tubes L > Ua?/D (— AD regime)

ITIY: 2112 2
C(Z,t) _ Mracer (Z U t) ” C(r) D _ D+ au -D 1+P_e
Q W 4D, t 48D 192

[11] G.I. Taylor, Dispersion of soluble matter in solvent flowing slowly through a tube, Proc. Royal Society of London A 219 (1953) 186-203
[12] R. Aris, On the dispersion of a solute in a fluid flowing through a tube, Proc. Royal Society of London A 235 (1956) 67-77
[13] O. Levenspiel, W.K. Smith, Notes on the diffusion-type model for the longitudinal mixing of fluids in flow, Chem. Eng. Sci. 6 (1957) 227-233

m

tracer

ra’l
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Two limiting regimes treated by Taylorl1!]

Inlet and outlet plénes

AT

Karlsruhe Institute of Technology

N\
“Early” t < a?/D

2

N

“Late” t » a?/D

2
C,._ c(z,r,t>0 c(z,t) Lz z-U -t)°
o _unys, @) » B ymsz-um to_L exp| - E2Y
\Cref Cref J \ Cref U 472- Daxt 4 Daxt J
[11] G.I. Taylor, Dispersion of soluble matter in solvent flowing slowly through a tube, Proc. Royal Society of London A 219 (1953) 186-203
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Normalized solute concentration equation T

Karlsruhe Institute of Technology

® Normalization

c-C gt RrT z=%2 s inletZ=0 outletZ =1
C T, a L

ref

® Non-dimensional convection-diffusion equation |
Bodenstein number

Pe Longitudinal L 4
@4.2(1_ R2)§:££i(R§j a:T—d:— molecular diffusion — Bo= U ~ 8
00 ——0Z o ROR\ OR (Y is neglected D, «

-V (R)

® Pure convection (D = 0) - RTD can be computed from given velocity profilel4

(0 6<05 -
PC RTD s
o="2 5w oc +V (R) o =0 E,(0)=1 1 parameter-free and
[ o oA PY:E 0205 scale-invariant

[14] M. Worner, General pure convection residence time distribution theory of fully developed laminar flows in straight planar and axisymmetric
channels, Chem. Eng. Sci. 122 (2015) 555-564
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Strategy for model development AT

Karlsruhe Institute of Technology

® Novel approach for Mechanistic Transition Regime (MTR) model

® Determine an approximate outlet concentration for the pure convection (PC) regime
(CD = Convection Dominated regime)

@ Combine outlet concentrations of CD and AD regimes with two free parameters to
obtain an assumed outlet concentration field for the transition regime (TR)

® Choose assumed outlet concentration field so that RTD, mean and variance can all
be computed analytically (mathematical relations on next slide) — unclosed model

® Close model by fixing the two free parameters
® In the limits the TR RTD should agree with those of the PC and AD regimes
@ Establish relation between the two free parameters by mean value of unclosed RTD
® Determine model parameters by comparison with numerical RTD data from literature
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Computation of RTD for Poiseuille flow ST

Karlsruhe Institute of Technology

2 ca u(r) o 12
Coup (1) = ?jo c(r, ZV: L’tZ'T'r -dr  Substitution r - V Cep(0) = E-[O Couet (@|V)-V-dV

=Coutlet

2 .
u(r) _ 2(1_r_2j _v V acts as dummy variable
U a
C..(6 C..(6 » e
E () =z.E(t) = w0 _ Con(0) _("c.-®do=1["c.. (o|v)-6°-dol-v dv
0 S ooC d@ 0 cup 2 0 0 outlet
B jo cup
O, =;—E=jo°° E,-0-d9=—2- = |, Cop 0" .de=%:;{:Owcout,et(e|V).31 -de}-v .dV
2 O'é o0 — 2 o0 2 1 °2( pxo 2
o =—5=], B (0-0;,)-do=—=- = |, Cup-0 40 =2 ], Caua (01V)-67 40}V -0V
WOLFRAM MATHEMATICA
29 October 2024
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Convection Dominated outlet concentration \‘(lT

Karlsruhe Institute of Technology

® Make scale-invariant pure convection (PC) RTD scale dependent — CD RTD

® Replace spatial delta function by regularized version (¢ > 0) 06(z) — 6.(z]¢)

—+V —=0 c(r,z,t=0 =
06 oz ( €)= gf

=5, (2l¢)

oC ., oC mu(r) 1 z° 42°D
V ( ) ( j &= <1 small length scale

C (O|V, a)NO"V [ , (- Vﬁ)} I CP do=1 v Entire injected tracer leaves the

outlet 20 0 cup outlet plane for any value of «

ngD(9|a): 1 {\/\/: {exp(—gj (1+26?)'exp(—a2 (1_;9)2H

+ 20;20; 0 {erf (%) —erf (a 1:/?9)}}

12 29 October 2024 IMRET-17 | M. Wdrner | Analytical modelling of solute dispersion in laminar flow IKFT
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MTR — assumed outlet concentration field

® Limiting cases (Axial Dlspersmn > Convectlon Dominated)

12
outlet (9 | 0[) — ) eXp
wTod
a-V
& (@|V,a)= —— -ex
tlt( | ) \/E p

12 (1-6)°

a 0

_aza—vef

0

p=1 S=

a

24

1
20°

® Both cases are combined by introducing two parameters
¥ p(a) models distance from AD and PC regimes
8 S(a)Is a model parameter related to the variance

m Assumed CM IR enabling the analytical calculation of all integrals

outle
1-p+ pV
cCMR(@|V,p,S) = -ex
outlet( | p ) W

[1-0@-p+pV)]

256

13 29 October 2024

0< p(a)<l
S(a)>0
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102

104k

aC MTR
—~ ~outlet £ O

OR

R=1

permeable wall
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MTR model — tracer passing outlet plane AT

Karlsruhe Institute of Technology

CMR@|p,S)== CcM*(@|V,p,S)-V -dV ==
(01 p.S) J m (01, p,S) NI <7

1 jzV(1— p+pV) .exp{_ [1-0(1-p+ pV)]Z}dV
cup 2 Jo

1 ¢2
J, e de_zjov{jo cggjlg:(mvyde}-dv

1 »1-p+pVv [(A-6@—-p+pV)]
- jv {J J2756 ex{ 250

=1

2V (1= p+ pV 1-0(L-p+pV)]
EI(01p.8) =CL" (0] p.) =5 [ R xp{—[ madb Y

— _EI2V.8+1—p+ pV.dV MMTR—EIZVH?)S(HS) P(1-V)(2+3S)+ p*(1— V)
2% (@-p+pv)? T 7 (1-p+pVv)*

v Entire injected tracer
? leaves the outlet
-dd

_ TR
MO

-dV =1 plane for any value
of p and S

MTR —
EH
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Unclosed RTD of transition regime (TR) AT

Karlsruhe Institute of Technology

® Performing the integrations on the previous slide yields
® Non-dimensional differential solute RTD

EUTR (9] p.§) = { @ exp(— 1)-(A+2p00exp(= 1) 1y gy p_S)]erf(t)—erf(f)}

293 p 2 p2
Egc ) defines deviation of RTD in transition re?g?me from RTD of pure convection regime
® Non-dimensional MRT of solute . _1-0+p6
_ _S 1-p-— © 256
0 (p.8) = P2 22 P25 Arctanh(p)
@ p+p p

® Non-dimensional variance of solute RTD

2 2
ot (9.3 = Arctanh(p) 3pS(1 p?)+ (3= p)pS2 — (1— p?)? (1+ p-S 1- p_SArctanh(p)j
p’ p(l—- p)*(@+ p)’ p+p° p
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Determining the variance parameter S(p)

AT

Karlsruhe Institute of Technology

------------------------------- I o15——————
— ' : 1-— ’ AI’Ctaﬂh - : Sp.k) e Smean=1 |
QETR =1 - : Smeanzl(p) - ( P )[ (p) p] ! _pk=1
g ; (1+ p)Arctanh(p)—p | ——-k=1p
________________________________ 0.10 -
lim Smeanzl( p) =lim Smeanzl( p) =0 - 4
p—0 p—1 o ! /,’, — -
S(p=0)=%2 50, S(p=1)=—=_>0 ey
= = > : = = > I 7 N\
(p=0)==, (p=1) e
o =0-29, dlep =123 00607 04 06 o8 10
p[]
1- p*)[Arctanh(p) -
S(p, ):aAD (1-p)+ p2 N _( p*)| (p) p]>0 c{L1- p}
24 20, (1+ p) Arctanh(p)—p
Sm;;nzl
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MTR closed In but unclosed in p T

Karlsruhe Institute of Technology

-)- —f° _ 1-0+ po
E;\ATR(le)zzzg{\/zeXp( f2)— 1+ 2 pB)exp( f_)+[1_9(1_p_ )]erf(t) erf(f)} f, = P

2 2
P 2p 2560
Eepc defines deviation of RTD in transition regime from RTD of pure convection regime O < p < 1
Eg Eg

-+
™

— p=0.999 «— PC limit
p=0.99 \

— 0=0.9
— p=0.75
— p=0.5
— p=0.25
— p=0.1
p=0.025 1t
. — p=0001 < AD limit

. ——
.,\.Q(‘_“

to skewed Ey

From Gaussian

- A - t_’»:- 0- ! 1 A
1. 20 i 05 1.0 15 2.0

® Problem for k = 1: some solute is faster than the maximum solvent velocity (unphysical)
® Problem for k = 1 — p: mean solute RTD is less than 1 (but above 0.93) for p > 0.2

8
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Simpler compartment model (— dTiS model) ST

Karlsruhe Institute of Technology

® Plug flow reactor (— delay time) followed by cascade of Tanks-in-Series

Image credit: Grimard et al.[16]

Compartment models are based on the

Tm W combination of ideal PFR and CSTR
pulse eee RTD . . . .
arranged in different configurations

Eg

( 0
E,"°(0]a)=1 2q
[I'(q)

Oris =1, Gez,dTiS = (4Q)_1’ qeR, =1

[a(26-1)]" exp[-q(260-1)] 6>0.5

41

0<0.5

Novel model | 2}
(unclosed)

® Model with g = 1 cannot fit the PC case
® Large g values fit axial dispersion case

[16] J. Grimard, L. Dewasme, A. Vande Wouwer, A review of dynamic models of hot-melt extrusion, Processes 4 (2016) 19
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Three continuous families of RTD curves

AT

Karlsruhe Institute of Technology

-

~
Mechanistic transition regime (MTR) model

\

Differential RTD curves E(6|p) [-]
N
o

B
(e ]

o :
o
—————

-
o
—

Differential RTD curves E(6|p) [-]

o
=]

| 0 I 4 — ]
.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Normalized time & [-] Normalized time & [-]

Free parameter0 <p <1

J

-

\§

Delayed tank-in-series model

~

_____ Pure Convection, 872/2

q=1
g=1.5

Free parameter g = 1

29 October 2024 IMRET-17 | M. Wdrner | Analytical modelling of solute dispersion in laminar flow
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Closure by numerical RTD datall’]

@ Advection-diffusion equation (dimensionless)

oC oC 1190 (Racj

— +2(1-R*) ==
00 ——0Z Pe'ROR\ OR

-V (R)

E 4(0)

® Solution by finite difference method (15t order)
® Step input of tracer

® Evaluation of cumulative RTD F(8)

a Derivation yields differential RTD Eg(8)

® Parameter Pe’' = « is varried by four orders of
magnitude (0.032 — 316)

® Special curve logPe’ = 0.50 - a = 3.16

E.(0)

[17] J.A.T.A. Dantas, P.R. Pegoraro, J. A.W. Gut, Int. J. Heat Mass Transf. 71 (2014) 18-25

29 October 2024 IMRET-17 | M. Wdrner | Analytical modelling of solute dispersion in laminar flow
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Determining model parameters p and g (1/3) T

Karlsruhe Institute of Technology

B Least-square fitting of numerical RTD datall’l (dots) by present models (lines)
® Eleven numerical values of a in range 0.3162 < a < 100

4 — —— ——— 4 — —— —— 4 — —— ———
A Dantas et al. (2014) | : Dantas et al. (2014) | . Dantas et al. (2014)
: © a=0.3162 : : °© a=3.16 : |8 o a=100 _
3+ MTR model - 3+ MTR model - 3+ é MTR model -
- ——p,.,=0.0129 : - —— p,.,=0.4095 - ' —— p,.,=0.9971
[ === P4y ,=0.0131 ] I - === Pyet,=0.4325 === P4es,=0.9726
o ol ,  dTiS model ] o oL dTiS model ]
< g=17.543 = | q=1.6597
UJ F LLI F ’-"" N
L L "‘ \‘\
[ I Q
1 1r . 1
I I d
| (1
L 4 “ -
- e TR
0 ——— " L L L L " L ) L L 1 " . 0 L " L L L L L " L 1 L L i 1
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0 . .
0] -] 0]

[17] J.A.T.A. Dantas, P.R. Pegoraro, J.A.W. Gut, Determination of the effective radial mass diffusivity in tubular reactors under non-Newtonian
laminar flow using residence time distribution data, Int. J. Heat Mass Transf. 71 (2014) 18-25
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Determining model parameters p and g (2/3) T

T
Dantas et al. (2014)
o a=0.3162
MTR model 1
—— P41=0.0129
) === Pyer,=0.0131
b dTiS model
q=17.543

0 rEwe :
0.5 1.0 1.5 2.0
oL
4 T
Dantas et al. (2014)
o «=10
3t A MTR model 4
—— P4=1=0.9845

=== Piarp=0.9284

Karlsruhe Institute of Technology

T T T T 4 T
Dantas et al. (2014) Dantas et al. (2014) Dantas et al. (2014) Dantas et al. (2014) Dantas et al. (2014)
o a=0.5623 o =10 o a=17783 o a=3.16 o a=562
MTR model . MTR model 4 MTR model MTR model i 3t MTR model
—— Py=1=0.0459 —— P4=1=0.1056 —— P=1=0.2168 —— Py=1=0.4095 —— P==0.7023
=== Pay,=0.04815 === Py =0.1166 === Payp=0.2450 === P=1,,=0.4325 N === Piay=0.8441
dTiS model 1 == dTiS model o dTiS model o dTiS model ol ‘-\ dTiS model
g=10.151 o o g=3.1099 l.l.l% q=1.6597 o \ g=1.1383

0.5

1.0 1.5 20

Dantas et al. (2014)
o a=17.78
MTR model §
—— P=1=0.9941
=== Pay,=0.9535

Dantas et al. (2014)
o a=31862
MTR model 4
—— Py=1=0.9962
=== Py =0.9646

Dantas et al. (2014)
o a=56.23

MTR model

—— P=1=0.99685

=== Pay,=0.9699

Dantas et al. (2014)
N o a=100
MTR model 1
—— Py1=0.9971
=== Pte1,=0.9726

1.0 1.5 2.0
o]

05 1.0 15 2.0
o]

B In range 2 < a < 8 with plateau the present models don't fit the numerical data well
® Fitting yields eleven discrete values p;(«a;) and six values g;(«;)

22
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Determining model parameters p and q (3/3) S(“'

Normalized time @ [-]

L S i% _
I );( E:g 3.0
Frof pohkiiae] | B |
i X 2 o
— 0.5 ! + 8
= Fosl 11 |2 =
-’ A+ k=1 |
EF )F X  k=1-p|
fooop AT b )
O'O'I 01 1 10 100 .
0 50 100 -
a ]
:p(a)_125J545 V14162 12+48+4\/14162 V545
| 5988 )
: ~0.4655

_____________

Karlsruhe Institute of Technology

4 ] I q
: —
3r i —_1.2
i | > |
I b Lucbz_ | [ \ 5 §
17.54 %, o —10
—_ “ 1F | —20
.10 10.15% N\ i
o N0 =
575+ 00 05 1.0 15 20 |
\\\ 9
311+,
* 4 166+,
qLL bla] 114" l
0.1 1 10 100
al-]
1T T T T T |
|
1q(ar) =~

® Relations p(a) and q(a) are monotonic but non-linear
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Summary MTR model (valid for 0.25 < a < 125) A\({]]

Karlsruhe Institute of Technology

E;\ATR(Qlp’S):ZES{\/iexp(—f+)—(1+22p6?)exp(—f)+[1_H(l_p_S)]erf(f+)—erf(f)} . _1-0+p0

0 2p? * 250
_ 1— p*)[Arctanh(p) - 1-05 '
S(pky=1P, P 4=P)] (P)—p] kefl,1-p) |
96 31250 (1+ p) Arctanh(p)—p |
100
() = 125545 —14162 12 48+4V14162- 545 J1+(@-6)7° ¢ " ]
5988 o 5088 J 12 IS 0 051 S orses /|
e - /] et
0., (P,S) = 1+p _ZS = pZ—S Arctanh(p) °%0 oz 04 06 08 10
p + p p Regime transition parameter p [-]

2
Arctanh(p) 3pS(1 p’)+(B-p)pS*-(1-p*)° (1+p-S 1-p-S
o> (P, S) = - Arctanh(p)
P p(l- p)*(L+ p)’ p+p’ p’
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Summary dTiS model (valid for 0.25 < a < 6) ST
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H(9—0.5).12.{6-(26’—1)To;)6.ex {_6-(29—1)} _
T(6la) o | e 1= @ amis =

a
F(6/a,6(26’—1)/a)} Coaris =y

Fris(@|a)=H (‘9_0-5)‘{1_ r6/a)

Eg aTis Faris
] a=0.25
a=0.5

a=1

a=2
06}
a=3

a=4

04+
— =5

— Q=0

----- Pure Convection

O i | (:! |:] ': ) - | I PR
00 05 1.0 15 20 25 30 0.0 05 1.0 1D

N
N
g r

25 29 October 2024 IMRET-17 | M. Wdrner | Analytical modelling of solute dispersion in laminar flow IKFT



108 X .::,:: Boss

Model application on coiled tubes od

106 , ,

® Dispersion regime map is for straight tubes
® Coiling reduces axial dispersion compared to straight tubes — wf

® Correlation!!8! for dispersion 4 .
. . Gobert et al. (2017) —
reduction factor «, here applied .‘ jo ealsdzipmune || | a0t
. 3 I model k=1-p
to experimental RTD data of i ~ ~ Ghgn=12516 R
I\ === 1e=12.5160.1195 |
Gobert et al.[19] (Dn — 113) ™ |\ dTiS model ] 1}
uJQD : \\ - =" Ooiled— =1.496
K= Dax,coiled / Dax,straight :
N . 1.983 | 106
=1+ 0.9415[|og10 (520Dn*) -2 | |
E coiled _ EMRT(ela o) v it
0 iled — traigth : — — — -4 [ERESEEHES
o S 0.5 10 15 2.0 =y 107 10° 109
O[] Al-]
[18] F. Florit, R. Rota, K.F. Jensen, Dispersion in coiled tubular reactors: A CFD and experimental analysis fivg;r:,ii ‘Z,‘;‘?Sf‘:i;f?f:ﬁi’éffﬁf 2%41482;2511(?’all.;é(fﬁzéij
on the effect of pitch, Chem. Eng. Sci. 233 (2021) 116393 / in part with permission from Levenspiel, O. Chemical reaction
engineering. Chemical Engineering Science 1999, 19. Copyright 1999,

[19] S.R.L. Gobert, S. Kuhn, L. Braeken, L.C.J. Thomassen, Characterization of milli- and microflow John Wiley and Sons).

reactors: mixing efficiency and residence time distribution, Org. Proc. Res. Dev. 21 (2017) 531-542
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Characterizing other laminar microreactors AT
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-
o

@ Static mixers and plate flow reactors — ;
~ 3
&)
C
O
s 1t .
2 a=125
© 0.001 0.01 0.1 1
ﬂ cC> p L ,
= I . = 71 | MTR model
| Halen Technologies 7)) — 4
= L”tec ,:/ SR S 01p 470 — k=1 |4
= k=1-p|
® Measured RTDs can be correlated = dTiS model
to thg present models by means of CZ% # 52=1/96 —-—- ] 24
a weighted least square method O01E | e . s
0.1 1 10 100

using a as fitting parameter
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Conclusions A\‘(lT
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® Development of an original method to model the RTD in the transition regime
® Models depend solely on the time scale ratio a = t4/7s = Pe/(4A) = a*U/LD
® Mechanistic model (MTR) is valid in entire transition regime 0.25 < a < 125
8 Compartment model (dTiS) is valid in subsection of transition regime 0.25<a <6
® For laminar flow in straight and coiled tubes both models are predictive
® Models can be used to characterize other microreactors by measured tracer variance
® Model limitations
® MTR model with k = 1: breakthrough time by maximum solvent velocity is violated
® MTR model with kK = 1 — p: mean solute RT can be lower than mean solvent RT
® Both models cannot account for plateau or double peak intherange 2 < a < 8
@ Despite these limitations the proposed models are expected to be very useful
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