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Introduc+on
�  Fixed	  Beds	  used	  for	  Separa<on	  via	  Gas	  Adsorp<on	  in	  Numerous	  
Applica<ons,	  for	  example:	  
�  Chemical	  processing	  industry	  (petrochemicals,	  foods,	  medicines,	  etc.)	  
�  Thermochemical	  energy	  storage	  
�  DOE	  funded	  efforts	  to	  develop	  affordable	  flue	  gas	  CO2	  capture	  systems	  
�  Atmospheric	  control	  in	  habitable	  volumes	  

�  Generally	  mul<ple	  bed	  cyclic	  processes	  such	  as	  pressure	  swing	  adsorp<on	  
(PSA)	  or	  temperature	  swing	  adsorp<on	  (TSA)	  

�  Direct	  simula<on	  of	  the	  highly	  random	  sorbent	  par<cle	  packing	  and	  small-‐
scale	  features	  of	  the	  flow	  between	  par<cles	  in	  a	  fixed-‐bed	  is	  CPU	  intensive	  

�  To	  achieve	  cyclic	  steady-‐state	  in	  a	  process	  simula<on,	  as	  required	  for	  
process	  design,	  1-‐D	  models	  are	  u<lized	  
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Principle  Equa+ons  in  1-‐D  Model

All	  variables	  in	  Mass	  and	  Heat	  Balance	  Equa<ons	  are	  determined	  except	  DL,	  kn,	  and	  ho	  	  	  
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Virtual  Adsorp+on  Test  Suite

� Matlab/COMSOL	  Component:	  
�  Inputs	  engineering	  data	  from	  actual	  or	  proposed	  test	  (breakthrough	  or	  cyclic)	  
�  Based	  on	  inlet	  condi<ons,	  calculates	  gas	  proper<es	  required	  for	  heat	  and	  mass	  
transfer	  correla<ons	  

�  Builds	  requested	  PDE-‐based	  model	  with	  specified	  grid	  spacing,	  <me	  steps,	  cycles	  etc.	  
�  Hands	  off	  model	  to	  COMSOL	  Mul<physics	  (used	  as	  PDE	  Solver)	  for	  execu<on	  and	  
retrieves	  results	  when	  complete	  

�  Has	  been	  used	  with	  NASA	  X-‐TOOLSS	  (gene<c	  algorithms)	  for	  parameter	  op<miza<on	  
�  Allows	  for	  mul<-‐variable	  parametric	  runs,	  and	  compares	  SSR	  of	  results	  vs.	  test	  data	  
for	  parameter	  op<miza<on	  

�  Generates	  paper-‐ready	  plots	  including	  plot	  over	  of	  test	  data	  
� Mathcad	  Component:	  

�  Provides	  independent	  verifica<on	  of	  all	  calcula<ons	  in	  Matlab	  component	  
�  Provides	  sensi<vity	  analysis	  of	  correla<ons	  to	  temperature	  and	  concentra<on	  
changes	  expected	  during	  a	  simula<on	  



Virtual  Adsorp+on  Test  Suite  Interface
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Experimental  Results  for  H2O  on  5A
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	  How	  to	  independently	  derive	  free	  parameters?	  



Step  1:  Wall  to  Ambient  Heat  Transfer  Coefficient
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Step  2:  Linear  Driving  Force  Mass  Transfer  Coefficient
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Parametric Study on Ads Axial Disp for Centerline fitting of LDF. Run ID = E-R W-F Comparison, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 25.35[degC]; Ads Inlet Temp = 24.65[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Sorbate MolWt = 0.044[kg/mol]; Free Flow Area = 17.8139[cm^2];
Canister CS Area = 2.4544[cm^2]; Can Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.33; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q
Capac = 475[J/(kg*K)]; Can Density = 7833[kg/m^3]; Ambient Temp = 25.18[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.0021[1/s]; Sorb Q Cond = 0.12[W/(m*K)];
Sorb Q Capac = 1046.7[J/(kg*K)]; Heat of Ads = -44.4[kJ/mol]; Half-Cycle Length[s] = 6990; Time Step[s] = 30; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.33077[mol/m^3]; Gas Q Cap = 1.04[kJ/(kg*K)]; Axial
Cond = 0.65324[W/(m*K)]; Sorbate Q Cap = 0.84425[kJ/(kg*K)]; Sorb-Gas H = 103.9207[W/(m^2*K)]; Gas-Can H = 12.513[W/(m^2*K)]; Ads Axial Disp = 0.0018863[m^2/s]; Ads Total Press = 106.639[kPa]; Ads
Gas Dens = 1.2118[kg/m^3]; Ads Superfic Vel = 0.2739[m/s]; Equiv Pellet Dia = 2.3[mm]; Area to Vol ratio = 194.2029[1/m]; Toth a0 = 1.12e-06[mol/kg/kPa]; Toth b0 = 6.761e-08[1/kPa]; Toth E = 5625[K]; Toth to =
0.27; Toth c = -20.02[K];
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Parametric Study on Ads Axial Disp for Centerline Fitting. Run ID = E-R W-F Comparison, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.33; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00076[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.67149[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.0023847[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas
Dens = 1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 192.5287[1/m]; Toth a0 = 1.067e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to =
0.3548; Toth c = -51.14[K];

Fits of the 1-D axial dispersed plug flow model to the 97.5% location (diamonds) experimental centerline gas-phase concentration breakthrough curves for CO2 (left) and H2O vapor (right) on zeolite 5A, and 
corresponding predictions from the model of the 2.5% (circles) and 50% (squares) locations. The saturation term in the CO2-zeolite 5A isotherm was increased by 15%.  The saturation term in the H2O vapor-
zeolite 5A isotherm was decreased by 3%. The void fraction was reduced to 0.33 based on the Cheng distribution (Cheng et al., 1991) with C = 1.4 and N = 5, as recommended by Nield and Bejan (1992)	  

Diamonds: experimental data; dashed lines: 
simulations with the Edwards and 
Richardson correlation for axial dispersion 
and corresponding kn values; dotted lines: 
simulations with the Wakao and Funazkri 
correlation for axial dispersion and 
corresponding kn values. 	  
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Step  3:  Axial  Dispersion  Coefficient  (CO2  Case)
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Mixed fitting of DL. Run ID = W-F 0.35 DL fit result, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 25.35[degC]; Ads Inlet Temp = 24.65[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Sorbate MolWt = 0.044[kg/mol]; Free Flow Area = 17.8139[cm^2];
Canister CS Area = 2.4544[cm^2]; Can Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q
Capac = 475[J/(kg*K)]; Can Density = 7833[kg/m^3]; Ambient Temp = 25.18[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.0022[1/s]; Sorb Q Cond = 0.12[W/(m*K)];
Sorb Q Capac = 1046.7[J/(kg*K)]; Heat of Ads = -44.4[kJ/mol]; Half-Cycle Length[s] = 6990; Time Step[s] = 30; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.33077[mol/m^3]; Gas Q Cap = 1.04[kJ/(kg*K)]; Axial
Cond = 0.65124[W/(m*K)]; Sorbate Q Cap = 0.84425[kJ/(kg*K)]; Sorb-Gas H = 103.9207[W/(m^2*K)]; Gas-Can H = 12.513[W/(m^2*K)]; Ads Axial Disp = 0.0135[m^2/s]; Ads Total Press = 106.639[kPa]; Ads Gas
Dens = 1.2118[kg/m^3]; Ads Superfic Vel = 0.2739[m/s]; Equiv Pellet Dia = 2.3[mm]; Area to Vol ratio = 188.4058[1/m]; Toth a0 = 9.875e-07[mol/kg/kPa]; Toth b0 = 6.761e-08[1/kPa]; Toth E = 5625[K]; Toth to =
0.27; Toth c = -20.02[K];

CO2 on zeolite 5A: Fit of the 1-D axial dispersed plug flow model to the outside bed (triangles) experimental breakthrough curve using a value of DL 7 times greater than that from the Wakao and Funazkri correlation and the fitted 
LDF kn = 0.0023 s-1 (left panel). The reported saturation term for the CO2-zeolite 5A isotherm was used, along with the reported void fraction of 0.35. Predictions from the model (lines) of the gas-phase concentration breakthrough 
curves at 0, 4, 8, 12, …, 92, 96 and 100% locations in the bed are also shown in the left panel, along with the 2.5% (circles), 50% (squares) and 97.5% location (diamonds) experimental center line gas-phase concentration 
breakthrough curves (left panel). The corresponding derivative (or slope) of the predicted gas-phase concentration breakthrough curves in the bed are shown in the middle panel. Predictions from the model (lines) of the 2.5% 
(circles), 50% (squares) and 97.5% location (diamonds) experimental center line temperature profile histories are shown in the right panel. 

DL	  term	  is	  fit	  to	  mixed	  gas	  concentra<on	  (far	  downstream),	  but	  requires	  value	  7	  <mes	  the	  correla<on	  value	  to	  compensate	  for	  
wall	  channeling.	  	  Fit	  is	  specific	  to	  the	  size	  of	  the	  column;	  for	  a	  much	  larger	  column	  wall	  channeling	  may	  be	  neglected	  and	  

correlated	  values	  of	  DL	  used	  (but	  not	  for	  fixed	  beds	  with	  a	  tube	  to	  pellet	  ra<o	  of	  20	  as	  in	  this	  case,	  or	  less	  )	  
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Step  3:  Axial  Dispersion  Coefficient  (H2O  Case)
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Parametric Study on Ads Axial Disp for Mixed Fitting. Run ID = W-F 0.35 void DL at 10 30 50 70, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00083[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.66965[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.00080623[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas
Dens = 1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 186.7816[1/m]; Toth a0 = 1.106e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to =
0.3548; Toth c = -51.14[K];

H2O vapor on zeolite 5A: Predictions from the 1-D axial dispersed plug flow model of the outside the bed (triangles) experimental breakthrough curve when varying the value of DL. DL = 10 (dotted lines), 30 (dashed lines), 50 
(solid lines) and 70 (dash-dot lines) times greater than Wakao and Funazkri correlation with the LDF kn = 0.00083 s-1 (left panel). The reported saturation term for the H2O-zeolite 5A isotherm was used, along with the reported 
void fraction of 0.35. The corresponding predictions from the model (lines) of the 2.5% (circles), 50% (squares) and 97.5% location (diamonds) experimental center line temperature profile histories are shown in the right panel.
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DL	  term	  is	  fit	  to	  mixed	  gas	  concentra<on	  (far	  downstream),	  but	  requires	  value	  50(!)	  <mes	  the	  correla<on	  value	  to	  compensate	  
for	  wall	  channeling.	  	  However	  the	  temperature	  profiles	  deviate	  increasingly	  from	  the	  test	  data	  with	  increasing	  DL	  indica<ng	  a	  

breakdown	  of	  the	  axial	  dispersed	  plug	  flow	  model.	  
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Increasing DL. Run ID = W-F 0.35 void DL at 1X, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00083[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.66965[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.0022485[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas
Dens = 1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 186.7816[1/m]; Toth a0 = 1.106e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to =
0.3548; Toth c = -51.14[K];
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Increasing DL. Run ID = W-F 0.35 void DL at 7X, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00083[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.66965[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.015739[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas Dens
= 1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 186.7816[1/m]; Toth a0 = 1.106e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to =
0.3548; Toth c = -51.14[K];
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Increasing DL. Run ID = W-F 0.35 void DL at 30X, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00083[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.66965[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.067454[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas Dens
= 1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 186.7816[1/m]; Toth a0 = 1.106e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to =
0.3548; Toth c = -51.14[K];

Time (hours)
0 2 4 6 8 10

G
as

 C
on

ce
nt

ra
tio

n 
(m

ol
/m

3 )

0

0.05

0.1

0.15

0.2

0.25

0.3

Time (hours)
0 2 4 6 8 10

Sl
op

e 
of

 G
as

 C
on

ce
nt

ra
tio

n 
(m

ol
/m

3 /s
)

×10-5

0

0.5

1

1.5

2

2.5

3

3.5

4

Time (hours)
0 2 4 6 8 10

G
as

 T
em

pe
ra

tu
re

 (K
)

290

295

300

305

310

315

320

Increasing DL. Run ID = W-F 0.35 void DL at 50X, Model Name = PDE, Solver = FC

Input Values: Ads Initial Temp = 23.35[degC]; Ads Inlet Temp = 22.35[degC]; Ads Initial Conc = 0.001[mol/m^3]; Ads Initial Load = 1[mol/m^3]; Free Flow Area = 17.814[cm^2]; Canister CS Area = 2.45[cm^2]; Can
Inner Perimeter = 14.96[cm]; Can Outer Perimeter = 15.96[cm]; Bed Length = 0.254[m]; Void Fraction = 0.35; Wall Void Fraction = 1; Can Cond = 16.8[W/(m*K)]; Can Q Capac = 475[J/(kg*K)]; Can Density =
7833[kg/m^3]; Ambient Temp = 22.406[degC]; Can-Amb H = 1.685[W/(m^2*K)]; Part Density = 1180[kg/m^3]; Mass Trans Coeff = 0.00083[1/s]; Sorb Q Cond = 0.12[W/(m*K)]; Sorb Q Capac = 1046.7[J/(kg*K)];
Heat of Ads = -65.1[kJ/mol]; Half-Cycle Length[s] = 36000; Time Step[s] = 30; Node Sep Max = 0.001[m]; Node Sep Init = 0.0001[m]; Ads Concentrat = 0.32765[mol/m^3]; Gas Q Cap = 1.048[kJ/(kg*K)]; Axial Cond
= 0.66965[W/(m*K)]; Sorbate Q Cap = 1.8976[kJ/(kg*K)]; Sorb-Gas H = 144.3335[W/(m^2*K)]; Gas-Can H = 19.9474[W/(m^2*K)]; Ads Axial Disp = 0.11242[m^2/s]; Ads Total Press = 108.045[kPa]; Ads Gas Dens =
1.2286[kg/m^3]; Ads Superfic Vel = 0.26824[m/s]; Equiv Pellet Dia = 2.32[mm]; Area to Vol ratio = 186.7816[1/m]; Toth a0 = 1.106e-08[mol/kg/kPa]; Toth b0 = 4.714e-10[1/kPa]; Toth E = 9955[K]; Toth to = 0.3548;
Toth c = -51.14[K];

(a)	  

(b)	  

(c)	  

(d)	  

1X	  

7X	  

30X	  

50X	  

H2O vapor on zeolite 5A: Predictions from the model (lines) shown in Figure 9 of the gas-phase concentration breakthrough curves at 0, 4, 8, 12, …, 92, 96 and 100% locations in the bed (left panels). The 2.5% (circles), 50% 
(squares) and 97.5% location (diamonds) experimental  centerline gas-phase concentration breakthrough curves are also shown for comparison in the left  panels.  The corresponding derivatives (or slopes) of the gas-phase 
concentration breakthrough curves in the bed are shown in the right panels. (a) DL = Wakao-Funazkri correlation, and (b) DL = 7, (c) 30 and (d) 50 times greater than Wakao and Funazkri correlation.

At	  7X,	  internal	  concentra<on	  history	  slope	  matches	  mixed	  concentra<on	  just	  as	  for	  CO2	  case.	  	  This	  indicates	  that	  
same	  dispersive	  mechanism	  occurs	  regardless	  of	  sorbate.	  To	  overcome	  non-‐physical	  breakthrough	  sharpening,	  DL	  

must	  be	  increased	  by	  50X	  to	  decrease	  breakthrough	  slope.	  Expected	  CPB	  is	  lost	  en<rely	  for	  this	  condi<on.	  



Conclusions  thus  far:  
•  Breakthrough	  tests	  with	  tube	  diameter	  to	  pellet	  diameter	  ra<os	  of	  around	  20	  (or	  less),	  are	  
subject	  to	  wall	  channeling,	  an	  mechanism	  not	  captured	  in	  standard	  dispersive	  
correla<ons.	  	  Breakthrough	  tests	  are	  generally	  subscale	  to	  conserve	  sorbent	  materials	  and	  
gas	  flow	  equipment	  costs	  and	  thus	  frequently	  in	  this	  range.	  
•  The	  typical	  breakthrough	  measurement	  is	  taken	  far	  downstream,	  aker	  mixing.	  	  FiAng	  the	  
mass	  transfer	  coefficient	  to	  this	  measurement	  will	  provide	  erroneous	  results	  for	  a	  larger	  (or	  
smaller)	  diameter	  column	  due	  to	  the	  influence	  of	  channeling.	  
•  A	  method	  has	  been	  demonstrated	  where	  a	  centerline	  measurement	  is	  used	  to	  derive	  a	  
mass	  transfer	  coefficient	  that	  captures	  physics	  free	  of	  wall	  effects	  and	  thus	  appropriate	  for	  
scale-‐up	  to	  large	  diameter	  columns.	  
•  Using	  the	  mass	  transfer	  coefficient	  derived	  above,	  this	  method	  uses	  the	  mixed	  
concentra<on	  data	  for	  fijng	  of	  a	  dispersion	  coefficient	  DL	  specific	  to	  the	  tube	  diameter,	  
as	  needed	  for	  processes	  that	  u<lize	  small	  diameter	  tubes.	  
•  However	  fijng	  DL blindly	  to	  the	  breakthrough	  curve	  (as	  apparent	  in	  many	  published	  
breakthrough	  analyses)	  can,	  in	  specific	  cases,	  result	  in	  a	  complete	  breakdown	  of	  the	  
axially	  dispersed	  plug	  flow	  model,	  and	  result	  in	  fi:ed	  coefficients	  that	  are	  incorrect.	  	  
•  Thus	  it	  is	  important	  to	  map	  the	  set	  of	  condi7ons	  where	  significant	  breakthrough	  
sharpening	  occurs,	  and	  which	  will	  lead	  to	  a	  breakdown	  of	  the	  expected	  constant	  pa@ern	  
behavior.	  	  This	  work	  is	  a	  topic	  for	  future	  discussion!	  
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