
AFRL-PR-WP-TP-2007-225 
 

NEW COLUMN DESIGNS FOR 
MICROGC (PREPRINT) 
 
Adarsh D. Radadia, Richard I. Masel,  
and Mark A. Shannon 
 
 
 
 
 
 
 
NOVEMBER 2006 
 
 
 
 
 
 

Approved for public release; distribution unlimited.  

 
STINFO COPY 

 
 
This work was funded in whole or in part by Department of the Air Force contract  
FA8650-04-01-7121. The U.S. Government has for itself and others acting on its behalf a 
paid-up, nonexclusive, irrevocable worldwide license to use, modify, reproduce, release, 
perform, display, or disclose the work by or on behalf of the U.S. Government. 
 
 
 
 
PROPULSION DIRECTORATE  
AIR FORCE MATERIEL COMMAND 
AIR FORCE RESEARCH LABORATORY  
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7251 



i 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

November 2006 Conference Paper Preprint 10/28/2004 – 11/12/2006 
5a.  CONTRACT NUMBER 

FA8650-04-01-7121 
5b.  GRANT NUMBER  

4.  TITLE AND SUBTITLE 

NEW COLUMN DESIGNS FOR MICROGC (PREPRINT) 

5c.  PROGRAM ELEMENT NUMBER 
63739E 

5d.  PROJECT NUMBER 

4H20 
5e.  TASK NUMBER 

01 

6.  AUTHOR(S) 

Adarsh D. Radadia, Richard I. Masel, and Mark A. Shannon  

5f.  WORK UNIT NUMBER 

  02 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION 

University of Illinois at Urbana-Champaign  
Department of Mechanical Science and Engineering, and Department of Chemical 
  and Biomolecular Engineering 
Urbana, IL 61801-3602 

 

    REPORT NUMBER 

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING 
       AGENCY ACRONYM(S) 

AFRL-PR-WP Propulsion Directorate 
Air Force Research Laboratory  
Air Force Materiel Command 
Wright-Patterson AFB, OH 45433-7251 

11.  SPONSORING/MONITORING 
       AGENCY REPORT NUMBER(S) 
      AFRL-PR-WP-TP-2007-225

12.  DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited.  

13.  SUPPLEMENTARY NOTES 
Conference paper submitted to the Proceedings of the Transducers 2007 Conference. This work was funded in whole or 
in part by Department of the Air Force contract FA8650-04-01-7121. The U.S. Government has for itself and others 
acting on its behalf a paid-up, nonexclusive, irrevocable worldwide license to use, modify, reproduce, release, perform, 
display, or disclose the work by or on behalf of the U.S. Government.  
PAO Case Number:  AFRL/WS 07-0607; Date cleared:  19 Mar 2007. 

14.  ABSTRACT 
New column designs that give lower dispersion than column designs presented previously are presented. All of the work 
so far has concentrated on columns that are arranged with a spiral geometry. Spiral columns show lower dispersion than 
serpentines in chip scale electrophoresis and the assumption has been that spirals would also give lower dispersion than 
serpentines for microGC. We also test various turn geometries to see which gives the lowest dispersion. We have 
examined spiral and serpentine columns. We have also considered several turn geometries. 

15.  SUBJECT TERMS 
microGC, columns, turn geometries, spiral, serpentine 

16.  SECURITY CLASSIFICATION OF: 19a.  NAME OF RESPONSIBLE PERSON (Monitor) 
a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

17. LIMITATION  
OF ABSTRACT:

SAR 

18.  NUMBER 
OF PAGES 

    10 
          Dr. David M. Ryan 
19b.  TELEPHONE NUMBER (Include Area Code) 

N/A 

 Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18 

 



NEW COLUMN DESIGNS FOR MICROGC 
 

Adarsh D. Radadia1, Richard I. Masel1* and 
Mark A. Shannon2  

1Department of Chemical and Biomolecular 
Engineering, University of Illinois at Urbana-

Champaign 
2Department of Mechanical Science and 

Engineering, University of Illinois at Urbana-
Champaign 

Urbana, IL, USA. 

ABSTRACT 
In this paper, we present some new column 
designs for micro-gas chromatography (μGC) 
columns.  Serpentine columns are compared to 
commonly used spiral columns and are found to 
give relatively lower height equivalent to 
theoretical plate (HETP) values. Turns are a major 
dispersion source for serpentine configuration. We 
found that sinusoidal compensation structures 
following the turns give lowest dispersion 
amongst the several tested turn geometries for 
serpentine configuration. 
 
Keywords: microGC, microcolumns, dispersion 
in microchannels 
 
I. INTRODUCTION 
       Many efforts are being made to develop a 
microfabricated gas chromatography (μGC) that is 
small enough to be carried by individuals [2-4]. 
Microcolumns are the heart of the GC technique.  
In this paper, we present some new column 
designs that give lower dispersion than the MEMS 
column designs presented previously [1-6].  
 Several recent papers have considered MEMS 
columns for μGC’s [1-6].  All of the previous 
work has concentrated on columns that are 
arranged with a spiral geometry as shown in 
Figure 1a.  Spiral columns show lower dispersion 
than serpentines in chip scale electrophoresis[7, 8] 
and the assumption has been that spirals would 
also give lower dispersion than serpentines for 
μGC columns.   Note however, that the Dean 
number (Dn = G w3/μ v (2w/R)1/2, which governs 
secondary flows in curved channels, where G is 
                                                           
* r-masel@uiuc.edu 

the centerline pressure gradient driving the 
primary flow, R is the channel radius of curvature, 
w is the channel width and μ and v are the fluid 
dynamic and kinematic viscosity respectively) is 
much larger in a gas than in a liquid.  
Consequently, the previous analysis for 
electrophoresis would not apply to a gas.  
Theoretically, when the Dean number is greater 
than 4, the dispersion in a spiral increases as the 
radius of curvature of the spiral decreases [7, 9-
11].  In contrast, there is compensation in a 
serpentine column [7, 11, 12]  so the dispersion 
does not increase as much as the size shrinks. The 
Dean number for the inner turns in the column in 
Figure 1A is over 200.  The previous analysis 
done for electrohoresis does not apply. Thus, 
theoretically one does not know whether spirals or 
serpentines will work better as the size of the 
device shrinks.  One also does not know how turn 
geometry affects performance.   
 
 In this paper we consider a number of 
different geometries.  We compare a serpentine to 
a spiral.  We also test various turn geometries to 
see which gives the lowest dispersion.        
II. DESIGN AND FABRICATION 
 Figure 1 shows the two configurations: spiral 
and serpentine fabricated on silicon.  The 
microchannels are 3 meters long and 100 microns 
wide etched 100 microns deep using DRIE.  The 
columns were connected to a 200 micron OD  

 

 Figure 1. Pictures of A) spiral and B) 
serpentine columns 
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fused silica capillary using a package designed in-
house. 
  The serpentine configuration would cause 
maximum dispersion at the turns.  Three new turn 
geometries are tested with respect to the 
dispersion generated by a simple circular bend: 
(1) circular turn with a sine wave compensation 
structure, (2) a conically converging turn, and (3) 
a concentrically converging turn.  See Figure 2,.  
The sine wave compensation structure was 
designed to reduce the strength of the Dean vortex 
using a series of expansions and contractions.  
The conically converging turns are adopted from 
the microcapillary electrophoresis literature to 
minimize dispersion due to race-track effect.  The 
distortion in a band traveling about a turn is 
reduced if the width of the channel is reduced.  
Concentrically converging turn is an adaptation of 
the prior turn wherein the inner path bulges out to 
a certain radius to produce contraction at the turn.  
Comparison of the new turn designs to the circular 
turn was performed using 30 cm long 
microchannel chip with 22 pairs of turns 
fabricated on silicon. 
 We used the following fabrication sequence 
to generate 3 meter long microcolumns for testing 
the different μGC columns.  The fabrication 
process starts with a (100) silicon wafer with 2 

μm thick thermally grown oxide.  (a) Photoresist 
(PR)  

 
 

 

 

 
 
S1813 is patterned for the channels and 
connection holes.  (b) Oxide is patterned using 
CF4 RIE.  (c) PR is stripped and DRIE is 
performed on column side first to yield 100 
micron deep channels.  DRIE is performed on the 
second side to etch the access holes through the 
silicon wafer, simultaneously dicing the wafer.  (f) 
We found that channel walls can be smoothened 
using two processes: (1) growing 2 μm thick wet 
oxide followed by BOE etching, and (2) growing 
porous silicon using anodization followed by its 
removal with mild KOH.  Figure 3 shows the 
resultant shaping and smoothening of the column 
walls obtained with anodization process.  (e) The 
μGC column dies are cleaned with BOE, SC-1 
and SC-2 sequentially.  (f) SC-1 cleaned Pyrex 
7740 coverslips are anodically bonded to yield 
sealed microcolumns. 
 
III. COLUMN PERFORMANCE TESTING 
 The silicon microcolumn is packaged to 
connect 15 cm long, 0.1 micron ID deactivated 
fused silica tubing, which is used to connect the 
microcolumn to an Agilent 6890N GC injection 
system and flame ionization detector system.  One 
microliter of methane and iso-octane headspaces 
are injected with a split ratio of 100:1.  The 

Figure 2. The methane peaks observed on 
serpentine columns with different turn 
geometries measured on a 0.3 m long column. 
Notice that the sine wave bends give lower 
dispersion than any of the other geometries 

Figure 3. The effect of the UIUC process to 
smooth the sidewalls and round the corners of a 
microGC column. 
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column efficiency is measured with methane and 
iso-octane at 110oC. 

 
 
 
 
 
 
 
 
 

IV. RESULTS AND DISCUSSION 
 Figure 4 shows the elution profiles of a 
methane pulse from a serpentine column and a 
spiral column. The methane pulse eluting from a 
serpentine column tails less and shows half the 
pulse width relative to spiral column.  Figure 5 
shows the plot of calculated height equivalent to 
theoretical plates (HETP) versus average carrier 
gas velocity (u) to generate Golay plots of the 
methane injections. The Golay plots are 
theoretically modeled, shown as lines in Fig. 5, 
using the Golay-Guocheon kinetic model for 

 
 
 
 

 

 
 
 
 
 
column efficiency, 

2DuCu
u
BHETP ++=  

where B is the coefficient for longitudinal 
diffusion, C is for resistance to mass transport in 
the gas phase and D is for extracolumn band 
broadening.  Serpentine columns give lower 
HETP values compared to the spiral columns. 
 
       Figure 6 shows the difference between the 
Golay plots obtained using methane and iso-
octane as tracer molecule in efficiency 
calculations at same operating conditions.  We 
find that the HETP value decreases as the 
molecular weight increases, as expected from 
Taylor-Aris dispersion theory. 
 

 
 
 
 
 

Figure 4. A comparison of the methane peaks 
seen with a 3 meter long 100 micron wide and 
deep serpentine and spiral channels that had 
undergone smoothing and rounding (see text). 
The measurements were done with a 20 psi 
hydrogen sweep gas. 

Figure 7. The methane and nonane peaks seen 
in the 3 meter column at high velocity 

Figure 6. Golay plots for methane and iso-
octane separation in 100 micron diameter, 3 
meter long serpentine column. 

Figure 5. Golay plots for methane injections in 
100 micron diameter, 3 meter long serpentine 
and spiral columns. 
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       Figure 2 compares methane pulses eluted 
from 30 cm long serpentine columns with 
different turn geometries. The sinusoidal 
compensation structured turn gives the lowest 
dispersion amongst all compared.  Figure 7 shows 
peaks we have measured on the columns.  These 
columns show peak capacities of about 90 in 4 
seconds using hydrogen as a carrier gas.  This 
compares to a peak capacity of 5 in 4 seconds 
reported by Reidy et al. [1] using air as a sweep 
gas.  These results show that wall smoothing and 
device design have an important influence on 
column performance. 
 
V.  CONCLUSIONS 
        We have investigated design rules for μGC 
columns.  We have successfully tested and 
compared performance of spiral and serpentine 
columns and various bend geometries for μGC 
separation.  Serpentine columns give the lowest 
dispersion since the small spiral columns generate 
an overall higher Dean vortices when integrated 
over all the column.  Sinusoidal compensation 
structures help reduce the dispersion caused by a 
normal circular turn. These findings will enable 
future μGC researchers to design higher efficiency 
columns. 
ACKNOWLEDGMENTS 
This work was supported by the Defense 
Advanced Research Projects Agency (DARPA) 
under U.S. Air Force grant FA8650-04-1-7121.    
REFERENCES 
 1. Reidy, S., G. Lambertus, J. Reece and R. 

Sacks, High-Performance, Static-Coated 
Silicon Microfabricated Columns for Gas 
Chromatography. Analytical Chemistry, 
2006. 78(8): p. 2623-2630. 

2. Ostman, P., L. Luosujarvi, M. Haapala, K. 
Grigoras, R.A. Ketola, T. Kotiaho, S. 
Franssila and R. Kostiainen, Gas 
Chromatography-Microchip Atmospheric 
Pressure Chemical Ionization-Mass 
Spectrometry. Analytical Chemistry, 2006. 
78(9): p. 3027-3031. 

3. Lewis, P.R., R.P. Manginell, D.R. Adkins, 
R.J. Kottenstette, D.R. Wheeler, S.S. 
Sokolowski, D.E. Trudell, J.E. Byrnes, M. 
Okandan, J.M. Bauer, R.G. Manley and G.C. 

Frye-Mason, Recent Advancements in the 
Gas-Phase Microchemlab. IEEE Sensors 
Journal, 2006. 6(3): p. 784-795. 

4. Agah, M., G.R. Lambertus, R. Sacks and K. 
Wise, High-Speed Mems-Based Gas 
Chromatography. Journal of 
Microelectromechanical Systems, 2006. 
15(5): p. 1371-1378. 

5. Chen, P.J., C.Y. Shih and Y.C. Tai, Design, 
Fabrication and Characterization of 
Monolithic Embedded Parylene 
Microchannels in Silicon Substrate. Lab on a 
Chip, 2006. 6(6): p. 803-810. 

6. Zampolli, S., I. Elmi, J. Sturmann, S. 
Nicoletti, L. Dori and G.C. Cardinali, 
Selectivity Enhancement of Metal Oxide Gas 
Sensors Using a Micromachined Gas 
Chromatographic Column. Sensors and 
Actuators B: Chemical, 2005. 105(2): p. 400-
406. 

7. Wang, Y., Q.A. Lin and T. Mukherjee, 
System-Oriented Dispersion Models of 
General-Shaped Electrophoresis 
Microchannels. Lab on a Chip, 2004. 4(5): p. 
453-463. 

8. Jacobson, S.C., R. Hergenroder, L.B. Koutny, 
R.J. Warmack and J.M. Ramsey, Effects of 
Injection Schemes and Column Geometry on 
the Performance of Microchip 
Electrophoresis Devices. Analytical 
Chemistry, 1994. 66(7): p. 1107-1113. 

9. Dean, W.R., Note on the Motion of Fluid in a 
Curved Pipe. Philos. Mag., 1927. 4: p. 208. 

10. Dean, W.R., The Sreamline Motion of Fluid 
in a Curved Pipe. Philos. Mag., 1928. 5: p. 
673. 

11. Ph. Daskopoulos, A.M.L., Dispersion 
Coefficient for Laminar Flow in Curved 
Tubes. AIChE Journal, 1988. 34(12): p. 
2052-2058. 

12. Rush, B.M., K.D. Dorfman, H. Brenner and S. 
Kim, Dispersion by Pressure-Driven Flow in 
Serpentine Microfluidic Channels. Industrial 
& Engineering Chemistry Research, 2002. 
41(18): p. 4652-4662. 

 

4


