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Abstract 
 
This quarterly report documents significant achievements in the Enhanced Practical 
Photosynthetic CO2 Mitigation project during the period from 4/2/2003 through 7/01/2003.  As 
indicated in the list of accomplishments below we have completed some long-term model scale 
bioreactor tests and are prepared to begin pilot scale bioreactor testing. 
 
Specific results and accomplishments for the second quarter of 2003 include: 

Bioreactor support systems and test facilities: 
• Qualitative long-term survivability tests for S.C.1.2(2) on Omnisil have been successfully 

completed and results demonstrate a growth rate that appears to be acceptable.   
• Quantitative tests of long-term growth productivity for S.C.1.2(2) on Omnisil have been 

completed and initial results are promising.  Initial results show that the mass of organisms 
doubled (from 54.9 grams to 109.8 grams) in about 5 weeks.  Full results will be available as 
soon as all membranes and filters are completely dried.  The growth rate should increase 
significantly with the initiation of weekly harvesting during the long term tests.   

• The phase 1 construction of the pilot scale bioreactor has been completed, including the solar 
collector and light distribution system.  We are now in the phase of system improvement as 
we wait for CRF-2 results in order to be able to finalize the design and construction of the 
pilot scale system. 

• A mass transfer experimental setup was constructed in order to measure the mass transfer 
rate from the gas to the liquid film flowing over a membrane and to study the hydrodynamics 
of the liquid film flowing over a membrane in the bioreactor.  Results were reported for mass 
transfer coefficient, film thickness, and fluid velocity over an Omnisil membrane with a 
"drilled hole" header pipe design. 

Organisms and Growth Surfaces: 
• A selectivity approach was used to obtain a cyanobacterial culture with elevated resistance to 

acid pH.  Microlonies of “3.2.2 S.C.1 Positive” migrated towards light along a light gradient, 
and against acid gradient, in whole. Nonetheless, some microcolonies were able to generate 
“secondary” microcolonies with increased ability to move towards acid area.  These 
microcolonies with elevated resistance to acidity have been isolated and inoculated in BG-11 
with pH 6. They are still under incubation. 

• We have continued our work on the genotyping of unialgal cyanobacterial cultures isolated in 
YNP.  Because partial sequence of 16S rRNA gene of the isolate 5.2 S.C.1 did not appear to 
be more than 93% identical to published cyanobacterial sequences, we carried out entire 
sequence of this gene using the combination of different primers. It appears that we have 
found a representative of putative new genus. We expect to publish all sequences.  

• The new species (even probably new genus) of cyanobacteria, 5.2 s. c. 1 that was isolated 
from La Duke Spring in Great Yellowstone Basin demonstrate an elevated resistance to some 
compounds of iron.  This might be very important for our project, because plant gases may 
have elevated amount of iron. Our study of the effect of different concentration of FeCl3 * 
6H2O on the growth of 5.2 S.C.1 isolate showed that iron additions stimulated rather then 
inhibited the growth of 5.2. S.C.1 isolate. Because of this we would recommend this isolate 
for further experiments. 
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Results and Discussion 
 
Experimental Apparatus 
 
The experimental apparatus used include photosynthetic incubators, bench-scale bioreactors, and 
a pilot-scale bioreactor that have been previously characterized. Other equipment used include 
pipettes, electric balances (mass scales), natural gas burners, CO/O2/CO2 gas analyzers, and 
DNA sequencing equipment. Details of the specific applications of the experimental equipment 
are included in the discussion of the actual data collection and reduction. 
 
Data Collection and Reduction 
 
Task 1.0. Evaluate and rank component and subsystem level alternative design concepts 
 
Subtask 1.1 Investigate critical properties of alternative photosynthetic agents (cyanobacteria) 
 
Report from the researchers at Montana State 
 

1.  Group Accomplishments. 
A.1. Selection of acid resistant clones from 3.2.2 S.C.1  

Analysis of growth data we have obtained showed a serious pitfall in the cultivation of 
thermophilic cyanobacteria under an elevated concentration of CO2 because of the significant 
acidification of the growth medium by CO2. A short-term proposal to overcome this problem is 
the use of buffers such as HEPES, to prevent a medium acidification. This is unlikely to become 
a practical solution in practice because of the expense of this buffer. We turned back therefore to 
our previous experience in the selection of highly productive strains of Spirulina platensis 
(Brown et. al., "The physiological effects phycocyanin crude extract obtained from the G-27 
overproducing strain of Spirulina platensis", 2nd European Workshop “Biotechnology of 
Microalgae”, September 1995.)  We used the property of this cyanobacterium to glide on 
semisolid surface. Furthermore, soft agar had the gradient of an antimetabolite directed against 
of Spirulina movement direction. This allowed selection of strains resistant to the antimetabolite. 
 

 
Figure 1. Principal scheme of the selection of cyanobacterial strains with elevated resistance to 
an antimetabolite. Black arrow indicates the direction of movement of the cyanobacterial population 

towards light. Red wedge indicates an antimetabolite gradient. CB is cyanobacterial cells. 

   light 

antimetabolite

CB 
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 We decided to use same approach to obtain a cyanobacterial culture with elevated resistance 
to acid pH.  Unicellular culture “3.2.2 s. c.1 Positive” has been chosen for this experiment 
because it appeared to have good motility on semisolid surface towards a light supply (see 
quarterly report for 4th quarter, 2002).   “Positive” means that we have isolated the population 
with high rate of motility towards light from general culture of 3.2.2 s. c. 1. Furthermore, 3.2.2 s. 
c. 1 is a unicellular culture and it was presumed that we might obtain a clonal mutant from the 
culture 3.2.2 S.C.1 more easily than from multicellular culture 1.2 S.C. 2.  
 We prepared two types of Petri dishes. The first group of dishes were filled with 
semisolid BG-11 medium supplemented with 30 mM HEPES (pH 7.4). The second group of 
dishes were filled in two steps. First, we poured about 12 mL of BG-11 medium supplemented 
with 30 mM MES (pH 4.0) in Petri dish, what was positioned with small angle to horizontal 
surface. When this medium has been solidified, we positioned the Petri dish on a horizontal 
surface and poured about 15 mL of the medium with pH 7.4 in the depression between solidified 
medium and dish wall. This agarose “cake” had same profile as it is shown on Fig. 1. After that 
we inoculated ~ 20 µL of high-density “3.2.2 S.C.1 Positive” culture on the surface of both 
group of Petri dishes. They were wrapped with aluminum foil so that they received light directed 
from one side only (as in Fig. 1).  The results are presented in the pictures below.  As can be seen 
in Figures 2 and 3, microcolonies of “3.2.2 S.C.1 Positive” culture migrated mainly towards the 
light along a light gradient. 
 

 
 

Fig.2. General view of migrated population of “3.2.2 S.C.1 Positive” 
on semisolid BG-11 medium, pH 7.4. (Light gradient was perpendicular to red line on the 

bottom of the dish) 
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Fig.3. Photomicrograph of leading edge of “3.2.2 S.C.1. Positive” migrated along  
 semisolid BG-11 medium, pH 7.4, towards light. (Red arrow indicates light direction.) 

 
 Fig. 4 suggests that microlonies of “3.2.2 S.C.1 Positive” migrated towards light along a light 
gradient, and against acid gradient, in whole. However, as can be seen in Fig. 5, microcolonies 
approaching the area with lowest pH, changed migration direction to one nearly perpendicular to 
both light and acid gradient. Nonetheless, some microcolonies were able to generate “secondary” 
microcolonies with increased ability to move towards acid.  These microcolonies with elevated 
resistance to acidity have been isolated, inoculated and under incubation. 
 

 
 

Fig.4. General view of migrated population of “3.2.2 S.C.1 Positive”on semisolid BG-11 
medium with acid gradient.  Light gradient was perpendicular to red line on dish bottom. Black 
line indicates the end of the medium with pH 7.4. The medium above black line had initial pH 

4.0. 
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Fig.5. Photomicrograph of leading edge of “3.2.2 S.C.1 “Positive” migrated towards light along 
semisolid BG-11 medium with acid gradient. (Red arrow indicates both light and pH gradient 

directions. Numbers indicate general range of pH gradient. 
 

 In parallel, we are carrying out the total adaptation of 3.2.2 S.C.1 population to acid pH 
hoping on self selection of acid resistant clones of this cyanobacterium.  A further step of this 
experiment will be isolation of single clones of acid resistant population of 3.2.2 isolate.  
 
A.2 Verification of cyanobacterial isolates from YNP 
 Work continued on the genotyping unialgal cyanobacterial cultures isolated in YNP.  The 
16SrRNA sequences of six unialgal isolates were manually edited and compared to published 
sequences. Using the “Blast” search program revealed that isolates 1.2 S.C. 2,3, and 6 are 
identical and belong to the genus Chlorogloeopsis sp. It was also revealed that both isolates 3.2.2 
S.C. 1 and 8.2.1 S.C. 10 belong to the genus Synechococcus, but to different lineages, i.e. to 
standard clones C1 and C9, respectively. This may explain their different physiological traits.  
 Because partial sequence of 16S rRNA gene of the isolate 5.2 S.C.1 did not appear to be 
more than 93% identical to published cyanobacterial sequences, we carried out entire sequence 
of this gene using the combination of different primers. We obtained a number of PCR products, 
which allowed us to arrive at a sequence of about 1350 nucleotides. However, the sequence of 
almost entire 16S r RNA of the isolate 5.2 S.C.1 still appeared unique. This may mean that we 
have found a representative of putative new genus. All results of this work are represented in the 
table below. Some data from this project will be represented at the ASM meeting in May, 2003.  
We expect to publish all sequences. We have started to work on final report for this project. This 
report will be prepared as a paper for a biotechnological journal.    
 
 
 

7.4 

4.0 
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Table 1: Genotyping of unialgal cyanobacterial cultures isolated in YNP 

 
## Name of 

isolate 
Sequence Genus Place of 

isolation 
1 Isolate 1.2. 

S.C.6 
 
Cggtggctaagaccggatgtgccgggaggtgaaagggagaccgccacaag 
Aggagctcgcgtccgattagctagatggtggggtaaaggcctaccatggc 
Gacgatcggtagctggtctgagaggacgaacagccacactgggactgaga 
Cacggcccagactcctacgggaggcagcagtggggaattttccgcaatgg 
Gcgaaagcctgacggagcaataccgcgtgagggaggaaggcccttgggtt 
Gtaaacctcttttctcagggaagaagaaatgacggtacctgaggaaaaag 
Catcggctaactccgtgccagcagccgcggtaatacggaggatgcaagcg 
Ttatccggaatgattgggcgtaaagggtccgtaggtggtgatgtatgtct 
Attgtcaaaggttctggcttaaccagagacaggcagtagaaactgcaaaa 
Ctagagtgcagtcggggcagggggaattcctggtgtagcggtgaaatgcg 
tagagttcaggaagaacaccggtggcgaaagcgc 

Chlorogloeopsis 
sp. 

Rabbit 
Creek,  
YNP 

2  
Isolate 
8.2.1 
S.C.10 

 
gcaacccgcgtccttagttgccagcattcagttgggcactctggggagac 
tgccggtgacaagccggaggaaggtgcggatgacgtcaagtcagcatgcc 
ccttacgccctgggcgtcacacgtgctacaatggccagcacaaagggtag 
ccagccagcgatggtgagccaatcccgcaaagttggtctcagttcagatc 
ggagtctgcaactcgactccgtgaaggcggaatcgctagtaatcgcaggt 
cagccatactgcggtgaatacgttcccgggccttgtacacaccgcccgtc 
acaccatgggagctggccacgcccgaagtcgttactccaaccgcaaggag 
gggagcgccgaaggcagggctggtgactggggtgaagtcgtaacaaggta 
 

Synechococcus  
C9 type 

Angel 
Terrace, 
Mammoth 
Hot  
Springs, 
YNP 

3  
Isoalte 
3.2.2 S.C. 
1 

cggctgctaataccccatatgccgcaaggtgaaatcttttttggcctgag 
gatgagctcgcggtggattagctagttggtggggtaatggcctaccaagg 
caacgatccatagctggtctgagaggatgatcagccacactgggactgaa 
gacacggcccagactcctacgggaggcagcagtggggaattttccgcaat 
gggcgaaagcctgacggagcaagaccgcgtgagggatgaaggcctttggg 
ttgtaaacctcttttctcagggaagaacacaatgacggtacctgaggaat 
aagcctcggctaactccgtgccagcagccgcggtaagacggaggaggcaa 
gcgttatccggaattattgggcgtaaagcgtccgcaggtggctttccaag 
tctgctgtcaaaacccgaggcttaacctcggatcggcggtggaaactgga 
tcgctagagtacgtcaggggtagggggaattcccggtgtagcggtgaaat 
gcgtagatatcgggaagaacaccagcgacgaaaggccctactgggacg  
 

Synechococcus 
C1 type 

Rabbit 
Creek, 
YNP 

4 Isolate 5.2 
S.C.1 

Acccgatatgccgagaggtgaaagtatttatagccttaaggggagctcgc 
Gtctgattagctagttggtagggtaagagcttaccaaggcgacgatcagt 
Agctggtctgagaggatgatcagccacactgggactgagacacggcccag 
Actcctacgggaggcagcagtggggaattttccgcaatgggcgaaagcct 
Gacggagcaataccgcgtgggggaggaaggctcttgggttgtaaactcct 
Tttctcagggaagaaaaaaatgacggtacctgaggaatcagcatcggcta 
Actccgtgccagcagccgcggtaatacggaggatgcaagcgttatccgga 
Atcattgggcgtaaagcgtccgcaggtggcacttcaagtctgctgtcaaa 
Ggtcggggcttaactccgaacaggcagtggaaactgaagcgctcgagtgc 
Ggtaggggcagagggaattcctggtgtagcggtgaaatgcgtagagatca 
Ggaagaacaccggtggcgaaagcgctctgctaggccgcaactgacactca 
Gggacgaaagctaggggagcgaatgggattagataccccagtagtcctag 
Ctgtaaacgatggatactaggcgttgcttgtatcgacccaagcagtgccg 
Tagctaacgcgttaagtatcccgcctggggagtacgcacgcaagtgtgaa 
Actcaaaggaattgacgggggcccgcacaagcggtggagtatgtggttta 
Attcgatgcaacgcgaagaaccttaccagggtttgacatgtccggaaccc 

A representative 
of putative new 
genus 

La Duke 
(Corwin 
Spring) 
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Cgctgaaaggtgggggtgccttagggaaccggaacacaggtggtgcatgg 
Ctgtcgtcagctcgtgtcgtgagatgttgggttaagtcccgcaacgagcg 
Caaccctcgtttttagttgccagcattaagttgggcactctagaaagact 
Gccggtgacaaaccggaggaaggtggggatgacgtcaagtcagcatgccc 
Cttacgctctgggctacacacgtactacaatgctatggacaaagggcagc 
Aagttagcgatgacaagcaaatcccataaaccatggctcagttcagatcg 
Caggctgcaactcgcctgcgtgaaggcggaatcgctagtaatcgccggtc 
Agccatacggcggtgaatacgttcccgggccttgtacacaccgcccgtca 
Caccatggaagcttggccacgcccgaagtcgttaccctaaccgcttgcgg 
agggggacgccgaaggcagg 

5  
Isolate 1.2. 
S.C. 2 

Cggtggctaagaccggatgtgccgggaggtgaaagggagaccgccacaag 
Aggagctcgcgtccgattagctagatggtggggtaaaggcctaccatggc 
Gacgatcggtagctggtctgagaggacgaacagccacactgggactgaga 
Cacggcccagactcctacgggaggcagcagtggggaattttccgcaatgg 
Gcgaaagcctgacggagcaataccgcgtgagggaggaaggcccttgggtt 
Gtaaacctcttttctcagggaagaagaaatgacggtacctgaggaaaaag 
catcggctaactccgtgccagcagccgcggtaatacggaggatgcaagcG 
ttatccggaatgattgggcgtaaagggtccgtaggtggtgatgtatgtct 
attgtcaaaggttctggcttaaccagagacaggcagtagaaactgcaaaa 
ctagagtgcagtcggggcagggggaattcctggtgtagcggtgaaatgcg 
tagagttcaggaagaacaccggtggcgaaagcgccctgctaggct 

Chlorogloeopsis 
Sp. 

Rabbit 
Creek, 
YNP 

6 Isolate 2.1 
(III) 

 
cttccggtacggctaccttgttacgacttcaccccagtcaccagtcctac 
cttcggcgtccccctccgcgaacggttagggtaacgacttcgggcgtgac 
cagcttccatggtgtgacgggcggtgtgtacaaggcccgggaacgaattc 
actgcagtatgctgacctgcaattactagcgattccgacttcacgcaggc 
gagtcgcagcctgcgatctgaactgagcccgagtttctgagatttgcttg 
tattcgcatacttgctgccctttgtctcgagcattgtagtacgtgtgtag 
cccaggacgtaaggggcatgctgacttgacgtcatccccaccttcctccg 
gtttgtcaccggcagtctccctagagtgcccacccgaagtgctggcaact 
aagaacgagggttgcgctcgttgcgggacttaacccaacatctcacgaca 
cgagctgacgacagccatgcaccacctgtgttctggctcccgaaggcacc 
ttcagctttcaccgaagttccagacatgtcaagccctggtaaggttcttc 
gcgttgcatcgaattaaaccacatactccaccgcttgtgcgggcccccgt 
caattcctttgagtttcacacttgcgtgcgtactccccaggcgggatact 
taacgcgttagctacggcactgagagggtcgatactctcaacgcctagta 
tccatcgtttacggctaggactactggggtatctaatcccattcgctccc 
ctagctttcgtccctcagtgtcagttgcggcctagcagagcgctttcgcc 
accggtgttcttcctgatctctacgcatttcaccgctacaccaggaattc 
cctctgccccgaacgcactctagtcgtgtagtttctactgcctttatcat 
gttaagcatgatgctttgacaatagacacacacaaccacctgcggacgct 
ttacgcccaatcattccggataacgcttgcatcctccgtattaccgcggc 
tgctggcacggagttagccgatgctgattcctcaagtaccgtcagaactt 
cttccttgagaaaagaggtttacaacccaagagccttcctccctcacgcg 
gtattgctccgtcaggctttcgcccattgcggaaaattccccactgctgc 
ctcccgtaggagtctggaccgtgtctcagttccagtgtggctgatcatcc 
tctcagaccagctactgatcgtcgccttggtagtcccttacaccaccaac 
tagctaatcagacgcgagctcttcttcaggcrgcwagcctttcacctctc 
ggcacatccggtattagcatcggtttcccaatgttgtcccgaacctgaag 
ctagattctcacgcgttactcacccgtccgccactatgtagagacctagc 
attgctacgtctctacatcgttcgacttgcatgtgttaagcataccgcca 
gcgttcatc  

Mastigocladus 
Sp. 

Rabbit 
Creek, 
YNP 
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A.3   The study the effect of ferric iron on the growth of 5.2 S.C. 1 isolate. 
 As we have already reported we have isolated new species (even probably new genus) of 
cyanobacteria, 5.2 s. c. 1. This culture has been isolated from La Duke Spring in Great 
Yellowstone Basin. The important feature of this spring is elevated concentration of iron in 
spring water.  Despite that, 5.2 S.C. 1 isolate and its cyanobacterial co-residents in this area are 
able to generate strong cyanobacterial mats. This elevated resistance of cyanobacteria to some 
compounds of iron might be very important for our project, because plant gases may have 
elevated amount of iron. On the other hand, the prevention of the rust generation in cultivation 
system is very expensive thing, and thus the use of iron-resistant cyanobacteria would be very 
positive, therefore, for further development of plant scale facility for CO2 mitigation.  
      Because of this, we studied the effect of different concentration of FeCl3 * 6H2O on the 
growth of 5.2 S.C.1 isolate. Ferric chlorate has been autoclaved two times before the inoculation 
of cyanobacteria in experimental medium.  
 As shown in Fig.6 iron additions stimulated rather then inhibited the growth of 5.2. S.C.1 
isolate. Because of this we would recommend this isolate for further experiments. 
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Fig. 6. Effect of FeCl3·6H2O concentration on the growth of 5.2 S.C.1 isolate 
 

A.4 Visiting YNP  
 We visited Yellowstone National Park to get additional samples of water from the places of 
cyanobacterial isolations with the aim to get additional chemical data about these places.  
  
A.5 Papers 
 Igor Brown presented a poster with title “Calcium can replace sodium in growth media for 
cyanobatceria” at 103rd ASM Annual Meeting. This poster reflected data obtained by I. Brown  
in Ukraine and at MSU.  Microbiologists including M. M-Allen, K.H. Nealson, D.Ward, R. 
Mancinelli and S. Miller attended. A postdoc from Dr. R. Mitchell (Harvard University) lab is 
going to study the effect of NaCl based media on the destruction of marble monument surfaces. 
Apparently, Ca2+-dependent physiology of cyanobacteria is an important research area. 
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Report from the researchers at Ohio University 
 

 The organism 1.2 S.C. (2) continues to be grown in large containers (from 5-gallon to 109 
gallon) for use in CRF tests, offline harvesting tests, and in the planned pilot-scale bioreactor 
tests.  The large-scale culturing of additional organisms (currently identified as organism 3 and 
organism 4 for simplicity) is continuing, but due to time constraints there are no current plans to 
test these organisms in the bioreactor. 
 
CRFII long-term qualitative tests 
 The quantitative long-term tests of the growth rate of organism 1.2 S.C. (2) on Omnisil fabric 
membranes in the CRFII bioreactor system are progressing well.  One long term (~5 weeks) test 
was recently completed and the results (based on the dry mass method) will be presented as soon 
as the filters and membranes have completely dried.  The preliminary results are promising, 
showing that the mass of organisms doubled (from 54.9 grams to 109.8 grams) in about 5 weeks.  
We anticipate that the actual growth rate was adversely affected in this test by an initial growth 
lag as well as a reduction in light intensity in the bioreactor due to organisms growing on the 
sides of the tank nearest to the light sources.  The growth rates should increase significantly in 
the next test with the initiation of weekly harvesting events to clean the screens and the sides of 
the tank.  Preparations are under way for the next CRFII test, which will include harvesting 
events at two week intervals over the course of a long term growth test. 
 
Subtask 1.2 Design deep-penetration light delivery subsystem 
 
 ORNL continues to support the pilot-scale bioreactor development.  This quarter they had to 
fix several problems with the solar collector and fibers that developed over the winter, but the 
solar collector system is now functioning well.  We have instituted procedures to keep the 
collector covered and protected when it is not in use in order to prolong its useful life. 
 
Subtask 1.3 Investigate growth surface subsystem design 
 
 No new material tests have been run.  We are focusing our efforts on Omnisil fabric since it 
has excellent wetting and rewetting properties, organisms adhere well to it, and it has properties 
that are appropriate for the bioreactor environment. 
 Some significant work has been accomplished in the area of understanding the mass transfer 
mechanism that occurs on the membrane growth surfaces.   
 
Mass Transfer on Membrane 
 Fig. 7 shows the schematic of a mass transfer experimental setup which was used to measure 
the mass transfer rate from the gas to the liquid film and the hydrodynamics of the liquid film. A 
membrane made of Omnisil fabric is vertically suspended in a chamber that is made of 
transparent acrylic sheet. The membrane is stretched and tensioned in four directions. 
 A blower circulates the gas through the duct and the chamber. 15% CO2 and 85% N2 were 
used to simulate the actual flue gas in the photobioreactor. The gas was heated to 50°C by two 
1250 kW fin stripper heaters in the duct. The gas leaking from the system was replenished by 
two pressured CO2 and N2 bottles. Gas concentrations in the system were monitored with a 
NOVA O2/ CO2/CO gas analyzer.  
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Fig. 7. Schematic flow diagram of the mass transfer experimental setup 

 
 Water is stored in a 50-gallon plastic tank and heated to 50 °C with a 1.5 kw stainless 
immersion heater.  Water is pumped from the water tank to the top of the chamber with a 
diaphragm pump and is distributed uniformly across the membrane through a specially designed 
drilled-hole manifold pipe. Water then goes through a carbon block filter which removes the 
particles and chemicals in the water, and a King Instrument 7520 series rotameter which 
measures the flow rate. 
 Figure 8 illustrates the “drilled-hole” header pipe that is used to distribute the water on the 
membrane. The header pipe is 23.25 inch long and is made of 1.66 inch OD acrylic pipe. A 
stainless steel plate, which has twenty-eight 0.0625-inch diameter holes on it, is inserted in the 
middle of the pipe. The membrane goes through a 0.08 inch slot on the bottom of the pipe and is 
suspended in the middle of plate by a 1/16”X1/4” removable bar. Water enters the header pipe 
from a 3/8-inch elbow on top of the pipe. Because of the small diameter of the drilled holes on 
the inserted plate, pressure is built in the top half of the pipe. Water then is pressured through the 
small holes into the low half of the header pipe and flows evenly down the membrane. The 
relationship between the pressure in the header pipe and the liquid flow rate is shown in Figure 9. 

CO2 concentrations in the liquid film were measured to assist in calculating mass transfer 
rates. To avoid degassing when sampling the solution from the liquid film, a syringe was used to 
draw liquid samples from the liquid film (Figure 10). Liquid samples then were injected 
immediately into Ba(OH)2 solution that could react with gas phase CO2 and free carbonic acid in 
the liquid to form BaCO3

  and H2O. In addition, because the liquid film on the membrane is so 
thin that it is difficult to sample the liquid with the syringe directly on the membrane surface, 
liquid samples were first collected with a plastic spoon and then drawn into the syringe.  
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Fig. 8. Drilled-hole manifold header  

 
Fig. 9. Relationship of header pipe pressure and flow rate 

 

 
Fig. 10. Sampling liquid from the membrane surface 
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 CO2 concentrations in liquid samples then were analyzed using titration method. The volume 
of a liquid sample is 50 ml. The liquid sample was injected into 25 ml Ba(OH)2 solutions which 
have a concentration of approximately 0.01 N. The excessive Ba(OH)2 solution was titrated with 
standard 0.005 N HCl solution using phenolphthalein indicator. Because Ba(OH)2 could react 
with CO2 in the atmosphere,  the concentration of  Ba(OH)2 solution is not exactly 0.01 N. The 
exact concentration of Ba(OH)2 solution was also determined with titration method. The 
concentration of Ba(OH)2  solution and CO2 concentration calculated according to the equations 
below. The accuracy of the CO2 concentration measurement is approximately 2x10-5 mol/l.  
 

2

2
)(

*

)( 2 OHBa

HClHCl
OHBa V

CVC ×
=         

sample

HClHClOHBaOHBa
CO V

CVCV
C

××−×
=

5.0
22

2

)()(
    

Where,  
 =

2)(OHBaC  Concentration of Ba(OH)2  solution, N 
 =HClC Concentration of HCl solution, N 
 =

2COC  CO2 concentration of the liquid sample, mol/liter 
 =

2)(OHBaV  Volume of Ba(OH)2  solution, ml 

 =HClV *  Volume of HCl solution for titrating 25 ml Ba(OH)2  solution, ml 
 =HClV  Volume of HCl for titrating the sample with Ba(OH)2  solution, ml 
 =sampleV Volume of the liquid sample, ml 
 
 Table 2 shows the matrix of the CO2 concentration measurement. Figures 11 and 12 show the 
CO2 concentration change with the liquid flow rate and the exposure distance. Figures 13 and 14 
show the change of CO2 concentration with flow rate at a position 120 cm from the header pipe.  
 

Table 2. Matrix of Measurement 
 

Temperature  20 and 50 °C 
Water  Distilled Water 
Gas 85% N2 and 15% CO2 
Liquid flow rate 0.4-2.0 gallon/min 
Sample distance from the header pipe  20, 40, 60, 80, 100, 120cm from header pipe 
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Fig. 11. CO2 concentrations at different locations of the membrane at 50 °C 
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Fig. 12. CO2 concentrations at different locations of the membrane at 20 °C 
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Fig. 13. CO2 concentration in the liquid at 120 cm at 50 °C 
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Fig. 14. CO2 concentration in the liquid at 120 cm at 20 °C 

 
The mass transfer coefficient was calculated based on the following equation: 

( ) ( )[ ]21 /ln CCCC
A
QK iiL −−⎟
⎠
⎞

⎜
⎝
⎛=  

Where: 
Q = the volumetric flow rate of the water 
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2C = outlet CO2  concentration in liquid film 

1C = inlet CO2 concentration in liquid film 

iC = CO2 concentration at the liquid surface 
A= the surface area of the liquid film 
 
The results of the calculations of mass transfer coefficients from experimental data are shown in 
Figures 15 (at 50°C) and 16 (at 20°C). 
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Fig. 15. Mass transfer coefficient at 50 °C 
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Fig. 16. Mass transfer coefficient at 20 °C 
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Construction of Film Thickness Measurement Technique 
A technique applying a hot-wire anemometer was used to measure the instantaneous 

wavy film thickness. The design of the probe is modified from the probe used by Lyu (1991) for 
measuring a film thickness thicker than 1mm. Figure 17 illustrates the basic concept of the 
technique. The major part of the probe is a 0.0254 mm diameter platinum-10% Rhodium wire, 
which was stretched across the liquid-air interface. A constant d.c. current was applied through 
the probe wire, and film thickness was determined from variations in the probe voltage drop. 
This technique is applicable to dielectric liquid films, and has the advantage that it can be used 
where the needle contact method and the film admittance (conductance and capacitance) method 
cannot. 

This technique relies on two important physical features. One is the strong relation 
between the electrical resistance of some alloy wires and their temperatures.  

)](1[ 00 TTRR −+= α          
Where:   T  = temperature of the wire 

     0T  = reference temperature of the wire 
    R  = electrical resistance at temperature T  

     0R  = electrical resistance at temperature 0T  
         α = temperature coefficient 

The other is that the heat transfer coefficient in the liquid phase is orders of magnitude larger 
than that in the gas phase.  
 

 
Fig. 17. Principles of film thickness probe 

 
The resistance of this wire is very sensitive to the temperature change. When applying 

constant current to the probe, the temperature of the wire increases. However, the temperature of 
the part immersed in water does not increase as much as the part outside the water due to the 
larger heat transfer coefficient in the water than that in the gas. As a result, the electrical 
resistance of the wire in the film will be much less than that in gas phase. Therefore, the variation 
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of liquid film thickness results in a considerable change in the voltage signal from the probe, 
because the total electrical resistance is dependent upon the wire lengths exposed to the liquid 
and the gas.  

Figure 18 demonstrates the structure of the thickness probe. A 0.0254 mm diameter 
platinum-10% Rhodium wire, which has a high electrical resistance and a high temperature 
coefficient of resistance, was used and fixed on tips of two 0.4 mm diameter fine needles. The 
selection of wire was made on the basis of maximizing the sensitivity of thickness variation 
which ensuring adequate wire strength. The thermal conductivity and specific heat of a material 
are also important in selecting the probe wire because a small thermal time constant is required 
to minimize time delay in the probe response to film thickness fluctuation. The thickness probe 
for the present experiments had a thermal time constant of msms t 14.009.0 ≤≤ τ .  

 
Fig. 18. Structure of the liquid film thickness probe 

 
In order to fix the wire on the tips of the two needles, a very shallow slot was cut on the 

tip of each needle. The wire then goes through the slots and is wrapped on the needles using 
aluminum tape. The commonly used method, soldering, was not applied because of two reasons: 
first, soldering creates a bead on the tip of the needle that will affect the measurement, and 
second, the high temperature process of soldering greatly decrease the strength of the wire or 
even break the wire immediately.   

Voltage drops across the probe wire were recorded by a National Instrument data 
acquisition system that consists of a PCI-6024E input data acquisition board, an SCXI-1120 
module and an SCXI-1320 terminal block. PCI-6024E is a low-cost multifunction board with 16 
analog inputs, 12 bits resolution and 200 kS/s sampling rate. SCXI-1120 module has 8 channels, 
up to 333 kHz scanning rates, 4 Hz and 10 kHz low pass filter settings, and 250 Vrms isolation 
per channel. The accuracy of the entire data acquisition system is ±0.8%. The software for data 
acquisition is LabVIEW 6.0. The accuracy of the current is less than 0.2%+3mA. Electric and 
Magnetic Fields (EMF) is only about 0.5 mV, which is very small compared to the voltage signal 
that is about 80 mv/mm under a constant current of 0.24 ampere produced by the film thickness 
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changes. The accuracy of the thickness measurements, including calibration errors was estimated 
to be 0.05mm. 

An RC (Resistor Capacitor) low-pass filter was used to eliminate the AC noise that is 
created by AC power supply lines. The noise is about 3 mV and has a frequency of 60 Hz. The 
circuit of the RC filter is shown in Figure 19. A 10 kΩ resistor and a 0.33 µF capacitor were 
chosen so that the cutoff frequency is below the frequency of the signal need to be rejected. On 
the other hand, the cutoff frequency should not be too low to remove the wave signal of the 
liquid film. The cutoff frequency was computed by 

CR
cutofff

×××
=

π2
1)(          

Where, 
R = resistor value, Ω 
C = capacitor value, F 

 
Fig. 19. Circuit of RC low-pass filter 

 
Calibration of the Thickness Probe 
 The probe was first calibrated using needle contact method on a smooth liquid film. As 
illustrated in Figure 20, a membrane is stretched horizontally in a water tank. The thickness of 
the liquid film on the membrane could be adjusted by changing the depth of water in the water 
tank. The exact film thickness of the liquid film was measured by needle contact method with a 
micrometer, which has an accuracy of 0.001 mm. 

 
Fig. 20. Calibration of film thickness probe 
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The voltage output of for a certain film thickness was recorded at each measurement. As shown 
in Figure 21, variation of the voltage signal is linear with the thickness of the film on a static 
water. 
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Fig. 21. Calibration of thickness probe on 20°C static water  

 
Because flowing water might have a higher heat transfer coefficient with the wire than static, the 
thickness probe was also calibrated on flowing liquid film using needle contact method. The 
apparatus is shown in Figure 22. 
 

 
Fig. 22. Calibration of film thickness probe on flowing film 

 
 When measuring the film thickness, the probe was mounted on a 7-feet high stand, show in 
Figure 23. The position of the probe is adjustable both vertically and horizontally. A micrometer 
was used to move the probe slowly to the membrane. The probe was mounted on the shaft of the 
micrometer. But the shaft rotates when it moved forward, so a bearing was used so that the probe 
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can keep the same position when the shaft moves. Sample rate is 1000 samples/second. Current 
is 0.24 mA. A GPS-1830D regulated DC power supply was used to provide the constant current 
for the probe. The entire system was covered with a plastic bag for calibration and measuring, 
because the air current created by the air conditioner in the room will greatly affect the reading 
of the probe. Since there are waves appear on the liquid film, film thickness was described by 
mean, maximal and minimal film thickness. The film thicknesses at 120 cm are shown in Figures 
24 and 25 for 20ºC and 50ºC. Figures 26 and 27 give two samples of the voltage signal recorded 
by the probe and DA system at 20ºC and 50ºC, with a liquid flow rate of 1.0 gallon/min.  

 
Fig. 23. Measurement of liquid film thickness 
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Fig. 24. Film thickness at a position 120 cm from header pipe at 50 °C 
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Fig. 25. Film thickness at a position 120 cm from header pipe at 20 °C  
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Fig. 26. Sample data for film thickness at 120 cm 
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Fig. 27. Sample data for film thickness at 120 cm 
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 Mean Liquid velocity, another important parameter of the liquid film hydrodynamics, 
was measured using a dye method. Permanganate solution, used as dye, was stored in a 1-gallon 
dye tank, which is set between the water tank and the pump. When the outlet valve of the dye 
tank was opened, the pump delivered the dye into the water stream. The colored water flowing 
down the membrane was videotaped with a video camera. Vertical and horizontal rulers were put 
on the sides of the membrane to indicate positions of the flow front. Video was then converted to 
a series of photos and the wave velocity was calculated based on the differential distances and 
the time interval of two photos.  The estimated accuracy of the measurements is 0.05 cm/s. 
 In fact, the liquid velocity may differ horizontally because the flow may not be evenly 
distributed on the membrane. Consequently, the liquid velocity distribution horizontally must be 
known to calculate the average liquid velocity on the membrane. In addition, a horizontal 
position having a velocities equal to the average wave velocity was marked as a base point for 
the film thickness measurement and mass transfer. Figures 28 and 29 illustrate the results of the 
liquid velocity measurement. Figures 30 and 31 are two example photos of the apparatus.  
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Fig. 28. Liquid velocity at 50 °C 
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Fig. 29. Liquid velocity at 20 °C 
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Fig. 30. Photo for liquid velocity measurement 
 

 
 

Fig. 31. Photo of the liquid flow with dye 
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Subtask 1.4 Investigate the use of a hydraulic jump to improve the system’s overall CO2 
conversion efficiency 

 
Based on the results collected and reported in previous reports, the experiments in this area have 
been discontinued.  The Phase I experimental evaluation of the hydraulic jump is complete. 
 
 
Subtask 1.5 Design harvesting subsystem 
 
Our main activities this quarter were again focused on design and experimental work for the 
integrated screen wetting / harvesting system, working exclusively with Omnisil fabric and 1.2. 
S.C.(2) organisms.  Previous test results had shown that the header pipe for the screens needed to 
be modified to allow for higher flow for harvesting.  In the course of this design, a fabric 
tensioning system was also designed to improve uniformity of flow during both the growth mode 
and the harvesting mode.  Several header pipe/frame subsystems were constructed and tested, 
and the results to date are promising.  The new header pipe/frame subsystem designs will be used 
in the future CRFII bioreactor tests. 
 
Subtask 1.6 Quantify properties (higher heating value, elemental composition, volatile content) 
of dried biomass for potential end-uses. 
 
We continue to search the literature and search for potential end uses for the biomass, but 
experiments in this area are on hold until we get closer to making a final decision for the 
organism.    

 
 
Task 2.0. Evaluate subsystem combinations and select an “optimum” system design 
 
The CRF-2 is the primary test facility for evaluating the subsystem combinations.  The first long-
term quantitative tests were run in the CRF-2 bioreactor this quarter.  Results from these tests are 
still being compiled, but they will eventually be combined with other test results to enable us to 
select the “optimum” system to be tested in the pilot scale bioreactor. 
 

 
Task 3.0. Implement the optimum system in scaled model 
 
The phase 1 construction of the bioreactor has been completed, including the solar collector and 
light distribution system.  We are now in the phase of system improvement as we wait for CRF-2 
results in order to be able to finalize the design and construction of the pilot scale system.  A 
recent list of accomplishments and actions items for the pilot scale bioreactor is copied below. 
 
Pilot Scale Bioreactor Group Accomplishments: 

1. The new prototype header design has been approved and we have begun 
manufacturing the seven new SS header/frame units for the pilot unit.  Our lab 
assistant, TJ, is working full time to complete these.  
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2. We have received and Jesse has installed the necessary starter equipment to the 
generator.  We are waiting for the fuel cell group to finish with their battery so that 
we can install it into the generator. 

3. Shyler has investigated several alternatives to the Nova gas analyzer, however, no 
other units could compare based on price for performance.  A better option may be to 
rebuild one of our existing models with improved components.  Shy has spoken with 
the company technicians and believes we should be able to build-in more moisture 
protection.  All of the analyzers researched couldn’t handle this extreme moisture 
content. 

4. Currently in the process of obtaining a special gas mixture from PraxAir.  This mix 
will include CO2 (8-12%), O2 (3-5%), and CO (30-50ppm).  We will use this to 
calibrate our gas analyzers and possibly to run small bench scale CRF experiments.  
We have provided an aluminum bottle to the supplier to fill.  This should take 
approximately three weeks. 

5. Assisted the ORNL team members to install the new solar collector panel. Received 
new information about the cleaning and maintenance of the mirrors.  

6. Fixed up all the leaks in the bioreactor chamber. 
7. Assisted ORNL folks to re-install the solar collector and optic fibers. Got information 

on the maintenance and cleaning procedure for the solar collector.  
8. Fixed and tested for leaks inside the bioreactor chamber. All the leaks have been 

sealed. 
9. Each of the light sheets was divided into a grid of 3x5 to give 15 readings for each. 

The sheets are marked A, B, C, D, E, F, G, and H (left to right) when seen from the 
growth tank side. Each sheet provided 2 sets of 15 readings for both surfaces. For 
simplicity we have used conventions A(L) and A(R) for each sheet which represent 
the left and right side of the sheet (again when looked at from the growth tank side). 
Let’s say we call the membranes 1, 2, 3 …etc.; then #1 will receive light from A(R) 
and   B(L). Membrane #2 will receive light from B(R) and C(L) and so on.  

 
Figure 32 shows all 8 light sheet readings, front and back, in lumens. 
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     G(R)         H(L) 
 

 
Fig. 32. Light panel light distributions 

 
Pilot Scale Bioreactor Action Items: 

1. The target date of 7/27/03 is projected to start a run with live algae to see how well 
they grow in this rig. Thirty gallons of algae will be used with the rest of the liquid 
being BG-11 media. This is being coordinated with Dr. Vis’s laboratory. 

2. Re-plumb the water system for increased flow during harvesting.  Separate the 
harvesting and growth systems. 

3. Install battery to generator and proceed with plans to wire it into a backup power 
system.    Our problem will be to make sure the sensitive gas safeties don’t shut 
down the burner during the transition time. 

4. Continue to research alternatives to the Nova gas analyzer. 
5. Receive calibration gas from PraxAir and test all Nova gas analyzers.  If one is 

found to be out of tolerance, then we will attempt to rebuild incorporating the new 
moisture removal equipment. 

6. Start measuring the light readings for the 8 light panels. 
7. Design and Install new piping system based on the new header/frame design. 
8. Fix a light bulb and a CO2 supply line inside the growth tank. 
9. Perform initial test which will involve a qualitative analysis of the growth process of 

the algae under the bioreactor conditions. 
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Webpage 
 
The web page is running at http://132.235.19.45/DOE . All parties involved in the project have 
received e-mail instructions and the password to access the information. 
 
 
Conclusions 
 
As we proceed in the third year of this three year project we can report that we have made 
significant progress towards achieving our overall project goals and are working hard to 
complete all of our deliverables.  All of our test facilities are developed and our test plans and 
procedures are in place and the CRF-2 tests that will provide the results needed to proceed with 
the pilot scale bioreactor testing are in process.  See the Abstract for a summary of 
accomplishments. 
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