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Abstract

Aerogel is a versatile class of low-density, high surface area, adjustable surface chemistry,

nanoporous material attractive for a wide range of applications, including thermal insulation,

light-weighting of transportation, catalyst and use as an adsorption medium in environmental

remediation. During aerogel manufacture, first, an alcogel, i.e., porous nanoskeleton filled

with alcohol, is synthesized via a sol-gel process. The alcohol must be removed (i.e., the

aerogel must be “dried”) without damaging its delicate porous nanoskeleton via capillary

forces to convert it into an aerogel. Slow, diffusion-limited mass transfer during drying is a

key barrier to aerogel’s widespread adoption. Development of cost- and energy-efficient aerogel

manufacture requires an in-depth understanding of the underlying drying mechanisms. This

thesis focuses on research relative to supercritical CO2 (SCCO2) drying of aerogels, whereby

capillary forces are eliminated (after rapid heating and pressurization) by operating in the

single-phase region of an alcohol-CO2 system.

An apparatus to measure (alcohol-CO2) mixture density as a function of temperature (up

to 80○C) and pressure (up to 15.9 MPa) over the full range of CO2 mass fractions was designed

and commissioned as this is a key property in modeling drying using SCCO2, a compressible

medium. It advances the state-of-the-art by assuring a uniform mixture and assuring accuracy

through redundant measurements, i.e., a variable-volume method accurate to within ±1% of

reading, a Coriolis density meter accurate to within ±7 kg/m3 and, for selected data with

larger differences from those in the literature, an independent “bomb” experiment for discrete

measurements. Viscosity was measured at the same conditions using an off-the-shelf sensor.

An equation of state derived from such measured thermophysical properties enables redundant

real-time monitoring of the drying kinetics on the manufacturing floor as it enables real-time

mass fraction of CO2 to be monitored in the effluent of a dryer.

The kinetics of drying of annular-geometry alcogels of varying thickness and mass flow

rate of SCCO2 flowing over them in a concentric annulus were experimentally and numerically

investigated to develop a better understanding of the drying process. An existing apparatus

to monitor the drying kinetics was modified to redundantly measure alcohol extraction rates.
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Experimental and numerical results indicate that an advective component due to suction and

spillage effects dominates the initial stage of the drying process. Measured density data enable

independent verification of extraction rates measurement and, as mentioned above, end-point

detection needed for deterministic termination of the drying process.

To address the diffusion-limiting aspect of aerogel manufacture, an induced advective

component to the mass transport in the form of electroosmosis inside an alcogel was studied.

It is ideally suited to a porous material in the form of a silica alcogel as per the electric

double layers of mobile ions naturally formed at the silica-alcohol interfaces. This naturally

occurring phenomenon provides a heretofore unrealized opportunity once electroosmosis is

considered. An apparatus to generate and characterize electroosmotic flow through an alcogel

via application of an external electric field was constructed. Preliminary results indicate that

(ambient temperature and pressure) solvent exchange can be completed in minutes rather

than hours-to-days and thus, reduce the currently expensive manufacturing cost of aerogel.

This would allow them to better penetrate important, previously-mentioned applications.
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Ðinh, who have always been there for me, offering their unconditional love and support.

iv



Contents

List of Tables viii

List of Figures ix

1 Aerogel 2

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Drying Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Ambient Drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.2 Freeze Drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.3 Supercritical Drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Commercialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Present Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Density of CO2-EtOH 9

2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Measurement Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.1 Flow Sheet and Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 Test Cell Volume Calibration . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3.3 CO2 Charging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.4 Purity Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.5 Experimental Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.6 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.7 Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.8 Mixing Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

v



2.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.5 Conclusions and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Kinetics of SCCO 2 Drying of Aerogel 43

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 Kinetics Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.1 Gel synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.2 SCCO2 drying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.5.1 Open Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.5.2 Porous Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.6 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4 Electroosmosis 64

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Ageing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.6 Di�usion Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.7 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Conclusions 75

6 Future Work 76

Bibliography 77

vi



A SOP for Density Rig 84

A.1 Training Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A.2 Emergency and Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A.3 Required Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.4.1 Pre-startup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.4.2 Charging the rig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

A.5 Potential Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

B SOP for Kinetics Rig 88

B.1 Training Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

B.2 Emergency and Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

B.3 Required Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

B.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.4.1 Pre-startup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.4.2 Pressurization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.4.3 Kinetics experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

B.5 Potential Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

C LabVIEW VIs 91

C.1 Density Rig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

C.2 Kinetics Rig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

C.2.1 Kinetics Rig VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

C.2.2 Scale VI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

C.2.3 Continuous Flow Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

vii



List of Tables

1.1 Advantages and disadvantages of di�erent drying techniques. . . . . . . . . . . 6

2.1 Location and accuracy of primary sensors. . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Calibration data for apparatus volume as a function of temperature and pressure. 22

2.3 Density data measured by the Coriolis meter, variable-volume method and

bomb experiment compared to those in the literature. . . . . . . . . . . . . . . . 37

2.4 Discrepancies between data from the bomb experiment and those in literature. 37

3.1 Kinetics experimental parameters and mass balance. . . . . . . . . . . . . . . . . 55

viii



List of Figures

1.1 Sol-gel method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Aerogel drying methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Aerogel research at Transport Phenomena Lab at Tufts University. . . . . . . 8

2.1 Density of CO2-EtOH system available in the literature and measured in this

study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Schematic of the apparatus to measure thermophysical properties of binary

mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Schematic of the pressure vessel to scale constructed by CF Technologies. . . 18

2.4 Schematic of the window and piston seals . . . . . . . . . . . . . . . . . . . . . 19

2.5 Schematic of bomb experiment to measure density of pure CO2. . . . . . . . . 23

2.6 Schematic of a) degassing setup and b) transporting EtOH to its syringe pump. 25

2.7 Measured mixture density for a CO2 mass fraction of 0.50 at a temperature

of 50XC vs. pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.8 Schematic of the bomb experiment to assess the e�ect of mixing on mixture

density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.9 Measured density of pure CO2 as a function of pressure at 50XC and corre-

sponding results from NIST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.10 Measured density vs. pressure from the variable-volume method. . . . . . . . 34

2.11 Measured density vs. pressure from the Coriolis meter. . . . . . . . . . . . . . 35

2.12 Measured density from the Coriolis �ow meter of CO2-EtOH mixtures at a

temperature 50XC with varying mixture concentration, mCO2 . . . . . . . . . . 36

2.13 Scatter plot of density vs. CO2 mass fraction at a temperature 50XC and a

pressure of 12.41 MPa (1800 psi). . . . . . . . . . . . . . . . . . . . . . . . . . . 36

ix



2.14 Density data shown in Fig. 2.13 from the Coriolis meter compared to those

in the literature at a temperature 50XC and a pressure of 12.41 MPa (1800 psi). 37

2.15 Linear interpolation of relevant literature density data . . . . . . . . . . . . . 38

2.16 Measured viscosity vs. CO2 mass fraction compared to those in the literature.

Dashed line shows a curve �t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.17 Measured density vs. pressure at 50XC from the bomb experiment compared

to those from the variable-volume method, Coriolis meter and literature. . . 40

2.18 Extrapolated density for CO2-EtOH mixtures at 50XC at phase boundary

pressures as shown in Fig. 2.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.1 Schematic of the apparatus measuring the drying kinetics. . . . . . . . . . . . 47

3.2 Photo of the kinetics rig. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3 Density of CO2-EtOH mixtures at conditions relevant to SCCO2 drying. . . 56

3.4 Ethanol extraction rates for 2.5 mm thick annulus gel at varying SCCO2 �ow

rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.5 Ethanol extraction rates and percentage of ethanol extracted for 2.5 mm thick

annulus gel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.6 Ethanol extraction rates for 5.0 mm thick annulus gel at varying SCCO2 �ow

rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.7 Ethanol extraction rates and percentage of ethanol extracted for 5.0 mm thick

annulus gel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.8 Ethanol extraction rates for 7.5 mm thick annulus gel at varying SCCO2 �ow

rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.9 Ethanol extraction rates and percentage of ethanol extracted for 7.5 mm thick

annulus gel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.10 Ethanol extraction rates and percentage of ethanol extracted annules gel with

varying thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.1 Schematic electroosmosis phenomenon . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Schematic of the apparatus to generate electroosmotic �ow. . . . . . . . . . . 68

4.3 Exploded view of the test section. . . . . . . . . . . . . . . . . . . . . . . . . . . 69

x



4.4 Section view of the test section at cutting plane line A-A. . . . . . . . . . . . 70

4.5 Single pore domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6 Concentration of contaminated ethanol in a single pore. . . . . . . . . . . . . . 73

4.7 Generated EO �ow as a function of applied potential di�erence. . . . . . . . . 74

C.1 LabVIEW VI: Density Rig UI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

C.2 LabVIEW VI: Density Rig block diagram for data collection . . . . . . . . . . 91

C.3 LabVIEW VI: Density Rig block diagram for syringe pumps data . . . . . . . 92

C.4 LabVIEW VI: Density Rig block diagram for heaters control . . . . . . . . . . 93

C.5 LabVIEW VI: Kinetics Rig UI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

C.6 LabVIEW VI: Kinetics Rig block diagram for data collection . . . . . . . . . 94

C.7 LabVIEW VI: Scale Measurement UI . . . . . . . . . . . . . . . . . . . . . . . . 94

C.8 LabVIEW VI: Scale Measurement block diagram . . . . . . . . . . . . . . . . . 95

C.9 LabVIEW VI: continuous machine UI . . . . . . . . . . . . . . . . . . . . . . . 95

C.10 LabVIEW VI: continuous machine Check 1 . . . . . . . . . . . . . . . . . . . . 96

C.11 LabVIEW VI: continuous machine Check 2 . . . . . . . . . . . . . . . . . . . . 96

C.12 LabVIEW VI: continuous machine Stop 1 . . . . . . . . . . . . . . . . . . . . . 97

C.13 LabVIEW VI: continuous machine Stop 2 . . . . . . . . . . . . . . . . . . . . . 97

C.14 LabVIEW VI: continuous machine Re�ll 1 . . . . . . . . . . . . . . . . . . . . . 98

C.15 LabVIEW VI: continuous machine Re�ll 2 . . . . . . . . . . . . . . . . . . . . . 98

C.16 LabVIEW VI: continuous machine Pressurize 1 . . . . . . . . . . . . . . . . . . 99

C.17 LabVIEW VI: continuous machine Pressurize 2 . . . . . . . . . . . . . . . . . . 99

xi



TOWARDS MORE EFFICIENT
SUPERCRITICAL CARBON DIOXIDE (SCCO2)

DRYING OF AEROGELS

Hy Dinh

1



Chapter 1

Aerogel

1.1 Background

Aerogel is a class of nanoporous material, invented by Dr. Samuel Kistler in the early 1930s [1],

and was considered an unrealized breakthrough in the �eld of materials science, as it opened

up new possibilities for creating ultralight, high-strength materials with a wide range of poten-

tial applications. In the decades following its invention, despite early e�orts to commercialize

aerogel, the manufacturing process proved to be both expensive and hazardous, hindering

its widespread adoption. Only until recently, with advancements in technology and man-

ufacturing process, aerogel has seen a resurgence in a wide variety of applications such as

thermal insulation [2�4], tissue sca�olding [5�8], drug deliveries [9�12], energy storage de-

vices [13�16], particles �ltration [17], carbon capture [18], etc. Implementation and integra-

tion of aerogel into various industries can be attributed to the e�orts of pioneering companies

who have successfully introduced this innovative material into the market. Aspen Aerogels,

Inc. manufactures a variety of aerogel blankets suitable for di�erent insulation application,

most notably subsea pipeline insulation for o�shore oil and gas production [19]. Aerogel Tech-

nologies, LLC develops polymer aerogel, a mechanically strong, opaque, monolithic aerogel

used as lightweight plastic replacement [20]. Cabot Aerogel produces aerogel particles and

aerogel infused plaster, a versatile and pliable solution for both exterior and interior building

insulation [21]. Over the past decade, the aerogel industry has experienced signi�cant growth,

leading to the continuous emergence of new companies in the market.

In academic research, aerogels of di�erent base materials are the subjects of extensive

investigation and new developments in di�erent applications continuously emerge, driving the

growth of aerogel research. Among them, silica aerogel, also known as �frozen smoke� or �solid

smoke,� is the class of aerogel studied in this thesis and will be subsequently referred to as

aerogel. Due to their mesoporous skeletal structure, aerogel has unique properties such as,
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Figure 1.1: Sol-gel method [25].

from representative studies, extremely low thermal conductivity (0.015 W/m/K) [22], high

surface area (250-1000 m2/g) [2], high porosity (90-99%) [2], and low bulk density (10-250

kg/m 3)* [2].

Aerogel is synthesized via a sol-gel technique, as shown in Fig. 1.1. A silicon alkoxide

precursor, typically tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS),

undergoes hydrolysis to form solid particles suspended in a liquid (a colloidal solution - sol).

Then, a base or acid catalyst is introduced to accelerate the polymerization, crosslinking

the particles and forming an interconnected 3D porous nanoskeleton �lled with a solvent

(gel). Variation in aerogel chemistry allows control of the �nal product properties such as

pore volume, pore diameter, mechanical strength, and transparency [24]. At this stage, the

wet-gel is referred to by its pore �uid: alcogel for alcohol and hydrogel for water. Then,

hydrolysis and condensation continue to occur as the wet-gel subsequently undergoes ageing

(often including solvent exchange) to strengthen its structure and remove contaminants formed

during gelation. The �nal step to obtain an aerogel requires removing the pore �uid while

preserving the delicate nanoskeleton.

1.2 Drying Techniques

To obtain aerogel, the pore liquid must be removed from the delicate nanostructure skeleton.

Figure 1.2 shows the three pathways in which the drying process can take place: ambient,

freeze, and supercritical drying. Advantages and disadvantages of each drying method are

discussed below and summarized in Table 1.1.
* Silica aerogel previously held the Guinness World Records for the least dense solid at 1000 g/m3 until

2013 when it was surpassed by another member of the aerogel family, graphene aerogel at a density of 160
g/m 3 (neglecting the mass of entrapped air) [23].
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Figure 1.2: Aerogel drying methods [25].

1.2.1 Ambient Drying

Typical pore size of aerogel ranges between 5-100 nm, with the majority of them in the

mesopores (2-50 nm) range [24]. At this scale, capillary forces as the menisci recede into the

pores during evaporation at ambient conditions exert signi�cant stress up to 100-200 MPa [26]

on the delicate gel structure. Scherer et al. [27] formulated the capillary pressure,pc, inside

the pores as,

pc �
2


rp � t
(1.1)

where 
 is the surface tension of the pore �uid, rp is the pore radius, andt is the surface

adsorbed layer thickness, typically 1 nm [28]. As a result, untreated wet-gel collapses under

unaltered ambient drying, turning into a solid material with properties similar to those of

glass, called xerogel. To obtain aerogel, it is necessary to strengthen the gel structure to with-

stand the capillary forces and introduce a spring-back e�ect [29] by applying a hydrophobic

coating on the gel surface, i.e., surface modi�cation [30,31]. Without the need of a specialized

autoclave, ambient drying enables continuous, low-cost aerogel manufacture, albeit, requiring

days for the solvent to slowly evaporate. This process is suitable for applications where the

�nal properties of the aerogel are not critical, such as in bulk materials or �lter materials.
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1.2.2 Freeze Drying

Freeze drying avoids crossing the liquid-vapor boundary by �rst freezing the pore �uid. The

freezing point of a common pore �uid, methanol, is 175.6 K. It is preferable to use a di�erent

solvent such as tert-Butanol with a freezing point at 298.7 K [32]. During this step, formation

of crystals as the solvent freezes may compromise the gel solid network, often resulting in

powder aerogel. To obtain monolithic aerogel, strengthening its mechanical strength by, e.g.,

choosing a polymer base material is recommended. The next step is to allow the frozen

solvent to sublimate by reducing the operating pressure. This process is time-consuming due

to limited mass transfer between the frozen solvent to the porous region inside the gel as per

the very low vapor pressure of frozen alcohol as the solid-vapor interface recede into the gel to

the open region outside of the gel [33,34]. Jia et al. [32] accelerated the freeze drying process

by introducing impinging jets.

1.2.3 Supercritical Drying

Another drying technique which prevents crossing the liquid-vapor boundary is supercritical

drying which can be subdivided into direct supercritical (SC) drying and supercritical CO2

(SCCO2) drying. Direct SC drying can be achieved by heating and pressurizing the pore �uid

above its supercritical point and maintaining the operating conditions until all of the pore

�uid reaches supercritical state. Then, the system is slowly depressurized under isothermal

conditions to convert the pore �uid into a gas without allowing liquid-vapor interfaces to form.

The �rt aerogel created by Kistler was dried using direct SC drying [1]. The main drawback of

this process is that it is highly hazardous and involves a �ammable liquid, typically methanol

or ethanol, at high temperature (243XC) and pressure (900 psi). Industrial scale direct SC

drying is discouraged following an incident in 1984 when a gasket malfunctioning resulted in

an explosion and devastated an entire pilot factory in Sweden [35]. This can be circumvented

by replacing the pore �uid with an intermediary (completely miscible) �uid with lower su-

percritical conditions such as carbon dioxide, i.e., SCCO2 drying. This retains the unique

characteristics of the aerogel while providing a safer manufacturing condition. The drawback

is that as aerogels possess extremely low permeability, this solvent exchange process consumes
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Table 1.1: Advantages and disadvantages of di�erent drying techniques.

Pros Cons

Ambient Drying
- low cost
- continuous production

- time consuming (days)
- sensitive to changes in parameters
- susceptible to shrinkage and cracking

Freeze Drying - low operating conditions
- time consuming (weeks)
- susceptible to shrinkage and cracking

Direct SC Drying
- one-step process
- minimal damage to gel structure

- batch production
- high cost
- high operating conditions

SCCO 2 Drying
- low drying temperature
- minimal damage to gel structure

- time consuming
- batch production
- high cost
- resource-consuming

copious amount of CO2 and energy, signi�cantly increasing its manufacturing cost.

1.3 Commercialization

The cost of manufacturing aerogels is currently a major barrier to their wider adoption and

commercialization. The drying process is the most time-consuming and energy-intensive step

in the manufacturing process, and it can be di�cult to achieve the desired properties of the

�nal material. Depending on the application and the type of aerogel, its cost varies widely

from $26/m2 to $4000/m2 [36]. Market prices far downstream of manufacturing are distorted.

In 2023, manufacturing cost and wholesale price of aerogel blankets are comparable with

retail price of polyurethane foam [19] at approximately $4.2/ft2 (from McMaster-Carr) with a

thermal conductivity of 30 mW/m/K. However, �nal retail price of aerogel could be as much

as 10 to 15 times more expensive than for conventional insulation like polyurethane [37,38].

Aerogels have a market size of about $0.8 billion out of the overall $58 billion insulation

market [39] despite them being vastly superior as an insulator (their thermal conductivity

is 2-2.5 times lower than that of standard insulation [38]) due to their order-of-magnitude

higher costs than conventional insulation. The aim of this research is to provide results that

will help to facilitate bringing this cost inline with conventional insulation material such as

polyurethane.

CO2 emissions from electricity usage (including emissions generated o�-site) of commercial
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and residential buildings are 1913.3 MMtCO2e in the US (29% of total emissions). Heating

and cooling account for 30% and 38% of emissions for commercial and residential buildings,

respectively [40]. At steady-state conditions, the vast majority of electricity consumed by the

HVAC systems in such buildings is used to o�set heat losses through walls and windows in the

winter and heat gains through them in the summer. Aerogel reduces the heat losses (gains)

through insulation by about 2-2.5 times and transparent aerogel for use in windows reduces

losses (gains) by more than one third. Accounting for their high-energy production cost,

aerogels, in their current state, are shown to reduce energy consumption for HVAC in cold-

climate nations by 21% [41]. Signi�cant improvement in manufacturing process enables further

reduction in energy consumption and thus, greenhouse gas (GHG) emissions. We emphasize

that aerogel are an existing technology that may immediately reduce GHG emissions provided

their costs may be reduced.

Furthermore, our research e�orts are not limited to the manufacture of silica-based aerogels

used for thermal (super) insulation. Polymer aerogel is essential for lightweighting of trans-

portation, a sector which accounts for 29% of total emissions in the US. Lightweighting is an

increasingly urgent trend across the aerospace, commercial aviation, and automotive/truck-

ing sectors as weight heavily impacts fuel consumption in them and thus dominates operating

costs. Ultra-light, multifunctional structural-polymer aerogels can signi�cantly improve fuel

economy in these sectors. The optimization goal is to enable a signi�cant step forward in

making polymer aerogels readily available in the quantities and at the price points demanded

by these and other large-volume markets. Polymer aerogels can be 3 to 15 times lighter than

the engineering plastics they replace and thus provide further reductions in emissions.

Recent interest in aerogels sparks a suite of new applications involving other unique char-

acteristics of aerogels. Due to their high porosity and speci�c surface area, aerogels are

exceptional materials for carbon capture purposes when coated with CO2 sorbents such as

amines. Aerogels can also be used as absorbents for pollutants/contaminants removal in air

(BTEX, i.e., benzene, toluene, ethylbenzene and xylene) and in wastewater (oil, heavy metal,

etc.) [42]. Lowering their manufacturing costs would enable them to better penetrate these

important clean-tech applications as well.
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Figure 1.3: Aerogel research at Transport Phenomena Lab at Tufts University. This work
focuses on the Highlighted topics.

1.4 Present Work

The work presented in this thesis is part of an overall aerogel research program conducted

by Transport Phenomena Lab at Tufts University [43], as shown in Fig. 1.3. The primary

objective is to optimize the drying process to enable energy- and cost-e�cient manufacture

of aerogel. To that extent, we measured missing properties such as density and viscosity of

CO2-alcohol mixtures for end-point detection, i.e., monitoring alcohol extraction rates, and

developed a comprehensive model to fully capture the drying kinetics. We also investigated

an alternative method to induce advection to the di�usion-based transport in the form of

electroosmosis.
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Chapter 2

Density of CO 2-EtOH

2.1 Motivation

This study was motivated by the need for the thermophysical properties of mixtures necessary

to model the kinetics of the drying of a silica alcogel, i.e., aerogel with its pores �lled with

alcohol, where the pore �uid is, e.g., ethanol (EtOH), using (near-ambient temperature, say,

50XC) supercritical carbon dioxide (SCCO2), to produce an aerogel; a material with superior

thermal insulation properties of, representatively, 0.015 W/m/K [44]. SCCO2 drying prevents

phase boundaries from being present within an alcogel (except, sometimes, during pressuriza-

tion) and thus capillary forces which may collapse and compromise their fragile nanoskeleton.

Therefore, SCCO2 drying is commonly used during the commercial manufacture of aerogel.

The manufacturing cost of aerogel can be up to 10-15 times that of conventional insulation

materials (e.g., Styrofoam) in large part due to copious amounts of (necessarily-recycled)

CO2 used to dry alcogel [37,38]. Understanding and modeling the kinetics of SCCO2 drying

is necessary to optimize the process in order to minimize costs.

Species transport of CO2 and the alcohol within an alcogel during SCCO2 drying is often

assumed to be pure di�usion. However, the increasing and then decreasing density of an

SCCO2-EtOH mixture as the CO2 mass fraction increases from 0 to 1 induces compressibility

e�ects which are referred to in the literature as �suction" and �spillage," and induce advection

of the SCCO2-EtOH mixture within the porous gel and surrounding �uid. Karamanis et

al. [45], amongst others [46�48], consider the advective component of mass transfer. (Notably,

none of these studies model the phase separation which may occur during pressurization and

contribute to accelerated drying during the initial extraction period. Such analysis would

require largely unavailable density data in the saturated liquid-vapor region of the phase

diagram.)

As per, e.g., the coupled momentum and species transport model developed by Karamanis
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et al. [45] to predict the drying rates measured by Gri�n et al. [49], the required thermophys-

ical properties of the SCCO2-EtOH mixture are its density ( � ), viscosity (� ) and molecular

di�usion coe�cient across the whole range of CO2 mass fractions (mCO2 ) at the operating

temperature (T) and pressure (p). The permeability of the solid skeleton of the gel is also

needed. The present study improves the state-of-the-art in measuring the density and viscosity

of SCCO2-alcohol mixtures, i.e., � ˆT; p; mCO2 • and � ˆT; p; mCO2 • , thermophysical properties

important in supercritical drying of alcogels to produce aerogels. We restrict our attention to

a representative SCCO2-EtOH (binary) mixture for which we provide the relevant data, but

our methodology is equally applicable to other binary systems as well as higher-order ones,

e.g., a CO2-EtOH-H 2O (ternary) mixture. The thermophysical properties are also important

for other supercritical processes such as extraction, chromatography, enhanced oil recovery,

CO2 sequestering, and for the development, veri�cation, and enhancement of process models.

In addition to being necessary to resolve compressibility e�ects in an alcogel and com-

pressibility and natural convection e�ects in the open region surrounding the alcogel in drying

models, density or viscosity data enable continuous monitoring of an alcogel's degree of dry-

ness under laboratory or production conditions. Using density for this purpose is facilitated

by placing a sensor that measures mixture density and mass �ow rate (_m) downstream of a

drying vessel. Such sensor can be a Coriolis meter. Then, by also measuring mixture temper-

ature and pressure at the Coriolis meter, the mass fraction of CO2 in the e�uent follows from

the equation of state, i.e.,� � � ˆT; p; mCO2 • . Multiplying it by _m yields the extraction rate,

which may be integrated over time to determine when a su�cient amount of the alcohol has

been removed. Alternatively or redundantly, the mass fraction of CO2 may be obtained from

a viscosity measurement and the constitutive relation� � � ˆT; p; mCO2 • or the analogous

usage of another thermophysical property of the mixture. Using the density or viscosity data

provided here for such end-point detection assumes CO2 and EtOH are the only species in

the e�uent. We note that measuring the rate of EtOH leaving a system downstream of the

pressure letdown as done by, e.g., Gri�n et al. [49], is far more complex due to solvent conden-

sation caused by the Joule-Thomson e�ect. Downstream of pressure letdown the condensate

must be captured and the mass fraction of EtOH in the vapor phase must be measured by,

say, an infrared hydrocarbon sensor. Finally, we note that using the density and viscosity of
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a mixture, along with its velocity, allows for calculation of the Reynolds number to determine

the �ow regime (laminar or turbulent), which is necessary to estimate energy consumption

associated with pumping, heat and mass transfer coe�cients, etc.

Existing property data are limited in resolution. Figure 2.1 shows the discrete pairs of

CO2 mass fraction and pressure where the density of the CO2-EtOH system at a tempera-

ture of 50XC (typical of industrial drying) has been measured in the single-phase region of

the phase diagram by Pöhler and Kiran [50] (green circles), and Zúñiga-Moreno and Galicia-

Luna [51] (orange crosses). The blue lines show the conditions where density (and viscosity)

are measured (as continuous functions of pressure) in the present study. Also, Fig. 2.1 shows

representative data for the phase boundary between the single-phase and two-phase regions

of the system from the data of Panagiotopoulos [52] (red pentagrams), Stievano and Elvas-

sore [53] (purple hexagrams, and Nourozieh et al. [54] (yellow diamonds). Notably, a CO2

mass fraction of 0.99 or higher is necessary at the end of the supercritical (SC) drying process,

at which point per Fig. 2.1 the CO2-alcohol mixture remains in the single-phase region of the

phase diagram at any pressure. Therefore, no capillary forces are exerted on the skeleton of

an aerogel during depressurization of an aerogel-containing pressure vessel at the end of the

SC drying process. As per Fig. 2.1, density data in the literature are not available for CO2

mass fractions between 0.9 and 1, and, as our own data show, density does not vary linearly

with CO 2 mass fraction in this range. More generally, density data are required with su�cient

resolution in mass fraction (and temperature and pressure) to be able to con�dently interpo-

late within them for any value. Finally, although not addressed here, density, viscosity, and

molecular di�usion coe�cient data for the liquid and vapor phases in the two-phase region

are necessary to model mass transfer rates during pressurization as the SCCO2 drying process

is initiated in the two-phase region.

2.2 Measurement Techniques

There are various methods to measure the density of mixtures of SC �uids. We focus on the

two methods used to obtain our own data for the CO2-EtOH system and the data in the

literature to which we compare it against.
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Figure 2.1: Discrete pairs of CO2 mass fraction and pressure where the density of the CO2-
EtOH system has been previously measured by Pöhler and Kiran [50], and Zúñiga-Moreno
and Galicia-Luna [51] at a temperature of 50XC in the single-phase region of the phase diagram
and (blue) lines showing those where our (continuous in pressure) measurements are made in
this study. Phase boundary is shown in dashed curve per the given references.
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Pöhler and Kiran [50] measured the density of the SCCO2-EtOH system using a variable-

volume view cell that had a maximum internal volume of 22.43� 0.05 cm3 and was operable up

to 70 MPa and 473 K [50,55,56]. A hydraulically-actuated piston located at the top of the cell

controlled the cell volume and thus pressure. A linear variable di�erential transformer (LVDT)

recorded the position of the piston to enable determination of the changes in cell volume. The

�uids were loaded into the system via transfer vessels. Solutions were continuously mixed

using a magnetic stirrer. Density was determined from the mass of the loaded �uids and the

cell volume at di�erent pressure and temperature conditions. More recently, Kiran et al. [57]

reported a new dual-piston variable-volume cell to measure various properties of binary �uid

mixtures with improved mixing capability and data sampling rate.

Zúñiga-Moreno and Galicia-Luna [51] used a vibrating-tube densimeter as per the appa-

ratus described by Galicia-Luna et al. [58] to acquire their data. Such devices, and more

generally Coriolis meters, rely on exciting a tube(s) containing the �uid and relate phase

shifts and oscillation frequencies to mass �ow rate and density [59].

Another method is the use of a magnetic suspension balance, which relates density changes

to changes in buoyancy, as done in the study by Song et al. [60], who measured the density

of CO2-decane mixtures at temperatures and pressures over ranges similar to this study.

Sato et al. [61] measured viscosity, density, and phase equilibria of CO2+EtOH mixtures

at 40XC with a rolling ball viscometer. Mixture viscosity was obtained by measuring the

pass-through time for a 7.937� 0.0015 mm diameter quartz ball to traverse inside an 8 mm

ID quartz tube a distance equal to the diameter of the ball at an applied inclined angle.

The viscometer was calibrated with water and veri�ed with existing properties for toluene,

accurate to 0.66% and 0.48% for viscosity and density measurements, respectively.

Zhu et al. [62] measured density and viscosity of CO2-EtOH mixtures using a vibrating-

tube densimeter and a high-pressure capillary viscometer, respectively. The main components

of the viscometer were capillary and a di�erential pressure transducer. Mixture viscosity was

calculated by measuring the di�erential pressure across the capillary at varying volumetric

�ow rate and subsequently applying the modi�ed Hagan-Poiseuille equation.

Sih et al. [63] measured the viscosity of CO2-methanol mixtures using a 0.78 m-long falling-

weight viscometer over a wide range of CO2 mass fractions up to a temperature of 40XC and
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a pressure of 7.67 MPa (1112 psi). Liu and Kiran [64] used the same method to measure the

viscosity of CO2-acetone mixtures at temperatures up to 398 K and pressures up to 35 MPa.

In the oscillating-piston method used in this study, electromagnetic coils are used to apply

a constant force on a magnetic piston to oscillate it over a predetermined distance in the �uid

of unknown viscosity and to monitor the oscillation period, from which the viscosity follows.

Such devices are calibrated against a �uid of known viscosity and must be oriented in the

same direction with respect to gravity as during the calibration.

The apparatus described here was designed to measure density and viscosity with increased

accuracy and speed relative to those described in the literature over continuous ranges of

pressure rather than at discrete values of it. Increased speed eases the burden of increasing the

resolution in mass fraction such that one may accurately interpolate density and viscosity data

across its full range. Only then may the compressiblity e�ects mentioned above be resolved and

drying rate monitored. Too, it is necessary to capture the e�ects of buoyancy-induced �ow and

transport. As a proof-of-concept insofar as our new apparatus, we measure these properties

for the CO2-EtOH system at conditions relevant to SCCO2 drying of alcogels, i.e., the selected

mass fractions shown in Fig. 2.1 over a continuous range of pressures, and show that many

of the data in the literature are not representative for a homogeneous mixture. We note that

o�-the-shelf sensors were used to measure pressure, temperature, density and viscosity here,

as was the Coriolis meter in the case of density. However, our custom-built variable-volume

cell and component metering system provided redundant density measurements and precise

control of composition, which are key contributions of our study.

2.3 Apparatus

2.3.1 Flow Sheet and Assembly

Figure 2.2 shows the �ow sheet for the apparatus we developed to measure the density and

viscosity of single-phase �uid mixtures as a function of temperature, pressure, and species

concentrations. The pressure vessel and circulation loop were designed and constructed by

John Moses at CF Technologies. The entire apparatus was assembled and further modi�ed at

Transport Phenomena Lab at Tufts University. Liquid CO 2 (bone dry, 99.9+% purity from
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Airgas) is supplied from a dip tube in a cylinder (1) at ambient temperature (about 20XC) and

the corresponding saturation pressure (about 5.51 MPa (800 psia)) to a Teledyne ISCO 260D

syringe pump (2), which pressurizes it up to 15.2 MPa (2200 psia). A factory-installed pressure

transducer in this pump measures pressure with an accuracy of� 258 kPa (37.5 psia). The

pump has a cooling/heating jacket (3) that is used to bring the temperature of the CO2 in the

pump back to ambient temperature, removing heat generated by compression of CO2 during

pressurization. A Physitemp PIT-6, type-T thermocouple probe measures the temperature

of the CO2 egressing from the CO2 pump. The thermocouple is inserted into the CO2 �ow

through a tee as shown by the inset in Fig. 2.2 and it connects to a Physitemp BAT-10R/LOP

measurement system using a Physitemp W-TW-26 type-T thermocouple wire extension. This

temperature measurement is accurate to within� 0.3XC. (Given that the temperature of CO2

in the pump is maintained close to ambient, e�ects of axial heat conduction along the probe

on this temperature measurement are negligible.) Ethanol 200 Proof, 99.5+% from Pharmco-

Aaper stored in a sealed container (4) at atmospheric conditions is pulled into a Teledyne ISCO

500D syringe pump (5) and pressurized. EtOH temperature in this pump is not controlled

during pressurization as the heat of compression of this liquid is negligible.

Downstream of the test cell inlet, i.e., VICI® SFVO valves (10,11), all �uid lines are

0.16 cm (1/16 in) OD � 0.05 cm (0.02 in) wall thickness stainless steel. Circulation of the

�uid occurs through the �ow path shaded in green. A Micropump GAH-V21.J8FS circulation

pump (14)* circulates the �uid through the variable-volume pressure vessel (9), a Siemens

SITRANS FC MASS 2100 DI 1.5 Coriolis meter (12) connected to a Siemens SITRANS FC

MASS 6000 signal processing unit, and a PAC ViscoPro 2100 viscometer (13) in the direction

shown. PMC Engineering ATM.1ST pressure transmitters (labelledp on the �ow sheet),

accurate to � 17 kPa (� 2.5 psia), measure the pressure at the inlet and outlet of the Coriolis

meter. The Coriolis meter measures mass �ow rate and density with an accuracy of� 0.1%

of reading and� 7 kg/m 3, respectively.„ A Resistance Temperature Device (RTD) inside the

* We note that we replaced the original graphite gears in this pump with polyether ether ketone (PEEK)
gears because the graphite gears are prone to damage as the CO2-EtOH mixtures are poor lubricants. The
PEEK gears underwent 500 hours of continuous operation and 1500 hours of exposure to CO2 without any
sign of failing.

„ The product manual states � 1 kg/m 3 accuracy for density, but Siemens technical support informed us
that � 7 kg/m 3 is the correct accuracy.
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Figure 2.2: Schematic of the apparatus: (1) liquid CO2 supply, (2) CO2 syringe pump, (3)
temperature-control jacket, (4) EtOH supply, (5) EtOH syringe pump, (6) hydraulic �uid sup-
ply, (7) hydraulic �uid syringe pump, (8) hydraulic �uid isolation valve, (9) heated, variable-
volume pressure vessel (see details in Figs. 2.3 and 2.4), (10) CO2 inlet valve, (11) EtOH inlet
valve, (12) heated Coriolis meter, (13) heated viscometer, (14) heated circulation pump, (15)
purge valve, (16) insulated enclosure, (17) radiator,. The circulation loop is shaded in pale
green and arrows indicate the �ow direction. Small �dead zones� are shaded in dark green.

Coriolis meter measures temperature there with an accuracy of� 0.5XC. The viscometer has

a range of 0 cP to 2 cP and is accurate to� 0.02 cP. The system is housed inside an insulated

enclosure (16) heated by a radiator (17) with water �owing through the �nned tubes inside

it at the setpoint temperature. The water �owing through the radiator also �ows through

the factory-installed cooling/heating jacket on the viscometer and the circulation pump and

Coriolis meter are heated by rope heaters on account of the substantial thermal mass of these

3 components.

The dead zones, where the �ow does not circulate, downstream of the inlet valves (10,11)

and upstream of the cross where the streams mix are shaded in dark green. Each dead zone

has @2 � l internal volume, resulting in a combined volume@0.05 ml. The other dead zone

beneath the piston is discussed below.

A larger view of the 316 stainless steel pressure vessel with detailed labeling is shown

in Fig. 2.3. The vessel is comprised of a lower and an upper section. Its bottom section is

T-shaped and its branch has an 11.4 cm (4.5 in) OD. The �uid enters from the bottom of

the vessel through a 0.16 cm (1/16 in) diameter� 5.08 cm (2 in) long, vertical port located
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towards its left end. Then, as a submerged jet, the �uid enters the vessel chamber, a 1.27

cm (0.5 in) diameter � 20.32 cm (8 in) long, horizontal hole bored through the vessel. This

chamber contains about half of the total �uid volume (21.5 ml) of the entire apparatus. A

static mixer made from 1.27 cm (0.5 in)-wide 316 stainless steel sheet metal spans the length

of the vessel through which the �uid mixture �ows. The �ow through the vessel exits via

a horizontal port that is 0.16 cm (1/16 in) diameter � 5.21 cm (2.05 in) long and located

towards the right side of the vessel and labeled �uid outlet in Fig. 2.3. The instrumentation

access ports at the front and back of the pressure vessel relative to the orientation shown in

Fig. 2.3 are not shown; one of them is used to mount a Fluke 5610-9 Reference Thermistor

Probe connected to a Fluke 1560 Black Stack Readout Base Unit with a Fluke 2563 Standards

Thermistor Module to measure temperature with an accuracy of� 0.001XC. The other one has

a PMC Engineering ATM.1ST pressure transmitter accurate to � 17 kPa (� 2.5 psia). These

sensors are �ush mounted such that they do not create dead zones.

Optical access is provided by sapphire windows at each end of the vessel. Optical access is

necessary to provide visual con�rmation of the changing state of the mixture and of successful

mixing while changing species composition, temperature and pressure. The windows are 2.54

cm (1 in) diameter disks and provide a �eld of view that is 1.27 cm (0.5 in) diameter. The

means by which seals for the windows are formed is shown in Fig. 2.4. The O-ring seals

(McMaster-Carr, part no. 4061T122) between the windows and the �uid side of the vessel

are made from buna-N to minimize swelling and blistering observed with some seals upon

decompression. The opposite sides of the windows compress against 1.27 cm (0.5 in) ID

� 2.54 cm (1 in) OD gaskets cut from 0.041 cm (0.016 in)-thick polyester shim stock. A

boltless quick-closing/opening Dur-O-Lok® coupling compresses the O-ring and gaskets for

each window during assembly.

Protruding vertically from the center of the pressure vessel is a 1.27 cm (0.5 in) diameter

� 15.24 cm (6 in) long vertical column containing a piston used for varying the vessel volume.

During assembly, the piston is located between the hydraulic �uid (shaded in yellow) and the

�uid mixture being studied. A 0.95 cm (0.375 in) ID � 0.83 cm (0.325 in) long constriction

(lower stopper) as labelled in Fig. 2.4 is located above the horizontal chamber and dictates the

minimum volume of the vessel when the piston is in its lowermost position. When the piston
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Figure 2.3: Schematic of the pressure vessel to scale constructed by CF Technologies.

is at its uppermost position, there is a dead zone, shown in dark green, above the primary

�ow in Fig. 2.3. The piston has Te�on U-cup seals (McMaster-Carr, part no. 9514K113) on

its upper and lower ends to isolate the CO2-EtOH mixture from the hydraulic �uid, as shown

in Fig. 2.4. The hydraulic �uid is pressurized by an ISCO 500D syringe pump. Operating this

pump in constant �ow rate mode results in smooth and continuous up or down movement of

the piston with about a 1.38 MPa (200 psi) pressure di�erence across the piston. EtOH was

used as the hydraulic �uid; ideally, an oil which is less compressible would be used; however,

this pump is used for other experiments and removing oil from it is a laborious process. A

0.3 cm (0.125 in) diameter� 14.2 cm (5.6 in) long, stainless steel extension rod is threaded

on one end into the top of the piston and on the other end into the ferromagnetic core (a 0.28

cm (0.11 in) diameter and 7.6 cm (3.0 in) long rod) of a Macro Sensors CD-375-1000-0378

LVDT sensor. This LVDT sensor along with a Macro Sensors LVC 4000 signal conditioner

are used to measure the location of the piston and consequently determine the volume of the

�uid in the vessel.

The top section of the pressure vessel is machined from a 11.7 cm (4.6 in) OD, 316 stainless
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Figure 2.4: Schematic of the window and piston seals

steel cylinder. A 1.27 cm (0.5 in) diameter� 20.32 cm (8 in) long hole is bored into its bottom

surface. This hole houses the 0.95 cm (0.375 in) diameter� 14.22 cm (5.6 in) long LVDT

sensor. The LVDT sensor is clamped and then the clamp is bolted �ush with the bottom face

of this (top) section of the vessel. To ensure that the LVDT sensor operates in its linear region,

a 0.95 cm (0.375 in) diameter� 6.6 cm (2.6 in) long tube is installed above the piston (labeled

�upper stopper" in Fig. 2.3). The upper stopper limits the piston movement to 5.08 cm (2

in) which corresponds to about a 7.5 ml change in the volume of the test cell as discussed

in Section 2.3.2. During assembly, the top section of the pressure vessel is carefully lowered

on to the bottom to avoid damaging the ferromagnetic rod and its connecting rod with the

piston. Alignment pins ensure that through-holes in the top section of the pressure vessel for

four 0.95 cm (0.375 in) OD� 38.1 cm (15 in) long, 500 W cartridge heaters align with mating

blind holes in the bottom section. The cartridge heaters are coated with anti-seize compound

and then inserted. Next, the top and bottom sections of the pressure vessel are sealed against

one another using a Dur-O-Lok® coupling and a Buna-N O-ring. Since the bottom section of

the pressure vessel has a larger thermal mass than the top one, it is surrounded by a heating

block (not shown) with embedded cartridge heaters which provide a total of 2 kW of heating.

A National Instrument's data acquisition (DAQ) and control system using LabVIEW
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Table 2.1: Location and accuracy of primary sensors.

Sensor Location Accuracy System Accuracy
thermistor (9) � 0:001XC
thermocouple outlet of (2) � 0:3XC
RTD (12) � 0:5XC
pressure transducer (9) � 0:1% FS ˆ2500psi• � 30 kPa ˆ4 psi•
pressure transducer (2) � 0:5% FS ˆ7500psi• � 300 kPa ˆ40 psi•
pressure transducer (5) � 0:5% FS ˆ3750psi• � 100 kPa ˆ20 psi•
pressure transducer (7) � 0:5% FS ˆ3750psi• � 100 kPa ˆ20 psi•
volume measurement (2, 5, 7) � 0:5% of reading
viscometer (13) � 2 � 10� 5 Pa�s ˆ0:02 cP•
density (12) � 7 kg/m 3

mass �ow rate (12) � 0.1% of reading
LVDT sensor (9) � 0.001 V
thermal drift (9) � 0.0015 V/XC
NI 9219 (voltage) � 0.03 V
NI 9219 (current) � 0.02 mA

software, with NI 9485, 9211, and 9219 modules monitors the system operating conditions and

records experimental data. The system records the temperature measured by thermocouples

and the thermistor-Black Stack system, the pressure outputs from the pressure transmitters,

the LVDT reading, the Coriolis �ow meter output (�ow rate, temperature, and density),

the viscosity reading, and the syringe pumps' outputs (pressure and �ow rate). Table 2.1

summarizes the accuracy and system accuracy, including the accuracy of the DAQs when

applicable, of the sensors described. The accuracy for di�erent measuring instruments is

reported according to their manufacturer speci�cations and thus, is shown in percentage of

reading or of full scale depending on the speci�c instrument.

2.3.2 Test Cell Volume Calibration

The volume of the test cell as a function of the piston location was determined as per the

following procedure.… First the system was �ushed with CO2 to remove any residual EtOH.

…The volume calibration was performed in the fully assembled system at ambient temperature. As explained
below, the test cell volume changes by less than 0.36% when the temperature changes from 22.3XC to 50XC and
the pressure from 0.689 MPa to 15.2MPa. The calibration �uid was deionized water, a weakly compressible
liquid relative to SCCO 2 , for which the density (H 2O) is known to within 0.1% over the relevant range of
temperatures and pressures [65] as given in Table 2.2. The 0-10 V LVDT output was adjusted such that its
output was 0 V and 10 V when the piston was moved to its lowermost and uppermost positions, respectively.
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Then, the CO2 present in the test cell was removed by a 13 kPa (2 psia) vacuum line con-

nected to the purge valve (15). Next, the hydraulic �uid on the top side of the piston was

pressurized to move the piston to its bottommost position; the hydraulic �uid pressure was

set to approximately 1.72 MPa (250 psi) above the operating pressure of each calibration run.

Next, the calibration �uid was pressurized to the pressure of interest up to the inlet valve

(11) and the pump remained in constant pressure mode for the remainder of the calibration

process. The volume of the calibration �uid in the pump was recorded upon reaching thermal

equilibrium. The transient state due to pressurization is over within 10 minutes and causes

no more than a 0.1 ml change in the volume of the calibration �uid in the pump. Then, inlet

valve (11) was opened and the calibration �uid �lled the test cell with the piston remaining

in its bottommost position. The change in the volume of calibration �uid in the pump was

recorded and was equal the minimum volume of the test cell,Vmin . Next, the hydraulic �uid

pressure was reduced momentarily below the operating pressure for the piston to move to a

higher position and the change in the volume of calibration �uid in the pump and the LVDT

reading was recorded. This step was repeated until the piston had moved to its topmost

position, where the test cell assumes its maximum volume,Vmax . This process resulted a tab-

ulation relating the LVDT signal to the test cell volume based on the data collected from the

LVDT and the calibration �uid pump. Results for Vmin , Vmax , and the test cell volume change

� V at various operating conditions are summarized in Table 2.2. Changes inVmin and Vmax

predominantly show increases with temperature and pressure, as must be the case, are within

their � 0.5% of reading error. Based on these data the increase in test cell volume as the piston

is raised from its lowermost to uppermost position is about 16%. The test cell calibration

process was paced to ensure the system remained essentially at thermal equilibrium and each

run took about 45 minutes. Also, we note that for theVmin and Vmax measurements at 50XC,

the calibration �uid line between the outlet of the pump and the heated enclosure remained

very near ambient temperature and thus the volume of water in it was constant. However, we

allowed time for thermal equilibrium as needed before taking volume measurements as heat

may conduct into the portions of this line near the pump and heated enclosure.
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Table 2.2: Calibration data for apparatus volume as a function of temperature and pressure.

T [XC] p [MPa] � H2O [kg/m 3] [65] Vmin [ml] Vmax [ml] � V [ml]
22.3 0.689 998.0 39.32 46.80 7.48
22.3 8.96 1001.7 39.37 46.82 7.45
22.3 15.2 1004.4 39.36 46.84 7.48
50.0 15.2 994.5 39.49 46.95 7.46

2.3.3 CO 2 Charging

Charging CO2 into the test cell downstream of inlet valve (10) is done at a pressure of 15.2

MPa (2200 psia) while the temperature of the CO2 supply is maintained at the measured

ambient temperature. Accurate knowledge of the density of the CO2 in its supply pump at this

condition is essential because the mass of CO2 added to the system is monitored/calculated

based on the decrease in the volume of it in the pump. We rely on the thermophysical

properties of CO2 published by the National Institute of Standards and Technology (NIST),

with a stated accuracy of 0.05% [65] to calculate the mass of CO2 pumped into the system.

However, since the accuracy of this density has a strong e�ect on those of the CO2-EtOH

mixtures that we measure (and the corresponding mass fractions), we also veri�ed a NIST

datum as per the bomb experiment described below and shown in Fig. 2.5. Consistency

between our own datum and NIST also validates our relating the displacement of the piston

in the pump to the mass of CO2 added to the test cell which is important since we are not

measuring the mass of CO2 added to the test cell based on the change of mass in a transfer

vessel as done by, e.g., Kiran et al. [55]. We note that we measure the EtOH mass added to

the test cell by monitoring the displaced volume of the EtOH pump that we also measure.

The bomb was a 1.27 cm (0.5 in) OD� 110.74 cm (43.6 in) long stainless steel tube and

the experimental procedure was as follows. First, the ambient temperature was measured by

the Physitemp thermocouple probe and readout with total accuracy of� 0.3XC near the outlet

of the empty CO2 pump. We then �lled the pump with CO 2 and pressurized it to 15.2 MPa

(2200 psia). Then, the compressed CO2 in the pump was cooled down to ambient temperature

by circulating water-ethylene glycol mixture through the cooling jacket of the pump using a

Thermo Scientic NESLAB RTE-7 Circulating Bath (stable to � 0.01XC). This did not change

the reading on the thermocouple near the outlet of this pump, which has a readout with
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Figure 2.5: Schematic of bomb experiment to measure density of pure CO2.

0.1XC precision. Then, we opened the connecting valves between the pump and the bomb,

and pressurized the bomb to 15.2 MPa (2200 psia) and let the system equilibrate to ambient

temperature. Equilibrium state was achieved when the temperature of the thermocouple and

the volume of CO2 in the pump (operating in constant pressure mode) stabilized. Next, we

disconnected the bomb and weighed it on the scale. The density of the CO2 followed from the

decrease in the volume of the pump and the increase in the mass of the bomb compared to when

it was empty, which was measured to within� 0.1 g with an Ohaus Scout Pro SP2001 digital

scale. Our measured density for pure CO2 at 20.5XC and 15.2 MPa was 902.46 kg/m3 with

an uncertainty of � 4.78 kg/m3 (0.5%) as per a standard Kline-McClintock [66] calculation.

The value from NIST is 902.59 kg/m3 � 0.45 kg/m3 (based on our temperature measurement

accurate to � 0.3XC and pressure measurement accurate to� 300 kPa), i.e., our measured

density is within 0.015% of the NIST value, indicating that the accuracy of our method

using syringe pumps to deliver components appears to be better than the Kline-McClintock

calculation would indicate.

2.3.4 Purity Assessment

To quantify the e�ects of the CO 2 purity and of the presence of dissolved air in EtOH we used

for the experiments, we measured density and viscosity of a higher purity CO2 (Pure Clean-

grade, 99.995% purity from Airgas) and degassed EtOH mixture. Our measurements indicated

an inconsequential deviation of less than 0.14% measured density (within the uncertainty of
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� 1%) for higher purity CO2 and degassed EtOH mixtures.

EtOH was degassed in-house following a freeze-pump-thaw method schematically shown

in Fig. 2.6a. A Sigma-Aldrich 250 ml capacity Schlenk tube �lled with about 150 ml of

EtOH was connected through its top opening to a vacuum gauge and through its side arm

to a 0.79 cm (5/16 in) ID rubber tubing. The rubber tubing was then inserted over a barb

�tting leading to a BVV15CT 5.7 L (1.5 gallons) cold trap which prevented EtOH vapor from

entering a Leybold Oerlikon D16B Trivac vacuum pump.

The degassing procedure was as follows. Initially, vacuum was drawn in the EtOH �eld

Schlenk tube to remove any residual air and thus to prevent formation of liquid oxygen during

the degassing process. Next, the vacuumed and sealed Schlenk tube was submerged in liquid

nitrogen. Once the EtOH was completely frozen, vacuum was drawn again for 10 minutes.

Then, the sealed Schlenk tube was submerged in a room temperature water bath to thaw the

EtOH. The last two steps were repeated two more times to remove the residual dissolved air

in EtOH. Once completed, the rubber tubing was clamped to prevent air from entering the

Schlenk tube and static vacuum was closely monitored by the vacuum gauge to ensure the

pressure in the Shlenk tube was equal to the vapor pressure of EtOH at room temperature,

i.e., 6 kPa [65].

To transfer the degassed EtOH into the EtOH syringe pump (11), we used a vacuum pump

to remove the residual air inside the EtOH pump. Then, the vacuum gauge was removed and

the Schlenk tube was immediately sealed using a rubber stopper attached to 0.32 cm (1/8

in) OD tubing that was in turn attached to the EtOH pump as shown in Fig. 2.6b). During

this process, a portion of the top layer of the degassed EtOH was brie�y exposed to air for

approximately 10 seconds. A rough estimate for the di�usion layer thickness,� �
º

DAE t

where DAE is the di�usion coe�cient of air in EtOH ( 2:2 � 10� 5cm2~s based on the Wilke-

Change correlation [67]) andt the exposed time, indicated that air only di�used 0.015 cm

deep into the EtOH column. Thus, after EtOH was transferred to the pump, a 1-cm depth

column of EtOH remained inside the Schlenk tube to ensure only degassed EtOH entered the

pump.

24



Figure 2.6: Schematic of a) degassing setup and b) transporting EtOH to its syringe pump.

2.3.5 Experimental Procedure

First, the test cell is �ushed with CO 2 at elevated temperature (about 75XC) to remove any

residual EtOH through the purging valve (15). This can take up to 3 hours and is the rate-

limiting step insofar as varying the mass fraction of CO2. Next, a 14 kPa (2.0 psia) vacuum

is used to remove most of the residual CO2. Then, the pressure vessel, circulation pump, and

Coriolis meter are heated to the setpoint temperature by their dedicated heaters, as is the

viscometer by the water �owing through its cooling/heating jacket. The radiator circulates

air at the setpoint temperature throughout the insulated enclosure to render it isothermal.

The temperature of the water-ethylene glycol entering the cooling jacket on the CO2 syringe

pump is set to ambient to limit the temperature rise of the CO2 in it caused by the heat

of compression during pressurization. The test cell inlet valves (10,11) for CO2 and EtOH

are closed and the syringe pumps are used to pressurize these lines to 15.2 MPa (2200 psia)

without charging the vessel. Note that both CO2 and EtOH are liquids at these conditions.

Charging is done with the piston in its lowermost position as assured by a hydraulic

�uid pressure above the piston of 16.55 MPa (2400 psia). Consequently, the volume of the

test cell may only increase relative to that during charging and thus the charging pressure

is the maximum one, ensuring no possibility of exceeding the safe operating pressure of the

system. Charging the components of the �uid mixture is achieved by manually opening the

corresponding inlet valve and adding a desired mass of �uid. As explained previously, the

added masses of both CO2 and EtOH into the test cell are monitored by the changes in �uid
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volume of their corresponding pumps. We alternate between charging with CO2 and charging

with EtOH about 10 times to provide initial mixing in the test cell. Once the pressure reaches

about 7.6 MPa (1100 psi) during charging, the circulation pump is turned on to drive the

�ow through the test cell. Waiting until the pressure reaches this point ensures that CO2

is in the SC state for su�cient lubrication in the pump. Following charging, there is an

equilibration period. This period is required for the �uid in the test cell to become well-

mixed and at a stable temperature and pressure. The circulation pump is set to its highest

�ow rate (approximately 2 mL/s) and the piston remains in its lowermost position such that

there is minimal dead zone beneath it where �uid does not circulate. While the �uid in the

test cell is not well mixed, one can visually observe a jet of �uid emerging from the �uid inlet

in the pressure cell. We note that during equilibration the Reynolds numbers in the tubing

in the test cell range from about 200 for pure EtOH to about 2500 for pure CO2 as per the

measured mass �ow rates of the �uids from the Coriolis meter. They are smaller elsewhere in

the test cell. Therefore, except for pure CO2, where transition to turbulence may occur, the

�ow is laminar.

At equilibrium we reduce the speed of the circulation pump to 0.5 ml/s. This �ow rate

minimizes temperature changes of the �uid due to expansion and compression when the piston

is moving upward and downward, respectively; the maximum change in �uid temperature

measured by the thermistor in the pressure vessel is 0.3XC. At this point, we begin to record

density from the Coriolis meter and variable-volume method (based on �uid mass and system

volume), temperature, pressure, and viscosity. To increase the test cell volume, i.e., move

the piston upwards, the hydraulic �uid pump in set to constant displacement/re�ll mode

at the rate of 0.2 mL/min. The process is reversed to decrease the test cell volume, i.e.,

move the piston downwards. By reversing the piston movement, we obtain redundant density

measurements and thereby check for hysteresis. The piston position is maintained for at

least 10 minutes before reversing the direction of piston movement. Temperature may also

be varied while acquiring the data for a given mass fraction. The system is depressurized at

the completion of experiments (3 full cycles of the piston moving up and down) by allowing

the �uid mixture to exit through the purge valve (15). The system is sealed between runs

so that air does not enter it. The process is then repeated as necessary to obtain data over
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the desired CO2 mass fraction and pressure ranges. A standard operating procedure (SOP)

running density measurement experiments is provided in Appendix A.

2.3.6 Uncertainties

The mass fraction of CO2 in the test cell is

mCO2 �
� CO2 VCO2

� CO2 VCO2 � � EtOH VEtOH
; (2.1)

where the densities are at the charging conditions upstream of the inlet valves and the volumes

are the total ones displaced by the pumps into the test cell. Charging conditions are a pressure

of 15.2 MPa (2200 psia) and ambient temperature, where we rely on the aforementioned NIST

tabulations for the density of pure CO2 [65] and the data of Watson et al. [68] for that of pure

EtOH, which has a stated accuracy of� 0.5 kg/m3. At a representative ambient temperature

of 20.5XC and the charging pressure of 15.2 MPa, the CO2 and EtOH charging densities are

902.06 kg/m3 � 3.61 kg/m3 (� 0.4%) and 801.08 kg/m3 � 0.52 kg/m3 (� 0.07%), respectively.

This accounts for the uncertainties in the aforementioned density data from the literature and

those in our measurements of temperature and pressure. A Kline McClintock [66] uncertainty

analysis onmCO2 shows that the error varies between 0 (for pure CO2 or EtOH runs) and a

maximum value of � 0.2% of the desired value, when the mass fraction of CO2 is 0.5.

The measured density from the variable-volume method is calculated as

� �
� CO2 VCO2 � � EtOH VEtOH

Vtc
; (2.2)

where the numerator corresponds to charging conditions andVtc is the measured volume of

the test cell. We again calculated the uncertainty using the Kline McClintock [66] method.

Results from a representative experiment when the CO2 mass fraction was 50% at a

temperature of 50XC are shown in Fig. 2.7. As in all runs, the piston started in its full-down

position and traversed through three complete up-down cycles. Figure 2.7a) shows the results

from the variable-volume method, Fig. 2.7b) those from the Coriolis meter and Fig. 2.7c) the

averaged results from each method. Comparing the lowest and highest density measurements,
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the maximum discrepancy due to hysteresis for this mass fraction run is 0.62 kg/m3 (or 0.08%)

for Coriolis meter measurements and 2.04 kg/m3 (or 0.25%) for the variable-volume method.

Overall, all densities measured by the variable-volume method are accurate to within� 1% of

reading. The maximum uncertainty is 5.97 kg/m3 (or 0.96%) for a CO2 mass fraction of 0.93.

Based on our experience with the Teledyne ISCO syringe pumps (2,5,7), our expectation

is that the true accuracy of the volume measurement is far better than� 0.5% of reading as

stated in the manufacturer manual and veri�ed by their technical support. As per volume

calibrations from previous research and observation from frequent usage of the syringe pumps,

we believe that the true accuracy is approximately 3 orders of magnitude more precise, on

the order of the stated seal leakage of� 0.5 µL. This would cause the dominant error in our

density measurement to be associated with the mass added to the system (due to temperature

uncertainty of � 0.3XC and pressure uncertainty of� 300 kPa at the pump outlet) rather than

the system volume and reduce the error bars on our density plots from� 1.0% to � 0.5%.

Even if we assume an intermediate accuracy, say,� 0.05% of reading our accuracy remains

� 0.5%. Independently, from the calibration process for pure CO2 discussed in Section 2.3.2,

we observed that the error from the measured density as compared to NIST [65] is 0.014%

which is signi�cantly lower than the expected � 1%. (The NIST data itself is only accurate

to � 0.05% and, with our temperatures measured to within� 0.3XC, is � 1.6 kg/m3 or � 0.2%.).

This indicates that the volume measurement from the aforementioned syringe pumps can

be as accurate as� 0.01% of reading. However, since we did not recalibrate the pumps, the

density uncertainty reported in this study remains at � 1% as shown in Eq. 2.2.

2.3.7 Features

There are several features which are crucial to obtain accurate thermophysical property mea-

surements. First, there are three dedicated syringe pumps: one for CO2, one for EtOH, and

one for non-contact hydraulic �uid. Loading of the �uids has been a challenge in previous

studies. Use of syringe pumps improves the accuracy of the dispensed �uid volumes and thus

the measurements of the �uid mass charged into the vessel, eliminates the need of transfer

vessels, and speeds up the process of changing the composition of the mixture. Moreover,

syringe pumps enable continuous pressure changes, providing a high density of data points,
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Figure 2.7: Measured mixture density for a CO2 mass fraction of 0.50 at a temperature of
50XC vs. pressure. a) Coriolis meter. b) variable-volume method. c) both corresponding
average. Dashed lines show the uncertainties when the piston is being traversed upward for
the �rst time in a) and b) and the average uncertainty for all 3 traverses of the piston in c).
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each typical pressure curve consists of 5,000 data points. The second distinguishing feature of

our apparatus is that the mixture is continuously circulated through the test cell and external

instruments in order to ensure complete mixing of CO2 and EtOH and uniform conditions

throughout the system. The circulation loop ensures that the entire �uid volume inside the

apparatus is well-mixed. The temperature is measured within the pressure vessel, in the

viscometer, and in the Coriolis meter. The pressure is measured in the vessel, on the hy-

draulic �uid, and on the hydraulic �uid syringe pump (which can be up to � 1.4 MPa (200

psi) apart to su�ciently move the piston). Thirdly, there are redundant density measure-

ments. Speci�cally, the syringe pumps and LVDT enable us to measure the mass and volume

of the �uid mixture inside the pressure vessel and thus, calculate its density, while the Cori-

olis �ow meter provides direct density measurements. The redundant density measurement

method allows us to immediately notice any issue regarding the operating conditions as the

variable-volume method measures the bulk density and the Coriolis meter the �local� density

(density of the �uid inside the device). Finally, the pressure vessel has 5.08 cm (2 in) thick

walls and is surrounded by aluminum heating blocks and thermal insulation to provide vol-

ume and temperature stability. Expanding and compressing the mixtures during operation

cause changes in temperature. Without su�cient temperature stability, it would require a

signi�cantly longer piston cycle to maintain isothermal conditions.

Several safety precautions are implemented due to the nature of the apparatus operat-

ing conditions and power consumption. Thermal switches are installed to prevent system

overheating. The apparatus is surrounded by Lexan plastic as CO2-rich mixtures are highly

compressible. Dedicated power lines and an electrical panel with a combination of circuit

breakers and ground-fault circuit interrupters provide power and completely shut o� the sys-

tem in case of an emergency.

2.3.8 Mixing Assessment

A secondary experiment, as shown in Fig. 2.8, was designed to independently evaluate the dis-

crepancy (often) found between the literature and the data generated in our density-viscosity

apparatus. In particular the experiment was designed to collect data from poorly mixed and

well mixed systems at some of the same conditions where discrepancies had been observed.
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Figure 2.8: Schematic of the bomb experiment to assess the e�ect of mixing on mixture
density.

The bomb was a 1.27 cm (0.5 in) OD� 25.4 cm (10 in) long stainless steel tube, and the

experimental procedure was as follows. First, vacuum was drawn in the bomb to remove any

residual CO2 and the mass of the empty bomb was obtained using a RESHY JM-974 scale

accurate to � 0.01 g, calibrated using a McMaster-Carr, part no. 1787T23, test weight set

traceable to NIST. Next, the bomb was connected to the inlet valve to the EtOH pump and

we charged a predetermined amount of EtOH. Then, the bomb was disconnected and weighed

to obtain the mass of charged EtOH. The same process was repeated for charging CO2. Then,

the bomb was placed inside a heated enclosure and heated to operating temperature. Once

temperature equilibrium was reached, the bomb was rocked back and forth 10 times such

that a 7 mm (0.28 in) diameter stainless steel spherical blank traversed the entire length of

the bomb to enhance mixing. The pressure was then recorded, and the mixing process was

repeated until the equilibrium pressure remained unchanged (well-mixed condition achieved).

Next, the bomb was removed from the enclosure and weighed to verify the total mass, i.e., no

leakage. Then, the exhaust valve was open, and the bomb was gradually depressurized. The

mixture density was obtained by knowing the mass of the charged mixtures and the volume

of the bomb which was calibrated following the calibration process outlined in Section 2.3.2.
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2.4 Results and Discussion

Our results for pure CO2 are compared with the data reported by NIST [65] in Fig. 2.9 and the

agreement is within � 1%. Since NIST speci�es that their data are accurate to within� 0.05%

of their reported values [65], we only plot their values as the error bars are insigni�cant. We

observe, as explained in Section 2.3.6, that our true accuracy is far better than the maximum

error calculated in our uncertainty analysis.

Figure 2.10 and Figure 2.11 show all of our measured density dataŸ of CO2-EtOH mixtures

at a temperature of 50XC with varying mixture concentration from the variable-volume method

and the Coriolis meter, respectively. (Recall the range of pressures that the measured data

span at desired mass fractions are shown in Fig. 2.1.) The maximum discrepancy between

density data measured by the variable-volume method and the Coriolis meter is 2.4%. This

discrepancy occurs at the higher end of the CO2 mass fractions (mCO2 � 0:90; 0:93; 1:00),

where the �uid mixture is more compressible. Thus, maintaining the system to be isothermal

is hardest, and it resulted in a drift of 0.3XC from the desired temperature of 50XC when the

piston was at its uppermost position. This 0.3XC change accounts for approximately 1.2%

change in density of pure CO2 at 1600 psi according to NIST [65]. Although some of our

measured data has corresponding data from the literature (i.e., from the previous studies by

Pöhler and Kiran [50] and by Zúñiga-Moreno and Galicia-Luna [51] discussed in Section 2.2),

at many conditions our own data are the only source.

Figure 2.13 plots the measured density vs CO2 mass fractions at 50XC and 12.41 MPa

(1800 psi) from the variable-volume method and Coriolis meter. Both methods agree within

the error bars.

Figure 2.14 shows our data compared to those in the literature, which are linearly inter-

polated between two consecutive pressure points to obtain density data at 12.41 MPa (1800

psi) as shown in Fig. 2.15. Where discrepancies up to 7% exist, we attribute them to insuf-

�cient mixing in the other studies. Our results were closer to those of Pöhler and Kiran [50]

and Zúñiga-Moreno and Galicia-Luna [51] when our system was operated with the circulation

ŸThe choice of mass fractions in the sub-�gures in Fig. 2.10 and Fig. 2.11 improves visualization of the
plotted data due to non-monotonic changes in density. (It avoids density curves crossing one another at
di�erent mass fraction, as otherwise shown in Fig. 12). The two methods are consistent and agree within
their error bars.
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Figure 2.9: Measured density of pure CO2 as a function of pressure at 50XC and corresponding
results from NIST [65].

pump turned o� to inhibit mixing. Those results are not shown due to insu�cient mixing.

Figure 2.16 plots the measured viscosity vs mass fraction at 50XC and 12.41 MPa (1800

psi). Measured viscosity is compared to that from NIST [65] for pure CO2 and relevant

viscosity data from the literature. The uncertainty in viscosity measurements is signi�cant at

high CO2 mass fraction (up to 43%) due to the accuracy of the o�-the-shelf viscometer.

Figure 2.17 shows density data measured by the independent �bomb" experimental method

to examine the discrepancy between our data and the literature. As seen in Fig. 2.17a, b,

and c, the well mixed bomb experiments agree with our density apparatus data, while the

poorly mixed data shown in Fig. 2.17d does not agree with our data, but trends towards data

available in the literature [50].

Figure 2.18 shows extrapolated density from measured data at the mixture phase boundary

which is crucial to accurately model the two-phase �ow during pressurization stage of SCCO2

drying of aerogels. Mixture density data at the phase boundary are obtained via second order

polynomial extrapolation of measured data.

Results from the bomb experiment at conditions near those of Pöhler and Kiran [50]

are tabulated in Table 2.3 and Table 2.4. In all cases, within experimental error, the well

mixed bomb experiment densities are internally consistent, and are consistent with our other
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Figure 2.10: Measured density vs. pressure from the variable-volume method of CO2-EtOH
mixtures at a temperature 50XC for various mixture concentration compared with relevant
density data measured by Pöhler and Kiran ([ ) [50], and Zúñiga-Moreno and Galicia-
Luna (+) [51].
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Figure 2.11: Measured density vs. pressure from the Coriolis meter of CO2-EtOH mixtures at
a temperature 50XC for various mixture concentration compared with relevant density data
measured by Pöhler and Kiran ([ ) [50], and Zúñiga-Moreno and Galicia-Luna (+) [51].
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Figure 2.12: Measured density from the Coriolis �ow meter of CO2-EtOH mixtures at a
temperature 50XC with varying mixture concentration, mCO2 .

Figure 2.13: Scatter plot of density vs. CO2 mass fraction at a temperature 50XC and a
pressure of 12.41 MPa (1800 psi).
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Figure 2.14: Density data shown in Fig. 2.13 from the Coriolis meter compared to those in
the literature at a temperature 50XC and a pressure of 12.41 MPa (1800 psi).

Table 2.3: Density data measured by the Coriolis meter, variable-volume method and bomb
experiment compared to those in the literature.

Tempe- Pressure [MPa] Mass Density [kg/m 3]
reature

Literature
Bomb fraction

Pöhler and Kiran [50] Coriolis meter
Variable-volume Bomb experiment

[XC] experiment (wCO2 ) method Measured Adjusted
50 10.06 10.07 0.8 676.8± 8.1 744.3± 7 736.7± 7.4 736.5± 3.7 736.3± 3.7
50 11.24 11.21 0.8 723.6± 8.7 762.8± 7 756.1± 7.6 756.2± 3.8 756.6± 3.8
50 14.8 14.07 0.8 781.3± 9.4 801.1± 7 795.7± 8.0 786.6± 3.9 793.8± 3.9
50 9.85 9.92 0.5 745 ± 8.9 811.8± 7 813.2± 8.1 814.5± 4.1 814.2± 4.1
50 12.4 12.21 0.5 790.9± 9.5 821.1± 7 822.6± 8.2 820.4± 4.1 821.1± 4.1

Table 2.4: Discrepancies between data from the bomb experiment and those from Pöhler and
Kiran [50], Coriolis meter and variable-volume method.

Temperature Pressure Mass fraction Density deviation [kg/m 3]
[XC] [MPa] (wCO2 ) Pöhler and Kiran [50] Coriolis meter Variable-volume method

50 10.06 0.8 59.5 8.0 0.4
50 11.24 0.8 33.0 6.2 0.5
50 14.80 0.8 12.5 7.3 1.9
50 9.85 0.5 69.2 2.4 1.0
50 12.4 0.5 30.2 0.0 1.5

experiments, with a maximum deviation of 8.0 kg/m3. However, the well mixed experimental

results are inconsistent with those in the literature with deviations up to 69.2 kg/m3 between

the bomb experiment and Pöhler and Kiran [50], and deviations up to 120.6 kg/m3 between the

variable-volume method and Pöhler and Kiran [50] because of the larger range of mass fraction

and pressure parameter considered using the variable-volume method. The slight di�erences
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Figure 2.15: Linear interpolation of relevant density data measured by Pöhler and Ki-
ran ([ ) [50], and Zúñiga-Moreno and Galicia-Luna (+) [51] at a pressure of 12.41 MPa
(1800 psi).
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Figure 2.16: Measured viscosity vs. CO2 mass fraction compared to those in the literature.
Dashed line shows a curve �t.

in pressure are insu�cient to explain this discrepancy, as shown by the adjusted density.

Adjusted density is obtained by assuming the measurements from the bomb experiment have

the same slope of the corresponding measurements from the variable-volume method to correct

the slight deviation in pressure.

2.5 Conclusions and Recommendations

Accurate and precise density and viscosity, as a function of composition, temperature, and

pressure of CO2-alcohol mixtures at supercritical conditions is necessary to model various

industrial processes, e.g., supercritical CO2 drying of aerogels. We custom built an apparatus

to measure them up to a temperature of 80XC and a pressure of 15.9 MPa (2300 psia) to within

� 1% of reading using the variable-volume method for the bulk mixture and, redundantly, using

Coriolis meter accurate to � 7 kg/m 3. Temperature and pressure in the system are measured

to within � 0.3XC and � 25 kPa (3.6 psi), respectively. Charging of each species is done with

syringe pump and the added mass in the test cell is computed from the volume pumped.

The error in mass fraction of our apparatus is less than� 0.2% of the value we report for

our data. We demonstrated our apparatus using the CO2-EtOH system, but other binary
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Figure 2.17: Measured density vs. pressure at 50XC from the bomb experiment compared to
those from the variable-volume method, Coriolis meter and literature. a)mCO2 � 0:50, b)
mCO2 � 0:75 and 0:77, c) mCO2 � 0:80, d) same as c), i.e.,mCO2 � 0:80, but with smaller
range of pressures on ordinate and bomb data in poorly, partially and well-mixed state for
one density (refer to c) for error bars on variable-volume method and Coriolis meter. Dashed
lines show the error bars of the variable-volume method and Coriolis meter. Dashdotted line
shows the linear interpolation between two consecutive pressure points from the literature.
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Figure 2.18: Extrapolated density for CO2-EtOH mixtures at 50XC at phase boundary pres-
sures as shown in Fig. 2.1.

systems can be used, or with installation of additional syringe pumps or premixed materials

such as ethanol and water it can accommodate ternary or higher-order mixtures. Density

and viscosity measurements were made at 15 mass fractions ranging from pure ethanol to

pure CO2, providing much higher resolution in mass fraction than in previous studies, at

50XC from about the pressure corresponding to the phase boundary of system up to 15 MPa

(2200 psia). Some of the data available in the literature have been shown to be erroneous,

presumably due to insu�cienlty mixed CO 2-EtOH solutions. Viscosity was also measured in

all experiments using an of-the-shelf viscometer accurate to within� 0.02 cP. Future additions

to our apparatus could be a means for redundant viscosity measurement and to measure the

densities and mass fractions corresponding to the liquid-vapor phase boundary as such data

are necessary to model the kinetics of SCCO2 aerogel drying during pressurization. There

are numerous other systems that we recommend for study, as well as inclusion of minor

components in the CO2-EtOH aerogel drying system for which accurate thermophysical data

would be useful for applications from research data bases to process modeling and process

control.
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Chapter 3

Kinetics of SCCO 2 Drying of Aerogel

3.1 Introduction

SCCO2 drying is often heuristic, outside of laboratories specialized in studying the drying

kinetics, due to limited access inside a pressure vessel and challenges in analyzing an e�uent

stream. Conventionally, an alcogel is loaded into a pressure vessel which is then gradually

pressurized by CO2 above its critical point (31.1XC and 1070 psi). The operating tempera-

ture and pressure remain within the supercritical region while the solvent exchange process

between the pore �uid and SCCO2 occurs. Once a su�cient amount of pore �uid is removed,

conventionally determined by apparent drying time, the system is depressurized under isother-

mal conditions to prevent the formation of liquid CO2 inside the gel pores. Successful SCCO2

drying produces crack-free, transparent, low density aerogel.

Dyring parameters such as gel geometry, operating conditions, procedures, etc. vary widely

among the setups available in the literature. Depending on the drying method and how long

the alcogel is exposed to air, the source of CO2 can be a pressurized tank (or a recycled

CO2 stream in industrial plants). Then, the CO2 is heated up in an enclosed extractor. This

pressurization process does not require a pump to increase/maintain the operating pressure [2,

69] and is typically done in a batch drying process which is a sub-category of SCCO2 drying.

To prevent the pore �uid from evaporating during pressurization, the alcogel is submerged in

excess alcohol which needs to be carefully accounted for to accurately monitor the extraction

of pore �uid. In batch drying, the �ow of CO 2 is stopped once the extractor is �lled and

solvent exchange is allowed for several hours without additional CO2 [69]. Then, fresh CO2

is added while removing the alcohol-rich CO2 and the process is repeated until a su�cient

amount of alcohol is removed from the gel. The extractor is then depressurized gradually at

isothermal condition to prevent the formation of liquid CO2.

In continuous drying, a mechanical pump is often required to ensure CO2 is supercritical
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prior to entering the extractor [47,49,70]. A continuous �ow of fresh SCCO2 is supplied to the

vessel at a predetermined �ow rate, controlled by a metering valve or a back pressure regulator,

such that the pore �uid is continuously extracted and discharged through the e�uent. Excess

alcohol surrounding the alcogel can be avoided for a su�ciently rapid pressurization, including

closing and sealing the vessel.

In the literature, extraction rates of di�erent gel geometries and sizes, ranging from micro

particles to macro-size monoliths, are studied. Typically, the e�uent is separated into an

alcohol-rich liquid stream and a CO2-rich gaseous stream using a liquid trap. A cold trap

cooled by dry ice can condense a majority of the alcohol collected inside vials, enabling discrete

measurements as the vials are disconnected and weighed [71]. A gravity-fed liquid collection

allows continuous measurements, although more alcohol remains in the gaseous stream [49].

The concentration of alcohol vapor in the gas� vapor stream can be measured by a gas

chromatography (discrete) [70] or an alcohol meter (continuous) [47].

In situ extraction measurements require sophisticated optical equipment and an optically

accessible extractor. Moses et al. [72] pioneered in situ observation of the drying process with

a windowed autoclave, opening the potential to perform optical analysis on mass transport

occurring inside a pressure vessel. Quiño et al. [73] measured species concentration during

SCCO2 drying using one-dimensional Raman spectroscopy.

Lastly, the extractor should be heated during depressurization to ensure isothermal con-

ditions as liquid CO2 may form if the temperature drops below the liquid-vapor equilibrium

value of pure CO2 (31.1XC). Cracking may occur depending on the rate of depressurization [74].

Premature termination of the drying process can signi�cantly change and damage the result-

ing aerogel structure as the residual original pore liquid evaporates during depressurization

exerting capillary forces onto the delicate nanopores.

3.2 Kinetics Model

Orlovi¢ et al. [75] studied SCCO2 drying of an 11 mm diameter � 11 mm height cylindrical

aerogel. An unsteady, one-dimensional di�usion model was formulated to investigate four ap-

proaches to calculate e�ective di�usivity, governed by di�usion coe�cients and the gel porous
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characteristics including porosity, constriction factor and tortuousity. Knudsen di�usion was

considered for pore size in the micropore range (less than 2 nm). Compared with experimental

data, e�ective di�usivity accounted for each pore size yielded a more accurate prediction of

the drying rates compared to an overall e�ective di�usivity approach.

A two-way mass transfer model was developed by Mukhopadhyay and Rao [46] to study

ethanol extraction during SCCO2 drying of aerogel. The geometry considered was parallel

cylindrical pores with a closed end and an open end exposed to SCCO2. Due to di�usion

and subsequently dissolution of SCCO2 into ethanol-�lled pores, the �uid volume inside the

pores increased, spilling out of the pores. This spillage e�ect accounted for the initial rapid

ethanol extraction and dominated the transport until the mixture reached critical mole frac-

tion. Species-dependent di�usion coe�cients were applied to capture the di�usion behavior

as the concentration changed during drying.

García-González et al. [47] derived an analytical solution for a Fick's law di�usion model

assuming pure di�usion. The model underestimated the initial rapid extraction of solvent,

i.e., convection-controlled regime and agreed with experimental results at the later stages, i.e.,

di�usion-controlled regime. Further analysis comparing the drying rate of 1.2 cm diameter�

3 cm length cylindrical gel against 180� m mean diameter microparticles showed comparable

drying rates for up to 60% of extracted ethanol and a subsequently slower drying rate for

cylindrical gel, indicating the transition between convection and di�usion. Di�usion coe�-

cients for aerogel of di�erent precursors and morphologies were regressed from experimental

data.

Özbak�r and Erkey [71] developed a numerical model to investigate ethanol extraction

during SCCO2 drying of varying diameter and height cylindrical alcogels in a tubular vessel.

The model assumed convection in the open region and two-dimensional di�usion based on

Fick's second law in the gel region accounting for molecular di�usion while neglecting Knudsen

di�usion. Mass transfer coe�cients were regressed from experimental data and compared

with existing Sherwood number correlations. The correlations were applicable for packed

beds and particles, and although suitable for supercritical extraction, could not capture the

spillage e�ect occurred at the beginning of the drying process. “ahin et al. [76] used a similar

technique to formulate a Sherwood number correlation from experimental data for SCCO2
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drying of spherical calcium alginate gel particles.

Quiño et al. [73] measured species concentration pro�le of an alcogel during SCCO2 dry-

ing using one-dimensional Raman spectroscopy. An optical accessible high-pressure chamber

enabled in situ optical measurements of the concentration evolution throughout the drying

process. A Fick's second law di�usion model was formulated to obtain e�ective binary di�u-

sion coe�cient regressed from experimental data. The resulting mixture concentration pro�les

indicated that two-way mass transfer occurred at the beginning of the drying process with

CO2 di�using into the gel at a higher rate than that of ethanol leaving the gel until a max-

imum mixture density was reached. Then, as more ethanol was extracted from the gel and

the concentration of CO2 increased, both CO2 and ethanol were removed from the gel.

Gri�n et al. [49] modeled the drying kinetics of 56 mm OD x 2.5 mm, 5 mm, and 7.5 mm

thickness annular aerogels at various SCCO2 mass �ow rates. The numerical model assumed

fully developed �ow in the open region and pure di�usion in the gel. Mass fraction-dependent

di�usion coe�cients were applied to capture the changes in di�usion mass transfer as the

drying progressed. Karamanis et al. [45] introduced compressibility e�ects by accounting

for component-dependent density with the same experimental parameters. Advection in the

form of suction and spillage e�ects inside the porous region was investigated via Darcy's law.

Abolorunke et al. [77] advanced the model by including natural convection which generated

eddies due to nonmonotonic changes in mixture density, reducing the discrepancies between

the measured extraction rates and the numerical results at the beginning of the drying process.

3.3 Experiment

Figure 3.1 shows the schematic of an apparatus we modi�ed, previously described by Mills [78],

Gri�n [79], and Nelson [80], to measure the drying kinetics of SCCO2 drying of aerogel with

adjustable parameters including temperature, pressure, gel thickness and mass �ow rate.

Liquid CO 2 (bone dry, 99.9+% purity from Airgas) is supplied from a dip tube in a cylinder

(1) at ambient temperature (about 20XC) and the corresponding saturation pressure (about

5.5 MPa (800 psia)). The CO2 supply point is constructed such that two gas tanks are always

connected to the system for smooth switching between the tanks as one is emptied which often
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occurs in experiments with high CO2 �ow rate (above 4 kg/h). Up to four 200-size cylinders

can be alternatively connected to the supply point. Separate vent lines are available for each

tank to isolate and depressurize them in case they need to be disconnected from the system.

The CO2 supply point is shared between this apparatus and the rig described in Chapter 2.

Switching between the rigs is done by turning a three way valve (not shown).

Figure 3.1: Schematic of the apparatus: (1) liquid CO2 supply, (2) subcooler, (3) piston
pump, (4) syringe pump A, (5) manifold, (6) solenoid valve, (7) check valve, (8) syringe pump
B, (9) accumulator, (10) pressure regulator, (11) Coriolis meter A, (12) pressure vessel, (13)
quick-closing/opening Dur-O-Lok® , (14) gel, (15) aluminum mandrel, (16) Coriolis meter B,
(17) automated valve, (18) decompression valves, (19) liquid trap, (20) IR sensor, (21) liquid
collection, and (22) scale.

The CO2 is then sub-cooled by two custom counter-�ow heat exchangers (2) maintained

at -10XC by a Cole-Plarmer Polystat W1212256 cooling/heating circulating bath to ensure

that the CO 2 remains a liquid entering a Hydraulic International 5L-SS-30 piston pump (3).

Flowing gaseous CO2 would starve the pump and create cavitation which would hinder its

performance and more importantly, cause irreversible damage to the pump as it is designed for

liquid only. The piston pump has a piston ratio of 30:1 allowing a regulated house-air supply at

60 psi to prime the CO2 to 1800 psi. Pump selection is crucial as a previously smaller Hydraulic

International 3L-SS-25 piston pump with 0.25 in3 displacement per cycle was not su�cient.

Egressed from the piston pump, the CO2 is heated by thermally controlled rope heaters

to 50XC (reaching a supercritical state and remaining at that temperature throughout the

apparatus) before entering a manifold (5) where it connects to di�erent rigs in the laboratory

and con�gures the �ow.

For the kinetics experiments, two Teledyne ISCO 500D syringe pumps (4,8) with attached
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thermally controlled heating jackets adjusted to 50XC are operated in continuous mode, con-

trolled by the manifold and LabVIEW VIs. Continuous �ow is achieved by re�lling a syringe

pump at its maximum �ow rate of 204 ml/min (for the 500D model) and subsequently pres-

surizing to 2400 psi. This process takes 160 seconds to complete, given that supplied CO2 is

primed to 1800 psi which results in approximately 450 ml remaining volume in the pump or

200 seconds of run time at the highest mass �ow rate (5 kg/h) tested in this study. Without

the priming step, the remaining volume after pressurization signi�cantly reduces to 220 ml

as CO2 is more compressible at lower pressure and thus, results in a run time of 95 seconds,

only su�cient for a mass �ow rate below 2kg/h. As the syringe pump �nishes pressurizing, a

corresponding valve on the manifold is opened to supply SCCO2 to the rig. At this point, the

second pump is re�lled, pressurized, and ready on stand-by to switch over once the �rst pump

is empty. The series of valves designed for continuous �ow on the manifold work as follows.

Each syringe pump is attached to three valves: two check valves (7) and a solenoid valve (6).

The check valves are located upstream and downstream of the pump to prevent back �ow to

the piston pump and to itself when operated in re�ll mode, respectively. The solenoid valve

is controlled by a LabVIEW VI entitled "Continuous Flow Machine" which allows switching

between the pumps and monitors the re�lling, pressurizing, and running sequence, as shown

in Appendix C.2.

Then, SCCO2, currently at 2400 psi and 50XC, enters a Parker ACP05AA050E1KTC hy-

draulic accumulator (9) serving as a capacitor analog to prevent the pressure from dropping

below operating condition. Downstream of it, two Tescom 44-1164-24-259 pressure regula-

tors (10) reduce the pressure to 1800 psi and allow controlled pressurization of a downstream

pressure vessel (12) to prevent damaging the gel structure. The regulators also help to reduce

the noise from the transition between the syringe pumps as they run in continuous mode.

Next, SCCO2 passes through a Siemens SITRANS FC MASS 2100 DI 1.5 Coriolis meter (11)

connected to a Siemens SITRANS FC MASS 6000 signal processing unit where its mass �ow

rate and density are measure to 0.1% of reading and� 7 kg/m 3, respectively. The Coriolis

meter operates by oscillating two symmetric u-shape tubes* using an electric driver coil and

* This model of Siemens Coriolis meter uses dual tubes to eliminate vibration from the environment. There
are other commercially available products which use single-tube design.
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measuring their oscillations at the inlets and outlets. A �ow inside the tubes undergoes Cori-

olis acceleration as it �ows through an oscillating media, exerting a force onto the tubes and

slightly twists the tubes such that the oscillations at the inlets and outlets are no longer syn-

chronized. The resulting phase shift indicates the mass �ow rate and the frequency indicates

the �uid density [81].

The test section (12) where the drying occurs is a 3 in inner diameter� 10 in height 316

stainless steel pressure vessel custom manufactured by CF Technologies, Inc. After entering

the vessel, SCCO2 travels the annulus gap between a gel (13) and the inside vessel wall

extracting the pore �uid and exits at the bottom of the vessel. The e�uent �ow then passes

through a second Coriolis meter (16) of the same model as the one upstream (11). The �ow

rate is controlled by a Hanbay MCM-050AB automated metering valve. The e�uent �ow

is then depressurized by a combination of decompression valves (18) (heated by thermally

controlled cartridge heaters in an aluminum heating block) in a parallel con�guration to

evenly distribute the Joule-Thomson e�ect as the pressure rapidly reduces from 1800 psi

to ambient. The heating block is constructed from a 12 in width � 24 in length � 1/2 in

thickness aluminum sheet with �ve 1/4 in diameter holes equally spaced to insert 1/4 in

diameter cartridge heaters. The decompression valves are bolted onto the heating block and

the empty space is �lled with thermal paste to increase heat transfer. The e�uent is then

separated into a liquid stream and a vapor stream by a liquid trap (19). The liquid is captured

by a gravity-fed liquid collection container continuously weighed by an Ohaus Scout digital

scale (22) while a portion of the vapor passes through an SEC Millenium 142-0280 infrared

hydrocarbon (IR) sensor (20). Ethanol concentration in the vapor stream is measured by

comparing absorption of light at two speci�c wavelengths: a reference wavelength outside of

the absorption band and an absorption wavelength calibrated to the desired gas. The IR

sensor is a safety device designed to use within the Lower Explosive Limit (LEL) which is

3.3% for ethanol. Then the vapor is vented to a fume hood.

The apparatus is shielded behind 0.5-in thick Lexan enclosure for safety purposes in the

unlikely scenario of a pressure failure in any components. A photo of the apparatus is shown in

Fig. 3.2. A dedicated electrical panel was assembled by Prof. Georgios Karamanis to house all

electrical connections and to prevent electrical hazards. 10µm �lters are installed at the CO 2
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supply point and upstream of the two Coriolis meters to prevent large particles contaminating

the �uid �ow and altering �ow measurements. Relief valves (set at 2500 psi) are distributed

throughout the apparatus to prevent pressure failure.

Figure 3.2: Photo of the kinetics rig.

3.4 Experimental Procedures

3.4.1 Gel synthesis

The gel synthesis follows the same materials and procedures outlined by Gri�n et al [49],

speci�cally a two-step sol-gel method. A sol was formed through hydrolysis of TEOS by

mixing a solution of TEOS:EtOH:H2O:HCl with a molar ratio 1:1.57:1.40:0.0007 (solution A)

for 24 hours on a magnetic stirrer at ambient conditions. Then, an NH4OH catalyst and excess

EtOH:H 2O (solution B) were added to solution A to obtain the �nal TEOS:EtOH:H 2O:HCl:NH4OH

with a molar ratio 1:670:7.84:0.0007:0.19 [49]. Polymerization started immediately and the sol

was poured inside a 3D printed mold with a 56 mm ID. Gelation occurred within 5 minutes.

The alcogel was then removed from the mold and transferred to an ageing vessel at 65XC for

24 hours in which solvent exchange occurs simultaneously [80].
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3.4.2 SCCO 2 drying

In preparation for an experiment, the circulation baths connected to various heating jackets

and subcooler are switched on to pre-heat and pre-cool the system to set point temperature,

speci�cally the components with high thermal mass such as the syringe pumps, pressure

vessel, and Coriolis meters. Once the system reached equilibrium, upstream of the pressure

regulator, the syringe pumps are primed to 1800 psi and subsequently pressurized to 2400 psi.

During this process, the IR sensor is purged by house air to remove any residual ethanol.

To begin the drying process, the wet-gel sample is removed from the ageing vessel and

weighed to obtain the initial mass, i.e., the total mass of the mandrel, gel skeleton and pore

�uid. Then, the sample is loaded into the heated pressure vessel which is then sealed by

closing the quick-closing/opening Dur-O-Lok® . The vessel is then pressurized by gradually

turning the pressure regulators (10) at a rate of 3 psi/s to prevent damaging the gel structure.

Due to the lack of excess ethanol in the vessel, this pressurization step needs to be completed

within 10 minutes before the pore �uid evaporates and collapses any substantial portion of

the gel nanoskeleton.

Once operating pressure (1800 psi) is reached, the automated e�uent valve (17) is open

to obtain the desired mass �ow rate and the extraction process begins. The extraction rate

of ethanol is measured by two redundant methods based upon: i) e�uent mass �ow rate

and density from the downstream Coriolis meter, ii) mass accumulation rate of liquid ethanol

inside the liquid collection and ethanol concentration in the gaseous stream measured by the

IR sensor. It is crucial to not overheat the e�uent downstream of the decompression valves

as the ethanol-rich gaseous stream could over-saturate the IR sensor.

The extraction process is complete when the concentration of ethanol reaches 0.01% as

determined by the IR sensor and the e�uent density. The vessel is gradually depressurized

at isothermal conditions to transition directly from SCCO2 to gaseous CO2, i.e., to prevent

liquid CO2 forming inside the vessel. The resulting aerogel is then removed from the vessel

and weighed to obtain the �nal mass. An SOP for running kinetics experiments is provided

in Appendix B.

51



3.5 Model

A rigorous model capturing the mass transport between the gel and the SCCO2 free �ow is

required to further the understanding of aerogel manufacturing and thus, optimize it to reduce

cost as well as energy consumption. As the mass transport di�ers signi�cantly between two

regions, two sets of governing equations are developed to capture the drying process.

3.5.1 Open Region

In the open region, the relevant compressible form of the mass, momentum, and species

equations are
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where � � fˆp; mi ; t• is the component-dependant density,u is the velocity, p is the pressure,

� is the viscosity, mi is the species concentration, andD ij the binary di�usion coe�cient.

The equation of state for density of CO2-EtOH mixtures is obtained from data measured in

Chapter 2.

The boundary conditions are constant mass �ow rate with pure CO2 at the inlet and

constant pressure at the outlet. No-slip boundary conditions are applied at the open region-

wall surface.

3.5.2 Porous Region

In the porous region, modeling the transport from �rst principles requires three-dimensional

detailed mapping of the gel nanoskeleton and with current computational resources, it is not

feasible to solve the said model. This challenging and time-consuming task can be resolved

by using the volume averaging method, a conventional technique to model �ow in porous

media, commonly used for underground water �ow. This method simpli�es the computation

by treating the porous medium as a continuous macroscopic system, rather than modeling
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the �ow at the pore scale by using a representative elementary volume (REV). An REV is

the smallest volume of porous medium that can be considered to be representative of the

media, containing the characteristic properties such as porosity, permeability, and pore size.

This volume is su�ciently larger than the pore scale and su�ciently smaller than the overall

domain [82].

To transform the conventional governing equations into their respective volume-averaged

forms, we can de�ne the phase average as

`� e�
1
V S
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where`� edenotes the volume-average of the variable� , V is the volume of the REV andVf is

the volume of the �uid phase inside the REV. The two volumes are related byVf � "V where

" is the volume fraction of the �uid, i.e., the porosity.

The volume averaging theorems [82] are
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where A fs is the �uid-solid interfacial area, w fs is the velocity of the interface, andn fs is the

outward normal vector. Typically, the last terms in both Eq. 3.5 and Eq. 3.6 are eliminated

due to no-slip boundary conditions, assuming that the pores are rigid and stationary.

The continuity equation can be averaged as follows

c
@�
@t

h� `© � ˆ � u•e � `0e (3.7)

Applying the volume averaging theorems (Eq. 3.5 and Eq. 3.6) to Eq. 3.7

@̀� e
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1
V S

A fs

� w fs � n fs dA � © � `� ue�
1
V S

A fs

� u � n fs dA � 0 (3.8)

Assuming the gel nanoskeleton is rigid and the velocity at the �uid-solid interface is 0, the

second and fourth terms in Eq. 3.8 disappear. Thus, the volume-averaged mass conservation
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can be simpli�ed to
@̀� e
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� © � `� ue� 0 (3.9)

Similarly, the relevant momentum and species equations can be obtained via volume av-

eraging method. They are
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where K is the permeability of the aerogel. A complete derivation of Eq. 3.10, the volume-

averaged Darcy's law including the gravity term, is provided by Abolorunke [83].

No-slip boundary conditions are applied at the gel-mandrel surface. The velocity, pressure

and species concentration are matched at the gel-open region interface.

3.6 Results and Discussion

The governing equations described in Section 3.5 without natural convection are solved by

Karamanis et al. [45] using a �nite element method in COMSOL. The full equations (with

natural convection) are solved by Abolorunke et al. [77] using a �nite volume method in Ansys

Fluent 2021R2. The numerical results indicate that the model agrees better with experimental

data when natural convection is considered. However, the numerical results underestimate the

initial ethanol extraction dominated by suction and spillage e�ects occur during pressurization

of the extractor. E�orts in modeling the complex two-phase mass transport are currently

underway by Abolorunke [83].

Kinetics experiments with varying gel thickness and SCCO2 mass �ow rate, as outlined

in Table 3.1 were conducted. Annular alcogels were molded with the following dimensions:

56 mm OD � 2200 mm height � 2.5 mm, 5.0 mm, and 7.5 mm thickness. The SCCO2 was

varied from 1 kg/m3 with 1 kg/m 3 increment up to 5 kg/m3. Prior to the drying process, the

alcogel along with the mandrel was weighed to measure its total mass which was reported as

Intial mass in Table 3.1. The mass of ethanol was obtained by subtracting the dried aerogel

after depressurization (Final mass) and is reported in the Scale column. Continuous ethanol
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extraction rates were measured by two redundant methods. The �rst method separates the

e�uent into two streams: a liquid stream which was condensed at the liquid trap (21) and

continuously weighed by a digital scale, and a vapor stream with its alcohol concentration

measured by an IR sensor (20). This method was documented by Gri�n [79] and Nelson [80].

Mass �ow rate of ethanol is obtained by summing the mass �ow rate of ethanol in the liquid

and vapor phases,

_mEtOH � _mEtOH ;l � ‰_mt � _mEtOH ;lŽwEtOH ;v (3.12)

where _mEtOH ;l is the mass �ow rate of liquid ethanol measured by the scale,mt is the total

mass �ow rate of the e�uent, and wEtOH � f ˆ �; p • is the vapor ethanol mass fraction measured

by the IR sensor. The total mass obtained by this method is reported in the IR sensor column

along with corresponding percent error against the scale measurements.

Table 3.1: Kinetics experimental parameters and mass balance.

Gel thickness Flow rate
Initial mass [g] Final mass [g]

EtOH mass
[mm] [kg/h] Scale [g] Density EOS [g] error IR sensor [g] error

2.5

1 1425.3 1363.2 62.1 58.0 6.6% 56.7 8.7%
2 1426.2 1363.3 62.9 60.0 4.6% 57.6 8.4%
3 1424.9 1363.4 61.5 63.9 3.9% 64.1 4.2%
4 1428.6 1362.6 66.0 71.4 8.2% 70.6 7.0%
5 1429.8 1365.3 64.6 68.3 5.8% 61.0 5.5%

5.0

1 1265.8 1143.1 122.7 118.9 3.1% 109.7 10.6%
2 1267.3 1143.2 124.2 108.3 12.8% 117.0 5.8%
3 1263.2 1142.9 120.3 127.8 6.2% 111.4 7.4%
4 1261.4 1142.7 118.7 115.4 2.8% 116.5 1.8%
5 1248.3 1145.1 103.2 97.7 5.3% 96.3 6.7%

7.5

1 1101.4 924.6 176.8 170.8 3.4% 163.2 7.7%
2 1105.3 926.1 179.3 183.3 2.3% 170.9 4.7%
3 1101.6 925.0 176.6 184.8 4.7% 190.8 8.1%
4 1055.8 916.0 139.8 128.3 8.2% 140.2 0.3%
5 1102.9 926.9 176.0 160.2 9.0% 162.6 7.6%

The second method uses the density equation of state (EOS) derived in Chapter 2 to obtain

the overall ethanol concentration in the e�uent. Relevant density data from Chapter 2 are

shown in 3.3. Ethanol extraction rates can be calculated by

_mEtOH � _mt wEtOH ;t (3.13)

where wEtOH ;t � f ˆ �; p • is the total ethanol concentration derived from measured density.

The total mass obtained by this method is reported in the Density EOS column along with

corresponding percent error against the scale measurements.
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Figure 3.3: Density of CO2-EtOH mixtures at conditions relevant to SCCO2 drying.

Figure 3.4, 3.6, and 3.8 compare the two methods measuring continuous ethanol extrac-

tion rates. The density EOS method measures the extraction rate immediately downstream

of the pressure vessel, capturing the total amount of ethanol extracted by the SCCO2 �ow.

Thus, extraction rates from density EOS method show a more gradual change between the

initial stages of the drying process and the tail end near completion.

The vapor � condensed liquid method measures the extraction rate downstream of the

decompression valves which delay the measurement due to potential condensation of ethanol

trapped inside the valves and �ttings. This behavior results in a phenomenon called sputtering

which causes �uctuation in e�uent �ow rate and liquid collection. The trapped liquid slowly

evaporates as the drying progresses. As a result, there is a lag in time between the two

methods and the extraction rate from the the vapor� condensed liquid method is lower than

that of the density EOS method during the initial stage of drying and is higher following the

completion of condensed liquid measured at the liquid collection. The transition of the former

method is more noisy and abrupt compared to that of the latter.

The con�guration of decompression valves in parallel helps distributing the Joule-Thompson

e�ect throughout the valves. However, the �ow rate and pressure are less stable as a slight
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Figure 3.4: Ethanol extraction rates for 2.5 mm thick annulus gel at varying SCCO2 �ow
rate: a) 1 kg/h, b) 2 kg/h, c) 3 kg/h, d) 4 kg/h, e) 5 kg/h. Shaded areas indicate error.
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Figure 3.5: a) Ethanol extraction rates for 2.5 mm thick annulus gel at varying SCCO2 �ow
rate. b) Percentage of ethanol extracted.

change on the �ow rate from any of these valves would lead to signi�cant changes in �ow rate

and pressure. Abrupt changes in the extraction rates were caused by turning and correcting

the decompression valves to maintain the SCCO2 mass �ow rate.

However, total mass extracted obtained by both methods agree with the mass measured

by the scale to within 13%. Errors for both methods are shown by the shaded areas. Error

for ethanol extraction from the density EOS method is 5%, resulting in an accumulated error

for the total mass balance of 15%. The primary factor contributed to this error is the� 7

kg/m 3 uncertainty from the Coriolis meter. This error is higher than expected due to the

actual uncertainty of the Coriolis meter being higher than stated in the speci�cations of� 1

kg/m 3, as con�rmed by Siemens technical support. Error for ethanol extraction from the

vapor � condensed liquid method is 1% with an accumulated error for the total mass balance

of 10.4%, as detailed by Gri�n et al. [79]. Overall mass balance agreement between the two

methods indicates that density is a viable indication for end-point detection. At the end of

the drying process, mass extraction rates from the two methods agree within their error bars.

Deterministic determination of the drying process based on ethanol concentration measured

by both methods consistently yields su�ciently dried aerogel.

Figure 3.5, 3.7, and 3.9 compare the ethanol extraction rates (on the left hand side) and

the total amount of ethanol extracted (right hand side) for the density EOS method at varying

SCCO2 �ow rates. Drying time bene�ts from increasing SCCO2 mass �ow rate. Signi�cant
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Figure 3.6: Ethanol extraction rates for 5.0 mm thick annulus gel at varying SCCO2 �ow
rate: a) 1 kg/h, b) 2 kg/h, c) 3 kg/h, d) 4 kg/h, e) 5 kg/h. Shaded areas indicate error.
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Figure 3.7: a) Ethanol extraction rates for 5.0 mm thick annulus gel at varying SCCO2 �ow
rate. b) Percentage of ethanol extracted.

reduction in drying time can be observed from 1 kg/h to 2 kg/h. However, the improvement

diminishes as the �ow rate increases. There is little to no improvement between 4 kg/h and 5

kg/h. The results indicate that increased advection in the free �ow can reduce overall drying

time up to a certain point which is 4 kg/h for our current setup. This improvement can be

explained by a slight increase in �ow rate within the gel [45] and the additional fresh SCCO2

which increases mass transfer.

The experimental results indicate that gel thickness in�uences the drying time, as shown

in Fig. 3.10. A 7.5 mm thick gel can take up to twice as long to dry compared to a 5 mm

thick gel which also takes twice as long as a 2.5 mm thick gel for the same SCCO2 mass �ow

rates.

3.7 Conclusions

An existing apparatus to monitor the SCCO2 drying process of aerogel was modi�ed to

redundantly measure extraction rates. Initial spikes as shown in experimental data and un-

derstanding of the model indicate that there is an advective component to the mass transport

due to suction and spillage e�ects. Measured density data enable independent veri�cation of

extraction rates measurement and end-point detection needed for deterministic termination

of the drying process. This opens up the opportunity to use other thermophysical properties
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Figure 3.8: Ethanol extraction rates for 7.5 mm thick annulus gel at varying SCCO2 �ow
rate: a) 1 kg/h, b) 2 kg/h, c) 3 kg/h, d) 4 kg/h, e) 5 kg/h. Shaded areas indicate error.
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